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ABSTRACT
Models of non-gravitational accelerations, of which satellite
aerodynamics and radiation pressure are the most important
examples, are critical for many orbit determination and pre-
diction applications. Such models typically consist of three
parts, each of which can be implemented at various levels of
sophistication, depending on the required accuracy of the ap-
plication. The first part consists of a model of the environ-
ment, such as the density of the atmospheric particles, or the
direction and magnitude of the photon flux coming from the
Sun and Earth. The second part is a model of the geometry
and material properties of the satellite’s outer surfaces, while
the third part is a representation of the interaction between the
particles and the surfaces. In its most simple form, these last
two parts combined can be expressed in terms of a constant
satellite ballistic coefficient.

Traditionally, the implementation of non-gravitational
models in astrodynamics tools is based on a semi-empirical
approach, and their assessment is based on an evaluation of
tracking data residuals. The accelerometers on the CHAMP,
GRACE, GOCE and Swarm satellites, however, measure
the sum of the non-gravitational accelerations directly. The
combination of these observations with non-gravitational ac-
celeration models has led to the availability of thermospheric
data sets with many scientific applications in the field of
aeronomy.

In this paper, the experience obtained with the processing
of accelerometer data and the use of non-gravitational force
models for aeronomy applications is demonstrated, and ap-
plied in order to provide useful pointers for the implemen-
tation of such models in orbit determination and prediction
tools at various levels of complexity and accuracy.

1. INTRODUCTION

The foundation of the field of astrodynamics is the applica-
tion of the law of gravitational attraction to the motion of ob-
jects in space. However, non-gravitational accelerations can
be equally important due to the high area to mass ratios and
low altitudes of spacecraft. The two most important types are
the aerodynamic and radiation pressure accelerations. The
detail of implementation of models of these accelerations de-
pends heavily on the application, and its required accuracy.

For example, for orbital lifetime calculations for low Earth
orbiting satellites, the drag acceleration is obviously the driv-
ing force. Radiation pressure accelerations can be neglected,
except in rare cases where radiation pressure can induce sig-
nificant changes to the perigee altitude of highly elliptical or-
bits.

Non-gravitational forces, or surface forces as they are also
sometimes called, require models consisting of three parts.
The first part is a model of the environment, such as the den-
sity of the atmospheric particles, or the direction and magni-
tude of the photon flux coming from the Sun and Earth. The
second part is a model of the geometry and material properties
of the satellite’s outer surfaces. The third part is a representa-
tion of the interaction between the particles and the surfaces,
for example in terms of energy and momentum exchange.

Traditionally, the most accurate force models had to be
applied in the precise orbit determination for satellites carry-
ing radar altimeters for measuring sea surface height, or satel-
lites carrying synthetic aperture radars (SAR) for SAR inter-
ferometry applications. The assessment of non-gravitational
force model implementations for these applications was based
on an evaluation of tracking data residuals that are obtained
during an orbit determination process (1), based, for exam-
ple, on satellite laser ranging, DORIS and/or GPS tracking
data. The better the force models, the lower the tracking data
residuals. However, there are many other factors that can af-
fect these residuals, such as tracking data quality, measure-
ment model uncertainty and gravity field model errors. The
common use of empirical accelerations and other force model
parameters that can cover up model weaknesses, regardless
of their origin, in a reduced-dynamic orbit determination ap-
proach, makes the evaluation of non-gravitational force model
quality even more difficult.

The accelerometers on the CHAMP (2), GRACE (3),
GOCE (4) and Swarm satellites (5), however, measure the
sum of the non-gravitational accelerations directly. The avail-
ability of these observations, processed in combination with
state-of-the-art non-gravitational acceleration models, has led
to the availability of thermospheric data sets with numerous
scientific applications (6).

In this paper, the experience obtained with the processing
of accelerometer data and the use of non-gravitational force
models for aeronomy applications is demonstrated. This ex-



Fig. 1. The GRACE satellites. Photo courtesy of Astrium
GmbH.

perience is used in order to provide useful pointers for the
implementation of all three parts of non-gravitational force
models in orbit determination and prediction tools at various
levels of complexity and accuracy.

2. NON-GRAVIATIONAL ACCELERATION
MEASUREMENTS

The launch of the German CHAMP satellite mission on July
17, 2000, signaled the start of an era of continuous high-
resolution measurements of non-gravitational accelerations
in space. Compared to earlier satellites that carried an ac-
celerometer, CHAMP benefitted from its near-circular polar
orbit, allowing the delivery of near-continuous global mea-
surements, as well as the presence of precise star cameras for
attitude determination and a high-end GPS receiver for orbit
determination and calibration of the low-frequency content of
the accelerometer data.

The twin GRACE satellites, launched in March 2002,
the GOCE mission, launched in March 2009, and the three
Swarm satellites, launched in November 2013 have ensured
continuation of this data set, as well as delivered an increased
spatial sampling during the mission overlap periods.

This paper will make use of the acceleration measure-
ments made by CHAMP and GRACE, calibrated and further
processed at Delft University of Technology, as well as mod-
els of these accelerations used in the thermosphere data pro-
cessing. The references (7; 6) give further information on the
calibration, data processing procedures and models used. An

CHAMP GRACE-A

Model µ∗ σ∗ µ∗ σ∗
Jacchia 71 0.670 1.274 0.726 1.407
DTM-78 0.688 1.348 0.678 1.569
MSIS-86 0.706 1.284 0.744 1.406
DTM-94 0.705 1.358 0.724 1.556
NRLMSISE-00 0.710 1.274 0.753 1.394
Jacchia-Bowman 2006 0.731 1.248 0.831 1.388
Jacchia-Bowman 2008 0.789 1.237 0.910 1.377
HASDM 0.813 1.163 0.984 1.284

Table 1. Log-normal statistics of accelerometer-derived over
model density ratios for CHAMP and GRACE, comparing
various models.

error estimate of the resulting density and crosswind data is
included in these references as well.

3. AERODYNAMIC ACCELERATION MODELLING

3.1. Thermosphere density

The most important model of the space environment used in
orbit prediction and orbit propagation of low Earth orbiting
satellites is without a doubt the model of thermospheric den-
sity, applied in drag acceleration computations. The space
science community has built up a considerable level of un-
derstanding of the behaviour of the thermosphere, through
the use of physical first-principle models of the coupled
ionosphere-thermosphere system, with some models also in-
cluding coupling effects with models of the magnetosphere or
lower layers of the atmosphere. The computational require-
ments of these models prohibit their use in orbit calculations.

Therefore, in most astrodynamics applications, empirical
thermosphere models are used instead. The Jacchia (8; 9),
MSIS (10) and DTM (11) model families are the most widely
known and often used.

Table 1 provides a quality assessment of various empirical
thermosphere models, made using the CHAMP and GRACE
data during the years 2002-2007. The values in the table are
based on densities obtained from the accelerometer data. For
each data point, the density observation is divided by the cor-
responding model density. Such density ratios tend to have
a log-normal distribution, and therefore the log-normal mean
µ∗ and log-normal standard deviation σ∗ are used to assess
the quality of the models, which is better when the values are
closer to one. The mean (µ∗) values represent scale differ-
ences, and these are in general caused by errors in both the
density models and data, related to uncertainties in drag co-
efficients and the geometry of the satellites, as explained in
more detail in (6). The σ∗ values are a more valuable qual-
ity indicator. It is clear that for the period under consideration,
the Jacchia-Bowman 2008 model performs best in this regard.
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Fig. 2. Log-normal mean and standard deviations, binned
by level of solar and geomagnetic activity, of CHAMP and
GRACE-A data/model density ratios, for three different mod-
els.

However, different results have been obtained for other time
periods, and especially for higher altitudes than CHAMP and
GRACE. So the question of which density model should be
recommended for which applications remains a difficult one
to answer.

The list in Table 1 also includes the results of the HASDM
model (12), which is a version of the Jacchia model that is
automatically calibrated by making use of data on the orbital
decay of many objects tracked by the US Space Surveillance
Network. The HASDM data, evaluated along the CHAMP
and GRACE tracks was kindly provided by Bruce Bowman. It
is clear that this density model calibration approach results is
succesful. Unfortunately, the model is not generally available,
and so it cannot be readily applied in the orbit determination
of other missions.

Figure 2 gives another view at the same data. In this case,
the many millions of data/model density ratios that were sum-
marized in the Table above have been binned with respect to
the level of solar and geomagnetic activity, represented by the
levels of the 81-day average of F10.7 (X-axis) and the plan-
etary geomagnetic index kp (Y-axis), respectively. The plots
for the means, with the red-blue colour scale, indicates that
there are considerable differences in model biases between
low and high solar activity. All three models severely overes-
timate the density at low solar activity.

The standard deviations in these plots, on the other hand,
are lowest for the combination high solar activity and low ge-
omagnetic activity. This can be explained by the fact that the
atmosphere shows large amplitude fluctuations in density at
high solar activity, which is difficult for the models to repre-
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Fig. 3. Per-orbit ratio of NRLMSISE-00 density over GOCE
accelerometer-derived density, for the entire mission duration.

sent. At high geomagnetic activity on the other hand, there is
a good density/acceleration signal, which leads to improved
accelerometer data processing results.

3.2. Pitfall of drag coefficient or ballistic coefficient esti-
mation

In many practical cases, it is not possible to built a detailed
aerodynamic model of a satellite or piece of space debris, sim-
ply because information on the geometry, attitude and/or mass
are not available. In addition, it is known that empirical mod-
els might have biases, and are subject to long-term changes.
Under such circumstances, it is customary to make an esti-
mate of the ballistic coefficient, or the drag coefficient in an
orbit estimation run using an empirical atmosphere model,
over some duration, and apply this estimate in subsequent or-
bit propagation and orbit determination runs.

It is important to realise that such an estimate of, let’s say,
a ballistic coefficient, does not only contain information on
the physical ballistic coefficient, but also on the error in the
density model during the tracking time span of the orbit es-
timation run. Figure 3 shows an assessment of this error for
the duration of the GOCE satellite, which was launched in
March 2009, at the end of the last deep solar minimum. The
Figure shows the ratios for the orbit-averaged NRLMSISE-
00 density over the orbit-averaged acceleration-derived den-
sity. For a large part of 2009, the NRLMSISE-00 density was
more than 1.4 times larger than the observed density. As so-
lar activity decreased, so did the offset in the mean density,
but during the entire mission, there were large fluctuations at
the time scale of the solar rotation period (approximately 27
days). This plot therefore illustrates the danger in applying
a ballistic coefficient estimate made at one point in time, to
orbit prediction, or to orbit determination in other points in
time.
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Fig. 4. Variation of the drag and lift coefficient, as modelled
for the GRACE satellite.

3.3. Thermosphere wind

The modelling of the relative velocity of the atmospheric par-
ticles with respect to the satellite surfaces is another aspect
for consideration. By far the largest term is the inertial orbital
velocity, of about 7.5 km/s for low circular Earth orbits. The
corotation of the atmosphere, and winds with respect to this
corotating atmosphere are both of the order of 0.5 km/s. Wind
effects tend to cancel when integrated over an orbit revolution.
Wind models, like HWM (13), are therefore only used only in
applications requiring the highest possible accuracy.

3.4. Limitations of the hyperthermal flow assumption

Figure 4 shows an example of how the influence of the level of
sophistication of satellite aerodynamic models can affect the
accuracy of the density data derived from the accelerations.
The solid line represents the most accurate particle-surface
interaction model, combined with a detailed geometry model.
This model takes into account the momentum exchange due to
the thermal motion of the gas particles, which is a function of
the temperature and composition of the atmospheric gas. The
dotted line shows what the slope of the curve would look like
for low side-slip angles, in case of a hyperthermal approxima-
tion, using the same realistic satellite geometry model. In this
case, the satellite’s surface panels that are (nearly) parallel to
the flow do not contribute (significantly) to the drag, causing
a sharp decrease in drag for low sideslip angles. Koppenwall-
ner (14) and Sutton (15) showed that this sharp decrease is
unrealistic.

The dashed line, on the other hand, shows the most sim-
ple model imaginable, a ”cannnonball” with a constant frontal

area and drag coefficient. It is important to note here that
when the sideslip angle remains small, as is the case under
the nominal attitude control for satellites such as GRACE, the
cannonball model actually provides a more accurate repre-
sentation of the variation of the drag force with the side-slip
angle than a model with a sophisticated geometry representa-
tion, but based on a hyperthermal flow assumption.

A ”cannonball”, or fixed ballistic coefficient model is used
very often in astrodynamics applications, and turns out to be a
very good approximation, for compact objects, for elongated
objects with a fixed orientation with respect to the flow, and
for rapidly tumbling objects. A more sophisticated model will
be necessary for the most precise applications, and in the case
of elongated or otherwise irregularly shaped objects, which
are either slowly tumbling, or attitude-controlled in a way that
causes large fluctuations in frontal area.

4. RADIATION PRESSURE MODELLING

While at low altitudes, and higher levels of solar and geo-
magnetic activity, the aerodynamic acceleration is the domi-
nant non-gravitational accelerations, in other circumstances,
the radiation pressure acceleration is the most influential.

Figure 5 shows a comparison of the measured accelera-
tions on GRACE-A in 2008. GRACE was still at a relatively
high altitude at the time, of about 480 km, while solar activity
was at its lowest since the beginning of the space age. The
accelerations are shown as a function of time on the graph’s
horizontal axis, and argument of latitude (angle along the or-
bit from the ascending equator crossing) on the vertical axis,
which is useful to show both spatial and temporal variations
of the accelerations.

The three rows correspond to the three axes of the satel-
lite body-fixed reference frame, in which the accelerations
are measured and modelled. The X-, Y- and Z-axes of the
satellite body-fixed frame are kept closely aligned with the
along-track, cross-track and nadir directions in the orbit, re-
spectively.

The left row in the figure shows the measured acceler-
ations, while the right row shows the equivalent modelled
radiation pressure accelerations. The plots show a good gen-
eral agreement of the variations along the orbit, and due to
the precession of the orbit with respect to the Sun (local
time variation). The sharp edges in both plots are due to the
eclipses, which happened, for example, over the descending
node in May 2008 and . The most significant differences be-
tween measurement and model are visible in the X-direction,
due to the aerodynamic accelerations, and in the Z-direction,
which shows the most noise-like variations, which are ac-
tually largely due to the firing of attitude control cold-gas
thruster pairs, that are not perfectly balanced, thus causing a
residual linear acceleration.

In order to further investigate possible issues in the radi-
ation pressure acceleration modelling, we have made a first-
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Fig. 5. Calibrated non-gravitational acceleration measurements during 2008 made by the GRACE-A satellite.
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Fig. 6. Residuals of the calibrated non-gravitational acceler-
ation measurements made by the GRACE-A satellite, minus
the equivalent modelled aerodynamic and radiation pressure
accelerations.

order estimate of the densities from the X-axis (along-track)
acceleration measurements, and fed this into our aerodynamic
model, to arrive at a modelled acceleration in the Y- and Z-
axis directions. Both this aerodynamic acceleration model,
and the radiation pressure acceleration model shown on the
right in Figure 5 have been subtracted from the accelerometer
observations to arrive at Figure 6. A comparison of the two
Figures, taking into account the differences in the extent of
the colour scales, shows that most, but not all, of the acceler-
ations were accurately modelled.

An interesting feature in the residuals is the sharp spike
at the eclipse transitions in some months, especially July and

Sun Earth

Sun

Earth

c) d)

Earth
Sun

Sun

a) b)

Earth

Satellite

Satellite

Fig. 7. Eclipse geometry, without (top) and with (bottom) the
effect of atmospheric absorption and refraction.
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+65 sec +76 sec

Fig. 8. The setting Sun photographed from the International
Space Station. Images courtesy of the Earth Science and Re-
mote Sensing Unit, NASA Johnson Space Center. Sequence
ISS046-E-51636 to ISS046-E-51714.

August. This is believed to be caused by the effects of refrac-
tion and absorption of Sunlight in the lower atmosphere, af-
fecting the radiation pressure. These effects, which both bend
and attenuate the sunlight around the time of the purely ge-
ometric eclipse transition, are particularly difficult to model
well. Figure 7 gives an illustration of the geometry of the
problem, while Figure 8 shows photos taken from the Interna-
tion Space Station of a sunset over the Pacific. The first photo
in the series clearly shows the illumination of the clouds, be-
fore any part of the solar disc is visible. Strictly speaking, this
causes an Earth albedo radiation pressure acceleration. The
solar radiation pressure begins as the first part of the solar disc
becomes visible above the horizon in the second photo, taken
20 seconds later. From a purely geometric point of view, the
entire solar disc is still behind the Earth at this point. It is only
visible because of the refraction by the atmosphere. In sub-
sequent photos, the distortion of the solar disc by the lower
atmosphere, and the attenuation by the cloudy atmospheric
layer at the bottom, and the clear atmospheric layer above, is
readily apparent.

This effect is at the cutting-edge of the current state-of-
the-art of non-gravitational force modelling. The effect on the
orbit is very small in most cases, and it is mostly important
for density and wind determination from the accelerometer
measurements.

5. CONCLUSIONS

The paper gave several examples of how satellite accelerom-
eter data can be used to evaluate non-gravitational force mod-
els, that are traditionally used in orbit propagation and orbit



determination applications. Such models have found a new
use in the conversion of accelerometer data into information
on thermospheric density and wind speed. The demand for
accuracy in these thermospheric data sets by the space sci-
ence community is currently driving the state-of-the-art in
non-gravitational force modelling.

It is likely that these developments could prove beneficial
if fed back into precise orbit determination applications. At
the same time, the data can be used to demonstrate the ap-
plicability of several simplifying assumptions that have been
traditionally applied in astrodynamics software.
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