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ABSTRACT

NASA’s Long Duration Exposure Facility (LDEF) has
provided an extensive record of the meteoroid environ-
ment in low Earth orbit. LDEF’s combination of fixed
orientation, large collecting area, and long lifetime im-
poses constraints on the absolute flux of potentially haz-
ardous meteoroids. The relative impact rate on each of
LDEF’s fourteen surfaces arises from the underlying ve-
locity distribution and directionality of the meteoroid en-
vironment. For the first time, we model the meteoroid en-
vironment encountered by LDEF over its operational life-
time using NASA’s Meteoroid Engineering Model Re-
lease 2 (MEMR?2) and compare the model results with
the observed craters of potentially hazardous meteoroids
(i.e. crater diameters larger than ~ 0.75 mm). We dis-
cuss the extent to which the observations and model agree
and how the impact rates across all of the LDEEF surfaces
may be utilized to help calibrate future versions of MEM.

Key words: Meteoroids; Engineering Model; In-Situ Ob-
servations.

1. INTRODUCTION

NASA’s most complete understanding of the space debris
environment is encapsulated in two models. The Orbital
Debris Engineering Model [ORDEM, 1] and Meteoroid
Engineering Model[MEM, 2] quantify the fluxes of arti-
ficial debris particles (hereafter orbital debris) and natu-
rally occurring meteoroids, respectively, expected along a
mission’s trajectory. These assessments play an essential
role in quantifying the total risk to a spacecraft mission
during operations. Validating these models against ob-
servations is therefore imperative to understanding these
risks.

The most recent iteration of MEM [Release 2.05, here-
after MEMR?2, 2] was calibrated using a combination of
historical data from [3] and more recent observations of
meteoroids. While these observations are used to mea-
sure the velocity and density distributions of meteoroids,

those properties are intermediate steps in the determina-
tion of spacecraft risk. Recent in-sifu measurements of
impact craters on spacecraft offer an independent con-
straint on the meteoroid cratering rate.

Among all in-situ detectors, the spacecraft mission ar-
guably best designed for probing the near-Earth me-
teoroid flux is the Long Duration Exposure Facility
(LDEF). LDEF is a dodecagonal prism that flew in a
~ 480 km altitude, nearly circular orbit around the Earth
from April 1984 to January 1990. It’s primary mission
was to quantify and characterize space environments over
its mission lifetime, with the space debris environment
constituting one of the top mission priorities. Its at-
titude was controlled with a gravity gradient to ensure
that its two cap surfaces were pointed towards and away
from the Earth. Its twelve azimuthal surfaces were main-
tained to have a fixed orientation relative to its velocity,
in essence preserving the directionality of the orbital de-
bris + meteoroid environment within the crater record on
each of these twelve surfaces. While most in-situ detec-
tors are only sensitive to meteoroids at masses far too
small to pose a risk to spacecraft, LDEF had a sufficiently
large collecting area and exposure time to detect statis-
tically meaningful samples of impacts from potentially
hazardous meteoroids.

In this work we will discuss the extent to which MEMR2
model predicts the observed crater counts on the LDEF
spacecraft. This paper is structured as follows: In Sec-
tion 2 we describe how the output of MEMR2 was uti-
lized to determine the expected number of craters on each
surface, while Section 3 provides information about the
LDEF crater data utilized in this study. Section 4 shows
where the LDEF data are in good agreement or in ten-
sion with the MEM prediction, and Section 5 discusses
the implications of this investigation for future versions
of MEM.

2. THE MODEL

We utilize NASA’s MEMR?2 to determine the expected
flux of sporadic meteoroids each surface of LDEF. The
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state vectors of LDEF were sampled at 910 minute inter-
vals from the spacecraft’s two-line element (TLE) files.
Given the 94 minute orbital period of LDEF, this sam-
pling corresponds to once every 9.68 orbits. Because the
meteoroid environment depends strongly on the relative
location of the spacecraft but is largely independent of
time, an accurate meteoroid flux estimate requires sam-
pling at every state vector along the spacecraft’s orbit but
not sampling the same position on every individual orbit.
The choice of sampling every 9.68 orbits enables an ac-
curate meteoroid flux to be calculated without performing
redundant calculations.

We used a mass limit of 106 g, the minimum value
allowed by MEM. Meteoroids smaller than 106 g are
subject to different forces during their orbits and likely
have a significantly different velocity distribution than
that assumed for the higher mass meteoroids that are the
focus of MEM. We sample velocities that range from
0 — 72kms~! relative to the spacecraft. MEMR?2 as-
sumes a single density of 1gcm™2 for all meteoroids.
We calculated the velocity and direction dependent flux
using the finest available binning: velocity bin sizes were
set to 2kms~! and angular bin sizes were set to 1° x 1°.

2.1. Crater Model

The LDEF data constitutes a crater-diameter-limited sam-
ple whereas the initial output of MEM is a mass-limited
sample. Because the expected diameter of a crater de-
pends on both the mass and velocity of the impactor, the
mass-limited fluxes calculated by MEM were converted
into a crater-diameter-limited fluxes for each velocity bin
using the Cour-Palais cratering equation of [4] and the
material properties listed in [5]. The mass of a particle
(m, in g) was related to a given crater diameter (d, in
cm), its velocity normal to the spacecraft surface (v ),
and density (p,,) as
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where BH corresponds to Brinnel Hardness of the tar-
get, pm, corresponds to the density of the meteoroid (1
gcm’3 for MEM), ¢, is the speed of sound of the tar-
get material, and py is the density of the target material.
The leading factor of 0.527 converts the crater diameter
as measured by LDEF into the crater depth into the target
material as discussed in [5, and references therein]. All of
the impacts penetrated targets composed of 6061-T6 alu-
minum alloy. This particular alloy has a Brinnel Hardness
of BH = 90, a sound speed of ¢y = 6.1km s~!, and a
density of 2.70 g cm 3.

Since the MEMR2 output provides the mass-limited flux
of meteoroids at individual velocities, we adjust the mass-
limited fluxes for each velocity bin into a crater-diameter-
limited flux. Using the limiting mass calculated for a
given velocity, limiting crater diameter, and impact direc-
tion we re-weight the initial mass-limited flux calculated

by MEMR2 to new limiting masses using the mass dis-
tribution of [3]. It is critical to emphasize that MEMR2’s
direction-dependent output is crucial for this comparison,
since the incidence angle between the velocity vector and
the surface normal vector influences both the incident
flux of meteoroids onto the surface in question and the
size of craters produced by meteoroids of a given mass.

3. THE DATA

As stated above, the fourteen surfaces of LDEF were at
fixed orientations relative to the spacecraft’s velocity dur-
ing its orbit. In the standard LDEF labeling scheme, the
ram direction was offset 8 degrees from the normal of
Surface #9, in the direction of Surface #10. Surface # 12
was just offset from North, and Surface #6 was just off-
set from South. Surfaces #13 and #14 correspond to the
space-facing and Earth-facing surfaces of LDEF, respec-
tively.

Since orbital debris particles are nearly always in bound,
circular orbits around the Earth whereas meteors are
nearly always in unbound orbits, all impacts on the space-
facing surface are assumed to originate from meteoroids.
Because of shielding by the Earth, all impacts on the
Earth-facing surface must occur at extreme angles, and
we do not utilize the impact record on this surface in this
work. The twelve azimuthal surfaces are assumed to arise
from the sum of the orbital debris and meteoroid environ-
ments. The orientation of the azimuthal surfaces relative
to its velocity is shown in Figure 1.

The Chemistry of Micrometeoroids Experiment (CME)
was an additional set of test surfaces on LDEF which in-
vestigated the chemical properties of residue around im-
pact craters on sides #3 (wake) and #11 (52° north of
ram) using gold and aluminum targets, respectively. The
gold target on Surface # 3 and the aluminum target on
Surface #11 are identified with gold and silver rectangles
in Figure 1, respectively.

3.1. The Crater Record

The primary LDEF data set against which we compare
MEM is the crater record from the Space Debris Impact
Experiment [6]. These data constitute a search for craters
with lip diameters greater than 1000 pm across the sur-
faces of the Space Debris Impact Experiment on each of
LDEF’s fourteen faces. The investigated area and num-
ber of craters found on each of the fourteen surfaces can
be found in Table 1. As discussed in this same paper,
the limiting crater lip diameter of 1000 pm corresponds
to a limiting crater diameter of d = 750 ym for use in
Equation 1.

This limiting crater diameter of 750 ym corresponds to
mass of 10~ g (the minimum mass limit of MEMR?2) for
a meteoroid with a velocity of ~ 47kms™'. Since the
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Figure 1. The exposure geometry of LDEF visualized.
The standard LDEF side numbers are labelled along with
the ram, wake, north, and south directions. The gold rect-
angle indicates that the gold target of the Chemistry of
Micrometeoroids Experiment (CME) was located on Sur-
face # 3, while the silver rectangle corresponds to the
location of the aluminum target of the CME on Surface #
11.

crater diameter increases with increasing velocity, mete-
oroids with relative speeds (normal to the spacecraft sur-
face) greater than 47 km s~ have a corresponding limit-
ing mass less than 10~% g. As aresult, the re-scaled fluxes
we have calculated constitute a strict underestimate of the
total flux of meteoroids that may produce the observed
craters. The relative fraction of the meteoroid population
that is unaccounted by our MEMR?2 calculations due to
this sampling bias cannot be reliably estimated since the
dynamics of these low mass meteoroids are dominated
by forces not accounted for in MEMR?2. However, based
on similar calculations at larger limiting crater diameters
where the MEMR?2 mass limit is not reached we expect
the relative flux ratios between the each of the surfaces to
be unaffected by this sampling bias.

We have also investigated the intercostal crater record
discussed in [7]. These data have three limitations rel-
ative to the data set presented in [6], however, in the con-
text of this study. First, the collecting area is significantly
smaller on each surface, which results in smaller sample
sizes and larger statistical uncertainties. Secondly, the
limiting crater diameter of the intercostal data is smaller
(640 pym as compared to 750 um for [6]), which exac-
erbates the systematic uncertainty associated with mea-
suring the flux of meteoroids that lies partially below
MEMR?2’s mass limit. Finally, the intercostal crater data
set is limited to the twelve azimuthal surface of the space-
craft: no measurements of the cratering record on the
space facing surface are available. For these reasons, we
omit the results of a comparison between MEMR2 and

Table 1. The crater record from the Space Debris Impact
Experiment aboard LDEF as published in [6]. The limit-
ing crater lip diameter for these data is dy, > 1000 pm.

Surface Label Craters Area (m?)

1 2 3.84
2 1 2.26
3 Wake 3 1.48
4 2 2.66
5 3 2.66
6 South 9 3.26
7 17 3.69
8 8 1.08
9 Ram 14 0.913
10 22 1.48
11 21 3.84
12 North 8 1.33
13 Space 17 5.48
14 Earth 1 8.16

the intercostal data here.

3.2. Disentangling Orbital Debris from Meteoroids

Because LDEF was subject to impacts from both orbital
debris and meteoroids during its mission, any compari-
son between MEM and LDEF cratering record requires
an estimate of the relative impact rates of these two pop-
ulations on each surface. Our estimate is derived from the
published results of the CME, the details of which can be
found in [8]. They argue that orbital debris constitutes
10% of the impacts on the wake facing surface (side #3,
equipped with a gold target) and 45% of the impacts on
the forward facing surface (side #11, equipped with an
aluminum target). As stated above, we assume that the
space-facing side is free of orbital debris impacts. Be-
cause of the large model uncertainties on the orbital de-
bris environment during the LDEF mission, no attempts
at modeling the orbital debris contribution to the flux on
the other ten surfaces have been made.

4. COMPARING THE MODEL AND THE DATA

4.1. The Space Facing Side of LDEF

Because the space facing side of LDEF should be subject
to virtually no impacts from orbital debris, we can com-
pare the data and MEM predictions for LDEF directly.
MEM predicts a total of 11.40 craters with d > 750 pm
on the space facing plates over the duration of the LDEF
mission. A total of 17 craters were identified in this sur-
face [6], suggesting an absolute deviation between the
data and the model of ~ 50%. The cumulative distri-
bution function of a Poisson distributed variable with a
mean of ;1 = 11.40 indicates that there is a ~ 4% chance
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Figure 2. A comparison between the number of observed and modeled crater fluxes on the twelve azimuthal surfaces of
LDEF before accounting for orbital debris. In both figures, the areas of the red and blue squares are proportional to
the observed and predicted number of craters on each surface, respectively. The left sub-figure shows the absolute crater
counts on each surface, while the right sub-figure shows the flux ratio on each surface relative to the space-facing surface.

of observing 17 or more craters. The observed LDEF
craters on this surface could therefore be interpreted as a
rare but nevertheless plausible realization of MEMR2.

4.2. The Azimuthal Sides

We investigate MEMR2’s predictions of the craters on
each of the twelve azimuthal surfaces in two ways. We
first compare the number of craters observed on each sur-
face with the number predicted by MEMR2. We perform
a second comparison between the observed and predicted
craters calculating the ratio between each azimuthal sur-
face flux and the flux on the space-facing surface. Both
of these comparisons are subjected to systematic uncer-
tainties associated with orbital debris contamination. We
therefore include for each of our two model/data compar-
isons two model variants: one that includes only mete-
oroids (i.e. the output of MEM alone) and one that ac-
counts for craters originating from orbital debris using
our estimate of the orbital debris fraction on surfaces #3
and #11.

4.2.1. Crater Counts

The number of craters expected and observed for each of
the twelve azimuthal surfaces (as well as the space-facing
surface) can be found in Table 2 and illustrated in the left
panel of Figure 2.

The largest discrepancy is seen on Surface # 1, where sig-
nificantly more craters were predicted by MEMR?2 than

Table 2. The crater counts on each azimuthal surface of
LDEF as compared to MEM predictions. The first col-
umn presents the total number of craters observed on
each surface, while the second and third columns sepa-
rate the observed crater counts into expected meteoroid
and orbital debris counts based on the relative contribu-
tion of orbital debris on that same surface. Surfaces #
3, #11, and #13 (the wake, ram, and space-facing sur-
faces) are the only three for which estimates of the or-
bital debris fraction can be estimated from previous stud-
ies. No chemical analysis is available for the craters pre-
sented here, and we therefore cannot associate individual
craters with meteoroids or orbital debris in this data set.
The fourth column shows the number of meteoroid craters
predicted by MEMR2.

Surface Observed OD  Meteoroids MEM
1 2 - - 3.95
2 1 - - 1.61
3 (Wake) 3 0.3 2.7 091
4 2 - - 1.71
5 3 - - 2.20
6 (South) 9 - - 4.25
7 17 - - 8.03
8 8 - - 3.5
9 (ram) 14 - - 3.56
10 22 - - 5.42
11 21 9.45 11.55 10.46
12 (North) 8 - - 2.27
13 (Space) 17 0 17 11.40




observed. This over-prediction is independent of any es-
timate for the orbital debris contribution. On Surface
#3, where the orbital debris fraction was estimated at
~ 10%, MEMR2 slightly under-predicted the total num-
ber crater counts (3 total craters/2.7 meteoroid craters
observed versus 0.91 meteoroid craters predicted). On
Surface #11, where the orbital debris fraction has been
estimated to be ~ 45%, MEMR?2 predicts 10.46 craters
from meteoroid impacts. This prediction is fully consis-
tent with the 21 total craters and 11.55 meteoroid craters
observed on this surface. For Surfaces # 9 and #10 on
the ram-facing side, MEMR2 appears to predict signifi-
cantly fewer craters than what were observed, a tension
that persists even when assuming the same orbital debris
contribution of Surface # 11 (45%). In order to reconcile
the MEMR2 prediction with the observed crater counts,
an orbital debris contribution of ~ 75% is required for
these two surfaces.

4.2.2. Flux Ratios to the Space Facing Side

The calculated ratios of the azimuthal surface-specific
flux to the flux on the space-facing surface are shown
in Table 3 and illustrated in the right panel of Figure 2.
For each surface we present the expected and observed
flux ratios. We have also determined the asymmetric 68%
confidence interval on the observed flux ratios assuming
Poisson fluctuations for the observed number of craters
on each surface. Due to the large statistical uncertainties
expected for each observation, the majority of the sur-
face flux ratios are consistent between the MEMR?2 pre-
diction and the observed crater counts. However, several
surfaces show tension between the observations and their
corresponding MEMR?2 predictions. The tension is most
clearly observed on Surface #1, where MEMR?2 predicts
a significantly higher flux ratio than what was observed.
The predicted flux ratio for Surface #3 was lower than
what was observed, although with only three observed
craters on this surface the MEMR?2 prediction is formally
consistent with the observations. For the one ram-facing
surface where the orbital debris contribution can be esti-
mated (Surface #11), the observations are fully consistent
with the MEMR?2 prediction. The other ram-facing sur-
faces generally have observed flux ratios that are signifi-
cantly higher than the MEMR?2 prediction. If we assume
the same orbital debris contribution for these surfaces as
we assumed for Surface #11 this tension still persists.
The discrepancy is especially pronounced for Surfaces #9
and #10 that are closest to the ram direction. Without a
model estimate of the orbital debris contribution to the
fluxes on these surfaces, however, we cannot quantify the
significance of this tension.

5. DISCUSSION

This investigation demonstrates that the MEMR2 mete-
oroid environment is generally in good agreement with
the cratering record of LDEF. Since the ultimate goal of

MEMR? is to provide an accurate assessment of the risk
the meteoroid environment poses to spacecraft, our re-
sults support the use of NASA’s Meteoroid Engineering
Model in mission planning and risk assessment. Abso-
lute deviations in the predicted versus observed number
of craters with diameters of d > 750 pm in general agree
to within ~ 50%. The relative fluxes observed between
the twelve azimuthal surfaces of LDEF and the space-
facing surface are also generally in good statistical agree-
ment with the MEMR?2 predictions.

Although the LDEF cratering record and the predicted
flux as calculated by MEMR?2 are generally in good
agreement, there is nevertheless evidence of tension be-
tween the model and observations on individual surfaces.
The most statistically significant discrepancies occur on
Surface #1 in the north-wake quadrant, where MEM over-
predicts the number of craters on this surface by a factor
of ~ 2. The number of craters on the ram-facing Surfaces
#9 and #10 appear to be under-predicted by MEMR?2, al-
though this discrepancy could in principle be reconciled
by an orbital debris contribution of ~ 75% for these two
surfaces. For the three surfaces where the orbital de-
bris fraction can be constrained by observational data,
MEMR? accurately predicts the total number of craters
on one of the surfaces (#11) and under-predicts the total
number of craters on the other two (#3 and the space-
facing surface).

A more thorough investigation into the orbital debris con-
tribution on the sides other than the three discussed in
detail here requires a model of the orbital debris envi-
ronment during LDEF’s mission lifetime (1984 — 1990).
Observational constraints on the orbital debris environ-
ment from this time window are sparse, and modern or-
bital debris models cannot be reliably extrapolated back-
wards to this time. It is beyond the scope of this work
to develop an orbital debris environment model for this
mission.

There are several additional caveats with regards to this
comparative study that may indicate a larger but un-
predictable discrepancy between MEMR?2 and the crater
record. Most significantly, the crater data we utilized
are subject to a sampling bias with respect to MEMR2’s
mass limit. Our re-scaled MEMR?2 predictions are there-
fore strict underestimates for every surface by an uncer-
tain factor. The particular value of this bias factor is
not straightforward to estimate, but appears to be con-
stant across all of the LDEF surfaces. We also emphasize
that the accuracy of any comparison of this nature is lim-
ited by the accuracy of the assumed crater model/ballistic
limit equation and target material properties. Assuming
the aluminum material properties of [4] rather than those
[5], for example, can increase the predicted number of
craters on LDEF by ~ 20 — 25%. We therefore expect
systematic uncertainties in our prediction to arise from
our particular choice of a ballistic limit equation.

These LDEF data also offer an opportunity to provide an
independent constraint on the meteoroid velocity distri-
bution in the manner described by [9]. Using the analytic



Table 3. The ratio of fluxes on each azimuthal surface of LDEF to the space-facing side along with the MEM predictions
for the same flux ratio. The first column presents the flux ratio using all craters relative to the space-facing surface,
whereas the second column provides the same ratio for the meteoroid craters after correcting for the estimated contri-
bution of orbital debris. Surfaces # 3, #11, and #13 (the wake, ram, and space-facing surfaces) are the only three for
which estimates of the orbital debris fraction can be estimated from [8]. No chemical analysis is available for the craters
presented here, and we therefore cannot associate individual craters with meteoroids or orbital debris in this data set.
The final column provides the predicted flux ratio from MEMR?2.

Surface Observed Observed (OD corrected) MEM

1 0.15970 o1 - 0.49
2 0.13575-158 - 0.34
3 (Wake)  0.61779372 0.55510 358 0.30
4 0.22970-713 = 0.31
5 0.343%5-30° - 0.40
6 (South) ~ 0.89070-3%5 - 0.63
7 148510532 - 1.05
8 2.36870318 - 1.56
9 (Ram)  4.91172:9%2 - 1.87
10 4.792+1578 - 1.76
11 176375553 0.95110-375 1.31

12 (North)  1.92379:961 - 0.82




framework described in this paper, variations between
the surface crater counts provide a direct measure of the
velocity distribution if the integrated meteoroid environ-
ment for LDEF is assumed to be isotropic before account-
ing for the spacecraft’s motion'. To confirm that MEMR2
is consistent with this assumption, we have run MEMR?2
using a modified set of LDEF state vectors. This second
set has identical positions and times, but every velocity
component was divided by a factor of 1000 to minimize
any influences arising from the spacecraft’s velocity. The
resultant flux maps are consistent with an isotropic distri-
bution, suggesting that the relative crater counts on each
surface can in fact be used in this manner. This methodol-
ogy is ideally suited for testing an assumed velocity dis-
tribution’s consistency with the LDEF cratering record.

We have developed a framework to compare future ver-
sions of MEM with the LDEF cratering record. Any
changes in MEM’s directionality, speed distribution, or
meteoroid bulk density will ultimately change the pre-
dicted crater counts on each spacecraft surface. Validat-
ing environment models against in-situ crater data such as
LDEF helps ensure an accurate assessment of the risk me-
teoroid impacts pose to future spacecraft missions. Even
without orbital debris estimates for ten of the thirteen sur-
faces utilized here, the LDEF crater record can be used to
constrain meteoroid environment models such as MEM.
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