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Abstract

Satellite accelerometers, such as those carried on the CHAMP and GRACE satellites, can provide 
valuable data for improving our knowledge of thermosphere density and winds. These data are now 
available over a wide range of the defining conditions, including more than half a solar cycle. Continuity 
and enhancement of this multi-satellite accelerometer data set will be provided by ESA's Swarm mission. 
This investigation covers the processing steps required for accurately converting accelerometer data into 
density and wind data, and the subsequent use of this data for improving the understanding of the 
thermosphere.

The investigation of the data processing is based on data from the CHAMP and GRACE accelerometers, 
star cameras and GPS receivers and equivalent simulated data that has been created for Swarm. The 
investigation encompasses the calibration of the accelerometer instrument, accurate aerodynamic and 
radiation pressure force modelling and the enhancement of processing algorithms. This has resulted in 
improved accuracy of the data and increased insight in the possible sources of error.

The largest remaining error sources in the density derivation are the gas-surface interaction modelling, 
modelling of the satellite geometry, the calibration scale factor for the in-track accelerometer component, 
and the knowledge of the atmospheric in-track wind speed, composition and temperature. These sources 
lead to density errors which are largely systematic in nature and are estimated at about 15% of the density 
signal for CHAMP, GRACE and Swarm.

The crosswind determination accuracy is very much dependent on the strength of the aerodynamic drag 
signal, compared to solar radiation pressure modelling errors and accelerometer cross-track calibration 
errors. Therefore, reliable results can only be obtained for a combination of a sufficiently low altitude, high 
enough solar activity and a favourable orbit geometry in terms of radiation pressure accelerations. For 
CHAMP, a multi-year time series of crosswind speeds has been obtained that is within the statistical 
uncertainty of current empirical thermosphere wind models. However, for the higher altitude GRACE 
satellites, radiation pressure modelling errors dominate.

The CHAMP- and GRACE-derived density and wind data has subsequently been used in extensive 
evaluations using empirical and physical models of the thermosphere, and geophysical studies of large 
scale structures and patterns in the data. Experiments with an accelerometer-calibrated empirical density 
model indicate that improvements in the standard deviation of data/model ratios of at least 30% are 
possible. The work concludes with recommendations for Swarm and other possible future thermosphere 
missions.
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Chapter 1
Introduction

Neutral density in the thermosphere is one of the most important variables
to model for applications in satellite orbit determination and solar-terrestrial
physics. The state of the neutral thermosphere can be expressed in terms of the
densities of its constituents, its temperature and wind speeds. These parameters
vary over a wide range of spatial and temporal scales. This complexity, combined
with an undersupply of available observation data, has made the improvement
of models quite a challenge.

Accelerometers carried by satellites provide valuable data for improving our
understanding of the thermosphere density and winds, especially when these
data are available over a wide range of the most important influencing param-
eters: Altitude, latitude, local solar time and solar and geomagnetic activity.
The CHAMP and GRACE missions provide such data. These missions carry ac-
celerometers in order to allow the removal of non-gravitational signals from ac-

Figure 1.1 From top to bottom: The Swarm, GRACE and CHAMP satellites (not at the same scale).

1
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Figure 1.2 Timeline for current and future low Earth orbiting satellite missions carrying precision
accelerometers.

celerations due to the Earth’s gravity field. Even though studying thermospheric
density is not part of their primary mission objectives, it is a very important spin-
off application, which is generating important science. Since the satellites also
carry accurate GPS receivers and star cameras, accelerometer calibration errors
and attitude errors in the satellite aerodynamic model can be largely reduced.

The fact that the CHAMP and GRACE missions are largely overlapping in
time (see Figure 1.2) offers the opportunity to study the synergy of their data.
The twin GRACE satellites and the single CHAMP satellite form a constellation
of which the geometrical configuration constantly changes over time. When the
orbital planes are perpendicular, the instantaneous local solar time coverage will
be doubled compared to having just one mission. At times when the orbits are
coplanar it will be most interesting to study relatively short spatial scale features.
Since both missions are in polar orbits, they offer unprecedented opportunities to
study the complex dynamics of the thermosphere at high latitudes.

The trajectories of both missions are spiralling downwards due to the effect
of drag, so they will sample density and wind speeds at a wide range of alti-
tudes. This also implies that the satellites will likely perish in re-entry during
the next solar cycle peak, CHAMP somewhat earlier than GRACE. That raises
the question of continuity of their valuable data. This continuity could be pro-
vided by ESA’s Swarm mission, a constellation of three satellites for studying the
Earth’s magnetic field. The Swarm constellation offers unique possibilities, not
only for observing and separating different sources that contribute to the Earth’s
magnetic field, but also for improving the observation of atmospheric density
and wind variations and their relation with geomagnetic activity. Also shown
in Figure 1.2 is the very recently launched GOCE mission, which will fly under
drag-free control [Canuto et al., 2002] at a very low altitude. This drag-free con-
trol mode, required for its primary mission in gravity recovery, is a complicating
factor for density determination, which leaves this mission outside the scope of
this study. Nevertheless GOCE’s data could be very valuable as well for thermo-
spheric studies, and this certainly deserves further investigation.

The beneficial features of these combined accelerometer datasets have not yet
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been fully exploited in the study of thermospheric density and air dynamics and
in density modelling at satellite altitudes.

1.1 Study goals

The purpose of this study is to investigate the optimal derivation, calibration and
use of density and wind data derived from the combination of instruments on
CHAMP, GRACE, Swarm and other (future) accelerometer missions.

During the study, the CHAMP and GRACE accelerometer datasets have been
processed using state-of-the-art models and techniques. Special attention has
been given to aerodynamic modelling of the satellites, accelerometer calibration,
the combination of data from both missions and the separation of density and
winds from the accelerations.

The resulting densities and wind fields have been visualized and analyzed in
several ways, including the use of the density observations as input in density
model calibration software.

Using the knowledge gained during this work on CHAMP and GRACE, sim-
ulations have been performed on the capabilities for thermosphere studies of the
future Swarm constellation of three satellites, in order to provide further insight
on how Swarm and possible other future missions can contribute to this field of
research.

1.2 Study approach and overview

A number of distinct steps can be identified in the processing of accelerometer
data for the retrieval of thermospheric densities and wind speeds. These are listed
below:

1. Retrieval of input data (accelerometer data, attitude quaternions from star
trackers, GPS tracking data, orbits, housekeeping data, such as a list of
thruster events, mass changes, etc.);

2. Conversion of input data to formats suitable for further processing;

3. Calibration of the accelerometer data using GPS tracking data;

4. Removal of accelerations affected by thrusters;

5. Computation of radiation pressure forces;

6. Removal of radiation pressure forces from the accelerometer data, leaving the
aerodynamic accelerations;

7. Retrieving density and wind speeds from the accelerations, making use of an
aerodynamic model;

8. Data validation, for instance by comparisons with models

9. Geophysical interpretation of the results.

The work for this study was broken down into 5 tasks and 23 work packages,
as listed in Table 1.1. These work packages cover all of the above mentioned
steps. For this final report, the results of several of the work packages have been
combined into single chapters, which more closely match these processing steps.

Chapter 2 will start with an overview of thermospheric modelling, and imple-
mentation details on the density and wind models used for this study. Chapter 3
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WP Title Partner

WP1000 Project management

WP1100 Study organization DEOS
WP1200 Project control DEOS

WP2000 Data and modelling state of the art (Task 1)

WP2100 Description and selection of present thermospheric models Hovemere
WP2200 Description and selection of CHAMP/GRACE instruments and. . . GFZ
WP2300 State of the art aerodynamic and radiation pressure modelling. . . HTG
WP2400 Algorithms for accelerometer calibration DEOS
WP2500 Algorithms for density and wind retrieval from accelerometer data GFZ+Hovemere

WP3000 CHAMP/GRACE single satellite processing and analysis (Task 2)

WP3100 Accelerometer and quaternion data preprocessing DEOS
WP3200 Accelerometer calibration - single satellite approach DEOS
WP3300 Satellite aerodynamic and radiation pressure calculations HTG
WP3400 Density and wind determination - single satellite approach DEOS
WP3500 Density and wind model comparison - single satellite approach Hovemere
WP3600 Density and wind geophysical interpretation - single satellite. . . GFZ

WP4000 CHAMP/GRACE combined processing and analysis (Task 3)

WP4100 Accelerometer calibration - constellation approach DEOS
WP4200 Density and wind determination - constellation approach DEOS
WP4300 Density and wind model comparison - constellation approach Hovemere
WP4400 Density and wind geophysical interpretation - constellation approach GFZ
WP4500 Density model calibration using multi-satellite accelerometer. . . DEOS

WP5000 Simulations for Swarm and other future constellations (Task 4)

WP5100 Specification of simulated reference atmosphere Hovemere
WP5200 Producing simulated accelerometer and tracking measurements DEOS
WP5300 Accelerometer calibration - simulated constellations DEOS
WP5400 Density and wind determination - simulated constellations DEOS

WP6000 Conclusions and recommendations (Task 5)

WP6100 Synthesis of results and recommendations for future work All

Table 1.1 List of work packages
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will give a description of the CHAMP and GRACE missions and the data sets
that were used for this study. Chapter 4 describes the way the infrastructure for
the data processing is set up, and discusses the preprocessing steps and their re-
sulting data products.

The next section of the report focuses on the non-gravitational force mod-
elling: Chapter 5 describes how the radiation pressure model calculations were
made. The closely related, but more complicated topic of aerodynamic modelling
of satellites is described in Chapter 6.

In the following section, the focus is returned to the data processing. Chap-
ter 7 presents the approach for the calibration of the accelerometer measurements.
The core of this report is Chapter 8, in which the processing of all the input data
sets into density and crosswind information is described in detail.

The second half of the report is concerned with the use of this data, and the
lessons that can be learned from the data itself, and the processing steps that were
required to create it.

In Chapter 9, the density and wind data sets from CHAMP and GRACE are
compared with various thermosphere models. Chapter 10 goes one step fur-
ther, in an attempt to calibrate empirical density models using the accelerometer-
derived data. The results are evaluated by examining residuals and using inde-
pendent data. Several methods to investigate the geophysical content of the data
are presented in Chapter 11, including a study of the variations with latitude,
local solar time, level of solar activity, etc.

In the final chapters of this report, the focus is turned towards the future.
Chapter 12 presents a study using simulated data for the 3-satellite Swarm mis-
sion. Chapter 13 gives an overview of other current and planned missions used
for studying the thermosphere, and looks even further ahead, in order to give
recommendations for missions after those that are currently already planned or
under construction.

Finally, the conclusions and recommendations from the study are brought to-
gether in the final Chapter 14





Chapter 2
Modelling the thermosphere

This Chapter will describe the history, use and limitations of empirical thermo-
sphere models.

2.1 Atmospheric structure and variability

The Earth’s atmosphere is often portrayed as a fragile, finite and thin layer of
gases surrounding our planet. However, since the number of atmospheric parti-
cles decreases exponentially with altitude, there is no definite boundary between
the atmosphere and outer space. Even though the density at satellite altitudes
is at least a billion times lower than at sea level, the velocities of orbiting objects
are so high that there is still a drag force that can be measured. This force can
currently be derived from operational space surveillance satellite tracking orbit
data for altitudes up to around 500 km and by using more specialized methods
or equipment up to about 1500 km. Tracking measurements on the very first ar-
tificial satellites [Jacchia, 1959; King-Hele, 1992] resulted in the identification of
several important variations in density, which will be briefly introduced here.
Figure 2.1 illustrates the magnitude of density variations at a single geographical
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Figure 2.1 Top: Time series over the last solar cycle of daily averaged densities (black line), and
daily minimum and maximum values (grey area), at 400 km altitude over a mid-latitude
location, from the NRLMSISE-00 model [Picone et al., 2002]. Bottom: The F10.7 solar
activity proxy (black line) and ap geomagnetic activity index (grey spikes) drive the
irregular density variations in empirical models such as NRLMSISE-00.
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8 Modelling the thermosphere

location (400 km above Delft, the Netherlands) over the course of an 11-year solar
cycle. The various processes affecting density will be introduced in more detail
below.

2.1.1 Vertical structure of the atmosphere

On approximation, the pressure p, density ρ and temperature T of the Earth’s
atmosphere obey the ideal gas law,

p
ρ

=
RT
M

, (2.1)

where R is the gas constant (8.31 J K−1 mol−1) and M is the molecular weight of
the gas. The vertical structure of the Earth’s atmosphere is largely governed by
hydrostatic equilibrium, a balance between gravity and pressure. The hydrostatic
equation relates the decrease of pressure p with height y to the density ρ and
gravitational acceleration g:

dp
dy

= −ρ(y)g(y) (2.2)

Combining these two equations, atmospheric pressure can be expressed as a func-
tion of altitude:

p(z) = p(0)e−
� z

0
1

H(r) dr (2.3)

where H is the pressure scale height:

H(z) =
RT(z)

g(z)M(z)
(2.4)

The variation of density with height can be derived similarly, resulting in:

ρ(z) = ρ(0)e−
� z

0
1

H∗(r) dr, (2.5)

with the density scale height H∗ defined as

1
H∗(z)

=
1

T(z)
dT(z)

dz
+

g(z)M(z)
RT(z)

(2.6)

For regions where temperature is constant, such as the upper thermosphere, the
density scale height is equal to the pressure scale height. These scale heights,
which depend on the temperature, represent the vertical distances over which
the pressure or density decreases by a factor e. At sea level, the scale height is
about 8.5 km, while in the thermosphere it is of the order of 50 kilometers.

Figure 2.2 shows the temperature and density profiles, according to the
NRLMSISE-00 model, for day and night conditions at very low and very high solar
activity conditions. Below 100 km, a variety of heat sources and energy transport
processes result in distinct temperature minima and maxima, which delineate
the named layers of the atmosphere. With ascending altitude these are the tro-
posphere, the stratosphere and the mesosphere. Our interest is in the top layer, the
thermosphere, which is governed by the absorption of solar extreme-ultraviolet ra-
diation, causing an asymptotically increasing temperature with altitude.

The Sun’s radiation causes part of the gas particles in the thermosphere to
become ionized, creating the Earth’s ionosphere. Ionized particles and electrons
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Figure 2.2 Altitude profiles of atmospheric temperature (left) and density (right), according to the
NRLMSISE-00 model.

tend to be greatly outnumbered by neutral particles, at least at altitudes below
800 km. Above that altitude, data on the composition of the thermosphere is very
scarce. The presence of oxygen ions as a significant contributor to satellite drag
is taken into account in the NRLMSISE-00 model [Picone et al., 2002], but not in
other models. In any case, the fact that charged particles are present in the upper
atmosphere has a profound effect on the medium’s electrical properties, which
affect its heating and dynamics.

The mean free path length of the atmospheric gas is another important param-
eter. Below the thermosphere, the mean free path length is short, and there are
many collisions between the gas molecules. This causes the constituents of the
gas to remain well-mixed. This region is called the turbosphere or homosphere. In
the heterosphere, collisions are much less frequent. The gases can separate through
gaseous diffusion more rapidly than they are mixed by turbulence. According to
equation (2.6), the density scale height of light-weight constituents is larger than
for heavier constituents. Therefore, with increasing altitude, the major thermo-
spheric species are molecular nitrogen (N2), atomic oxygen (O), helium (He) and
hydrogen (H), as can be seen in Figure 2.3.

The exosphere is the region, above approximately 400–600 km (depending on
the level of solar activity), from which particles may escape from the atmosphere.
This occurs when the kinetic energy of the particle exceeds the gravitational bind-
ing energy, and if the mean free path length is long enough to prevent collisions
with other particles.

2.1.2 Energy sources

The temperature profile of the atmosphere, discussed in the previous section, re-
sults from the balance between heat sources, loss processes and transport mech-
anisms. In the thermosphere, the most important sources of heat are solar EUV
radiation, related to solar activity, and energetic charged particles, related to geo-
magnetic activity. Dissipation of tidal motions and gravity waves are minor heat
sources, which are neglected in current empirical models. Heat is transported
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around and out of the thermosphere by conduction, radiation and convection
[Hargreaves, 1992].

For empirical modelling, the representation of density variations with solar
and geomagnetic activity are of prime importance. They will be discussed in the
next sections.

Solar EUV radiation

The Sun emits electromagnetic radiation across a wide spectrum. At the wave-
lengths of visible light, where the solar irradiance is at its maximum, the emission
is quite constant, but both at shorter wavelengths (ultraviolet) and longer wave-
lengths (radio), the level of emission is related to the level of activity of the Sun’s
magnetic field, and the interaction of this magnetic field with gases on the solar
surface, the photosphere, and in its atmosphere, the chromosphere and corona. The
emissions at the shortest wavelengths, of 170 nm and less, are responsible for
heating the Earth’s thermosphere. Radiation in this wavelength range is often
designated Extreme Ultraviolet, or EUV radiation. Note that different publica-
tions might use slightly different definitions for the wavelength ranges in this
part of the spectrum. The designations XUV (soft X-rays), EUV and FUV (Far Ul-
traviolet) may be encountered. In the following, we will simply use the term EUV
for all solar radiation that affects the thermosphere, unless otherwise noted.

The heating of the thermosphere by EUV radiation occurs through excitation,
dissociation or ionization of the atoms or molecules (primarily O, O2 and N2).
The excess energy of each photon is converted into kinetic energy of the reaction
products [Rees, 1989; Hargreaves, 1992].

Variations in EUV radiation are wavelength-dependent, as the shortest wave-
lengths are generally formed higher in the Sun’s atmosphere and are more vari-
able than shorter wavelengths [Lean, 1991]. They are also generally absorbed at
higher altitudes in the Earth’s atmosphere [Tobiska et al., 2006]. Ideally, knowl-
edge of the variability in irradiance over the entire UV and EUV spectrum is re-
quired in order to model the heating input in the atmosphere correctly.

The absorption of EUV radiation in the thermosphere results in a so-called di-
urnal bulge in temperature and density, on the daylight side of the Earth. For this
reason, density variations in a horizontal plane are usually mapped in a coordi-
nate system of local solar time versus latitude (see Section 2.1.3). Local solar time
(LST) is equivalent to the longitude coordinate on normal maps, but usually ex-
pressed in hours instead of degrees, and with the defining meridian, at 12h (noon)
LST, passing through the sub-solar point instead of through Greenwich. Due to
thermal inertia, the diurnal bulge has its peak at around 14h–15h local solar time.

Solar wind and magnetospheric and ionospheric interactions

The Sun constantly emits a stream of particles out into space, called the solar wind.
The solar wind consists mostly of electrons and protons, with a minor fraction of
heavier ions [Hargreaves, 1992]. The motion of these solar wind particles forms
the interplanetary magnetic field, which interacts with the terrestrial magnetic field,
forming the Earth’s magnetosphere (see Figure 2.4). In effect, the terrestrial mag-
netic field shields the Earth from the solar wind. Solar wind particles can only
enter the magnetosphere and upper atmosphere through the polar cusps.

During quiet times at the Sun, the solar wind originates mainly through coro-
nal holes. These occur where magnetic field lines open up into interplanetary
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Figure 2.4 Schematic views of the Earth’s magnetosphere, the polar cusps and their relation with
processes affecting thermosphere density variations.

space. Sudden increases in the number of solar wind particles, and their speed,
are related to coronal mass ejections, during which huge amounts of material are
injected with high speed into the solar wind, and with solar flares, which are sud-
den short outbursts of electromagnetic energy and particles over a small area on
the Sun. These phenomena are all closely related to the complexities of the Sun’s
magnetic field and occur more often during peak years of the 11-year solar ac-
tivity cycle. The differences in speed between solar wind particles from various
solar sources can cause interplanetary shocks and compressions [De Pater and
Lissauer, 2001; Hargreaves, 1992]. The relationship between the Sun’s magnetic
field and these processes is the subject of ongoing investigations, with the aid of
observatories both on the ground and in space, such as the SOHO [Domingo et al.,
1995] and STEREO [Kaiser, 2005] missions.

Near the Earth, the interactions between the solar wind, the magnetosphere
and the ionosphere are very complex. The solar wind particles are slowed down
at the bow shock and are largely deflected around the magnetopause. They can
only enter at the geomagnetic poles, where the Earth’s magnetic field lines are
open. Inside the magnetosphere, an extensive system of currents is present, as
well as regions where charged particles are trapped. The system is complex, be-
cause the motion of the charged particles induces the currents and electric fields,
which in turn influences the magnetic field, which alter the motion of the charged
particles. The end result is that the processes on the Sun which are briefly de-
scribed above can result in large disturbances, called geomagnetic storms, at the
Earth [e.g., McPherron and Baker, 1993; Fuller-Rowell et al., 1994; Forbes et al., 1996;
Zhang et al., 2007]. The physics of magnetospheric processes is a subject of inten-
sive ongoing study. Several space missions, including ESA’s Cluster constellation
[Escoubet et al., 1997], are helping to unravel the intricacies. These physical pro-
cesses are extensively studied making use of extensive coupled thermosphere,
ionosphere and magnetosphere models (see the references in Section 2.8.3 for
more details).
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For the thermosphere, the most important aspect of this complex system is the
mechanism in which energy is deposited. A relatively small part of this is due
to particle precipitation. A larger contribution is due to Joule heating by iono-
spheric electric currents. The amount of energy deposited in the thermosphere
through these two processes combined normally amounts to about one fourth of
the energy deposited by EUV radiation. After extraordinary large solar flares and
coronal mass ejections however, the energy deposited in the auroral zone can be
up to twice that of the EUV energy [Knipp et al., 2004].

Because there is an offset between the Earth’s magnetic pole and its rotation
axis (see Figure 2.4), the location of maximum energy absorption in the auroral
zone shows a diurnal shift when viewed in the local solar time versus geographic
latitude reference frame. Variations in the thermosphere that are affected by ge-
omagnetic activity are therefore often calculated and viewed in a system of geo-
magnetic coordinates.

2.1.3 Horizontal structure

Now that the different energy inputs have been introduced, it is possible to
have a look at how they affect variations in the thermosphere in a horizontal
plane. Figures 2.5 and 2.6 show temperatures, densities and wind speeds from
the NRLMSISE-00 [Picone et al., 2002] and HWM-93 [Hedin et al., 1996] models, at
400 km altitude above the Earth’s surface. Figure 2.5 shows the situation at low
solar activity, when solar EUV radiation is the dominant energy source. Figure 2.6
shows the situation for the exact same time of day and day of year, only six years
earlier. The factors influencing the diurnal and seasonal variation are exactly the
same, however the energy input is completely different. The F10.7 proxy has a
three times higher value in 2000, compared with 2006. Even more importantly,
the snapshot of model values in Figure 2.6 is taken at the peak of a major geo-
magnetic storm. How these circumstances affect the temperature, density and
wind speeds will be explained in the following paragraphs.

Temperature and density variations at 400 km altitude

The diurnal bulge, caused by EUV heating, is the dominant feature in the hori-
zontal plane for temperature and density at low solar activity as seen in the top
two frames of Figure 2.5. The maximum density, at around 1.2 10−12 kg/m3, is
located several hours East of the sub-solar point. It is summer in the Northern
hemisphere, and the maximum temperature there is around 900 K. The tempera-
ture minimum, of around 600 K is close to the South Pole.

At high solar and geomagnetic activity, Joule heating and particle precipita-
tion in the auroral zones have become the dominant energy sources, so that the
diurnal variation is hardly visible anymore. Temperatures have become twice as
large as at solar minimum, and now there are maxima around both the Poles. The
temperature minimum is located near the night-side equator.

The density at high solar activity is more than a factor 10 larger than at low
activity. The density maximum has shifted towards the auroral zone, while there
are now minima at mid-latitudes on the night-side.

This Figure is just a snapshot image of the model at one specific moment in
time. Although the NRLMSISE-00 model shows increased variability during this
geomagnetic storm, compared to low activity conditions, its spatial resolution
is actually quite coarse when compared with density observations derived from



14 Modelling the thermosphere

Horizontal wind, HWM-93 + corotation, m/s
0 200 400 600 800

Horizontal wind, HWM-93, m/s
0 200 400 600 800

Density, NRLMSISE-00, 10-12 kg/m3

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Temperature, NRLMSISE-00, K
600 700 800 900

0h 6h 12h 18h 0h

-30

30

0h

12h

6h

18hS

12h

0h

6h

18hN

Low activity (2006)
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accelerometer measurements. Such observations will be shown in later chapters,
and they will be compared with model values in Chapter 9.

Horizontal winds in the thermosphere

The bottom two rows in Figures 2.5 and 2.6 show horizontal wind speeds and
directions at 400 km altitude, obtained from the HWM-93 model. This model out-
puts zonal and meridional wind speeds, with respect to a corotating atmosphere.
The wind direction at the Poles is therefore undefined.

The third row in the Figures shows just the output of the model, which is a
representation of the wind that could be measured by an observer on the ground.
The bottom row adds the speed of the Earth’s rotation to the output of the model.
This is a representation of the wind that influences the motion of satellites. The
corotation velocity is proportional to the cosine of the latitude, which goes from
a maximum at the equator to zero at the poles. Figure 2.5 shows that the HWM-
93 output is below 200 m/s and is therefore nearly negligable compared to the
corotation velocity at low latitudes. The deviation from corotation becomes more
important in the polar areas, and at high activity, as can be seen in Figure 2.6.
Unfortunately, the observation data at high latitudes on which models such as
HWM-93 are based, is very sparse. Accelerometer-derived wind data, if properly
calibrated, could be very helpful in that respect.

Altitude dependence of the horizontal density structure

Figures 2.2 and 2.3 have provided a representation of the variation of density with
height at a single location, while Figures 2.5 and 2.6 have shown the variations in
the horizontal plane at a single altitude level of 400 km. Now, in Figure 2.7, both
views are combined, to get a more coherent picture of density variations in the
thermosphere.

It is clear from the Figure that the situation at 400 km is quite representative
for a large range in altitude. This is especially true at low solar activity, when
the diurnal bulge is the dominant feature. However, at 100 km, semi-diurnal tides
dominate. In this region, the behaviour of the thermosphere is tightly linked to
that of the mesosphere, and density levels are actually lower during solar maxi-
mum than at solar minimum, according to the model.

The behaviour of total density above approximately 600–800 km is also quite
different. There is a distinct density peak over the winter hemisphere. This winter
helium bulge is caused by the atmospheric dynamics of lower altitudes [Mayr
et al., 1978], where helium is a minor constituent. The minor light-weight gas is
dragged along with the circulation of the major gas flow at lower altitudes, but
because of its large scale height, more helium is transported to the winter pole
than is returned to the summer pole [Cageao and Kerr, 1984].

2.1.4 Temporal variability

Up to this point, the figures in this chapter have focussed on two distinct times
with extreme low and high solar and geomagnetic activity conditions. To com-
plete our overview of the major variations in the thermosphere, Figure 2.8 shows
two zoomed in views of Figure 2.1, showing the magnitude of the day-to-day
variability of density over the course of the years 2000 and 2006, as modelled by
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Figure 2.8 Yearly time series of daily minimum and maximum (grey area) and average values (black
line), as well as F10.7 (black line) and ap (grey spikes). Densities are evaluated from the
NRLMSISE-00 model at 400 km altitude over a mid-latitude location (Delft, The
Netherlands). The insets show the years in context of the 11-year solar cycle.

NRLMSISE-00. During the year 2000, the approximately 27-day solar rotation pe-
riod is a dominant feature in both F10.7 and density. During the more quiet year
of 2006, the semi-annual variation with maxima in April and October is more
clearly visible, and the relative effect of occasional peaks in geomagnetic activity
are larger. Note for example the three peaks in April 2006.

2.2 Observations, proxies and indices of thermospheric energy
inputs

In the previous Sections, the large influence of processes on the Sun, in the mag-
netosphere and in the ionosphere on the thermosphere has been explained. In
order to study and model the thermosphere, observations of these processes are
therefore very useful.

These observations are often available in the form of proxies and indices. A
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proxy is an observation that is related to, and shows similar behaviour as the
phenomena of interest, but that is easier to obtain, or for which the historical
record is more complete, than a direct observation. An index is a quantity that
is derived from observations according to a pre-designed standard. Indices are
often designed to summarize complex phenomena from multiple observations,
facilitating the representation in models and the quick identification of disruptive
events.

2.2.1 Solar EUV observations and proxies

Measurements of the Sun’s radiative output at EUV wavelengths are difficult, as
they need to be made by satellites above the absorbing atmosphere. To make mat-
ters worse, instrumentation sensitive to this radiation also degrades significantly
under its influence [Lean, 1991; Floyd et al., 2005]. Measurements from satellites
started in the 1960’s, but they have only been available on a regular basis since
the 1990’s. These recent missions have also introduced calibration techniques to
account for the effects of instrument degradation. Such missions include UARS
[Reber et al., 1993], launched in 1991, SOHO [Domingo et al., 1995], launched in
1995, TIMED [Paxton et al., 1999], launched in 2001 and SORCE [Rottman, 2005],
launched in 2003.

It is important to note that investigations on the thermosphere before the
1990’s had to be made without reliable direct and continuous observations of
variations in EUV radiation, contemporaneous with the available data on density.
Instead, investigators had to rely on observations of solar activity in parts of the
spectrum that are available on the ground, such as the number of sunspots visi-
ble on the solar disc, or the level of radiation at radio-wavelengths, which can be
used as proxies for the EUV radiation.

10.7-cm radio flux

Sunspot numbers have been recorded since Galileo first observed them in 1610,
but a better correlation with thermospheric density was found with F10.7 [Jacchia,
1959], which is the amount of energy received from the Sun at 10.7 cm wave-
length. F10.7 measurements have been made daily by radio telescope, operated
by the National Research Council at Ottawa from 1947 to 1991 and at Penticton,
British Columbia from 1991 onwards. F10.7 is always supplied in units of 104 Jan-
sky (Jy) = 10−22 W/m2/s. In plots and publications, the units are usually omitted,
or designated simply as solar flux units (s.f.u.). The proxy ranges from below 70
during solar minimum, to around 370 during extremely active days.

Early researchers such as Jacchia [1959] first recognized the solar radiation in-
fluence on the thermosphere from the 27-day variations which was found in or-
bital drag time series. It was later found that a more slowly varying component
of solar radiation was also present. The moving average of F10.7 over three or four
solar rotations (81 or 108 days), denoted F̄10.7 was used to represent this compo-
nent.

The F10.7 data are published in two forms: the observed fluxes are the actual
measured values, while the adjusted fluxes are scaled to a standard distance of 1
AU, to compensate for the varying distance between the Earth and Sun through
the year. While the adjusted values give a better representation of the processes
taking place on the Sun, the observed values better represent the EUV heating
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input in the upper atmosphere. Therefore, the latter should be used as input to
the density models.

Mg II core-to-wing ratio

It is now widely recognized that the use of F10.7 and F̄10.7 as proxies in empirical
density models has become a limiting factor in further improving their accuracy.
With the availability of better satellite observations and empirical models of solar
irradiances, researchers have started looking for alternative, more representative
proxies, of which the most widely studied example is Mg II.

The use of the Mg II core-to-wing ratio (or just Mg II for short), was first pro-
posed by Heath and Schlesinger [1986], and is computed by taking the ratio of the
intensity of the Mg II emission at 280 nm over that of the nearby line wings. The
use of this ratio makes the index much less sensitive to instrument trends, since
the wavelength dependence of degradation is limited. Mg II observations have
been made from various satellites with different instrument characteristics. From
these different datasets, composite time series have been constructed that often
do not go further back than the 1990’s. These time series correlate well with F10.7.
For density studies, the Mg II time series are often scaled using linear regression
with F10.7 so that they can be expressed in the same units.

Combinations of EUV proxies

Of specific interest with regard to the use of EUV measurements for thermosphere
modelling is the work by Dudok de Wit et al. [2005], who performed a principal
component analysis on EUV spectra recorded by the TIMED satellite. An impor-
tant result of this analysis is that the full EUV spectrum can be reconstructed with
high accuracy from just a small number of spectral lines. The work confirms that
a single spectral line or proxy is clearly not sufficient to represent variability at
the different wavelengths within the EUV spectrum that affect the thermosphere.
This technique provides graphical representations of the similarity and dissimi-
larity of the behaviour of the various spectral lines and EUV proxies.

The use of a combination of proxies for representing EUV input in the thermo-
sphere has been the strategy of Tobiska et al. [2006] and Bowman and Tobiska [2006]
in preparation for the JB2006 density model. After testing several combinations,
they arrived at the use of F10.7, Mg II and SEUV , and their 81-day averages. The
SEUV index is a measure of the integrated 26–34 nm emission, observed by SOHO.
The Mg II and SEUV measurements have been averaged to daily values and con-
verted by linear regression to the same value range as F10.7, resulting in the new
indices M10 and S10. For the update of the Jacchia-Bowman model to its 2008 ver-
sion, JB-2008 [Bowman et al., 2008a], an additional solar activity index was added,
designated Y10. It is a composite index, designed to represent 0.1–0.8 nm X-ray
emissions during solar maximum and Lyman-α emissions during moderate and
low solar activity. Separately from these modelling efforts, solar indices have re-
cently been analyzed, making use of CHAMP accelerometer data, in the work of
Guo et al. [2007].

2.2.2 Geomagnetic activity observations and indices

Satellite observations of charged particles from the solar wind and their interac-
tion with the magnetosphere and ionosphere have been available since the late
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Kp 00 0+ 1- 10 1+ 2- 20 2+ 3- 30 3+ 4- 40 4+
ap (nT) 0 2 3 4 5 6 7 9 12 15 18 22 27 32

Kp 5- 50 5+ 6- 60 6+ 7- 70 7+ 8- 80 8+ 9- 90
ap (nT) 39 48 56 67 80 94 111 132 154 179 207 236 300 400

Table 2.1 Relation of geomagnetic Kp to ap values.

1970’s and early 1980’s. These observations were made from NOAA’s TIROS and
POES satellites, as well as by the DMSP program [Knipp et al., 2004]. More recently,
observatories of the Sun, the magnetosphere and the interplanetary environment
such as SOHO, ACE, Cluster and STEREO, have greatly increased our knowledge
of these complex environments and their interactions.

These measurements have never been used in empirical thermosphere mod-
els however. Thermosphere models have traditionally made use of the Kp and
ap geomagnetic indices, which are extensively described in the monograph by
Mayaud [1980], and the more accesible review article by Menvielle and Berthelier
[1991]. The information in this section draws heavily from these sources.

The Kp and ap geomagnetic indices

The Kp index is derived from measurements made at 11 geomagnetic observato-
ries at mid-latitudes, through a rather intricate procedure, described in [Menvielle
and Berthelier, 1991]. At these stations, the horizontal magnetic components are
separated in regular and irregular variations. The intensity of the irregular varia-
tions is expressed in a K index at each station, over each three-hour period.

This K index, as defined by Bartels et al. [1939], ranges from 0 to 9, in discrete
steps of one thirds, specified by plus and minus signs, as follows: 00, 0+, 1-, 10,
1+, . . . , to 90. The K indices from the 11 stations are standardized to avoid local
time influences and averaged to form the planetary index Kp. Since Kp is a true
index, it carries no physical units. It can be converted to the approximate am-
plitude of geomagnetic perturbation by the use of a conversion table (see Table
2.1), resulting in ap (planetary equivalent amplitude) values, expressed in units
of nanoTesla (nT). These ap values should be multiplied by two to represent the
magnitude of the observed variation in the magnetic field. Since the ap index is
related directly to Kp, it also has a 3-hourly cadence, and can take no other values
than those listed in the conversion table. The average of all eight ap values in a
UTC day is denoted as the Ap index. Time series of Ap can be useful for creating
plots and quickly identifying active days, but the loss of temporal resolution with
respect to ap makes the daily index less suitable for use in density models.

Alternative geomagnetic indices

Kp and related indices are widely used in many applications, including thermo-
sphere models. However, by today’s standards, they show some obvious short-
comings [Menvielle and Berthelier, 1991; Menvielle and Marchaudon, 2007]. Since
the Kp network was set up at the start of the cold war period, most stations are
located in Western Europe and North America. Relatively minor magnetic dis-
turbances over one of these areas will therefore result in high values of the index,
while disturbances of similar magnitude in uncovered areas might go largely un-
noticed.
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F10.7 f ftp://ftp.ngdc.noaa.gov/STP/SOLAR DATA/SOLAR RADIO/FLUX
c ftp://sec.noaa.gov/pub/indices/quar DSD.txt
p ftp://sec.noaa.gov/pub/latest/45DF.txt

S10 f http://sol.spacenvironment.net/˜ JB2006/SD delivery folder/JB06 delivery0 v4 0h.txt
M10 f http://sol.spacenvironment.net/˜ JB2006/SD delivery folder/JB06 delivery0 v4 0h.txt
Y10 f http://sol.spacenvironment.net/˜ JB2008/indices/SOLFSMY.TXT.zip
Kp f ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC DATA/INDICES/KP AP

c ftp://sec.noaa.gov/pub/indices/quar DGD.txt
p ftp://sec.noaa.gov/pub/latest/45DF.txt

ap a Converted from Kp
am f http://isgi.cetp.ipsl.fr/source/indices/am/
Dst f ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC DATA/INDICES/DST
∆TDst

C f http://sol.spacenvironment.net/˜ JB2008/indices/DTCFILE.TXT.zip

Table 2.2 Sources of the solar and geomagnetic activity proxies used in this study. The letters in
the second column stand for f=final, c=current, p=predicted or a=all values.

A new global network, with a much better geographical distribution, was set
up after the International Geophysical Year (1957/1958), coinciding with the be-
ginning of the space age. The an, as and am indices, all expressed in nT are de-
rived from the K indices measured at these stations. The an index represents the
northern hemisphere, as the southern, and am (where m stands for ‘mondial’) is
the average of both hemispherical indices. The am index can therefore be consid-
ered an improved version of ap.

The longitude sector geomagnetic indices, or aλ indices, are K-derived indices
which are provided for various pre-defined longitude sectors [Menvielle and Paris,
2001]. Five of these sectors, each of which contains two or more observing sta-
tions, are in the Northern hemisphere, and four are in the Southern. These indices
are thus able to represent variations with longitude.

Other parameters, such as the Dst (disturbance storm time) and PC (polar cap)
indices represent only certain parts of the geomagnetic activity, at low and high
latitudes respectively, which are mainly driven by distinct current systems. See
for example, Campbell [1996], Troshichev et al. [2006] and references therein. These
two indices are available at an hourly or higher rate and therefore offer improved
temporal resolution compared to the 3-hourly K-derived indices. The work of
Knipp et al. [2004] provides an empirical model for the power input by Joule heat-
ing in the thermosphere, based on quadratic equations using these two indices.

2.2.3 Comparison of proxies and indices

Table 2.2 lists the sources of the geomagnetic and solar activity values which have
been obtained and used in this study. A distinction is made between predicted,
current and final values, which are available in order of increasing accuracy and
latency. The availability of current and predicted values is especially important
for near real-time applications. This thesis will be mostly concerned with per-
formance of models under historical circumstances however, so unless otherwise
noted, the final values are used.

Figure 2.9 shows a comparison of time series of several of the proxies and
indices described in the previous Sections. During the period of late October to
the end of November 2003, the variations in solar activity were especially large,
due to the presence of large active regions on the Sun (see Figure 2.1 for context).
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Figure 2.9 Comparison of solar activity proxies and geomagnetic indices.

Two of the largest geomagnetic storms of the last solar cycle occurred during the
last days of October and on 20 and 21 November. Note that the behaviour of
these indices during this time period is not necessarily indicative for other time
periods.

The top panel in the plot shows the variation of the three daily solar radiation
proxies that are provided for the JB2006 model. During this period, F10.7, which is
used by older models as well, shows the largest amplitude. The new M10 and S10
proxies show similar values during low activity, but differences are considerable
around the time of the storms.

The bottom three panels show the hourly Dst and the three-hourly am and
ap indices. The am and ap plots look quite similar. The main difference between
these indices is in the improved global distribution of the observation network
for the am index. The result of this is especially apparent in the relative mag-
nitudes of the three peaks of the October storm. The Dst index, which returns
predominantly negative values, has been multiplied by -1 here for easier com-
parison with the other indices. Dst provides more detail, because of its hourly
rate, but it only represents the geomagnetic disturbances in the equatorial region.
After major disturbances, Dst takes longer to recover than the am and ap values.
Notice also how the disturbance on October 24 is not clearly present in the Dst
plot, and how the maximum amplitude of the November storm exceeds that of
the October storm in Dst, but not in am or ap.
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From this example and the discussion in the previous Sections, it is clear that
there is a wide variety of observations, proxies and indices available for research
in thermospheric density and its connection to processes on the Sun. In the early
1960’s, the combination of F10.7 and ap was chosen to represent all non-periodic
variations in density. This was a convenient choice, because long time series for
these values were already easily available at the time. Empirical modellers have
stuck to this choice until only very recently.

2.3 Empirical density models

The development of new density models has been largely driven by the avail-
ability of new sources of observation data. With the availability of more data,
the models have become able to represent more subtle variations in density. Ta-
ble 2.3 lists the most widely known models and their references. Jacchia, MSIS and
DTM are the three major families of models, which have been under development
since the 1960’s and 1970’s. Several models of these families will be evaluated
and used in this research, and they are therefore introduced in the remainder of
this Chapter.

2.3.1 Early models and Jacchia’s models

The first observations of orbital motions of satellites under the influence of drag
in the late 1950’s paved the way for the first generation of general empirical den-
sity models in the 1960s and early 1970s. Examples of these models include those
by Harris and Priester [Harris and Priester, 1962] and L.G. Jacchia [Jacchia, 1964,
1971a, 1971b, 1977]. The Jacchia-71 model was adopted as the COSPAR Interna-
tional Reference Atmosphere in 1972, and is therefore also known as CIRA-72
[Jacchia, 1972]. Later models by Jacchia, such as the those published in Jacchia
[1977], have not led to accuracy improvements with respect to this model [Mar-
cos, 1990]. The Jacchia-70 and -71 models have been used at the basis of the NASA
Marshall Engineering Thermosphere (MET) models [Hickey, 1988; Owens, 2002],
which have been applied in satellite lifetime predictions. More recently, Jacchia’s
models have been further improved under an initiative of the US Air Force Space
Command, with new algorithms for computing the semi-annual density varia-
tion and the use of additional solar and geomagnetic activity proxies. This effort
has resulted in the Jacchia-Bowman 2006 (JB2006) and 2008 (JB2008) models [Bow-
man et al., 2008b, 2008a].

2.3.2 DTM models

The first of the DTM models was published in 1978 [Barlier et al., 1978]. Like
the Jacchia models, DTM was based solely on observations of satellite drag, how-
ever it used a more sophisticated and generalised model formulation. A major
update, named DTM-94, was published by Berger et al. [1998]. DTM-94 is based
on an extended satellite drag dataset for improved accuracy at solar minimum
and solar maximum conditions. DTM model improvement is ongoing. Recent de-
velopments include the introduction of the Mg II solar EUV proxy [Thuillier and
Bruinsma, 2001] in DTM-2000 [Bruinsma et al., 2003] and incorporation of new
data such as that from the CHAMP accelerometer [Bruinsma and Biancale, 2003].
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Model family Model name Reference Source code

Jacchia Jacchia ’64 Jacchia [1964]
Jacchia ’70 Jacchia [1971a]
Jacchia ’71 Jacchia [1971b]
Jacchia-Roberts ’71 Roberts [1971]
CIRA-72 Jacchia [1972] In reference
Jacchia ’77 Jacchia [1977]
MET Hickey [1988]
MET 2.0 Owens [2002]
JB2006 Bowman et al. [2008b] Internet1

JB2008 Bowman et al. [2008a] Internet2

DTM DTM Barlier et al. [1978] In reference
DTM-94 Berger et al. [1998] From author
DTM-2000 Bruinsma et al. [2003]

MSIS MSIS Hedin et al. [1977a, 1977b]
MSIS-83 Hedin [1983]
MSIS-86 Hedin [1987] Internet3

CIRA-86 Hedin [1988]
MSISE-90 Hedin [1991]
NRLMSISE-00 Picone et al. [2002] Internet3

HWM HWM-87 Hedin et al. [1988]
HWM-90 Hedin et al. [1991]
HWM-93 Hedin et al. [1996] Internet4

HWM07 Drob et al. [2008] Internet4

DWM07 Emmert et al. [2008b] Internet4

Others Harris-Priester Harris and Priester [1962]
TD 88 Sehnal [1988]
GOST see Vallado [2001, App. B]

1 http://sol.spacenvironment.net/˜ jb2006/
2 http://sol.spacenvironment.net/˜ jb2008/
3 http://uap-www.nrl.navy.mil/models web/msis/msis home.htm
4 http://uap-www.nrl.navy.mil/models web/hwm/hwm home.htm

Table 2.3 List of empirical thermosphere models, their literature references, and the source of the
FORTRAN code for the models that have been obtained and implemented for use and
evaluation in this study.
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2.3.3 MSIS and HWM models

Starting in the late 1970’s Alan Hedin created a new class of density models,
named MSIS. His models [Hedin et al., 1977a, 1977b] were based solely on mass
spectrometer and incoherent scatter radar observations. The main advantage of
the use of these datasets over the drag-derived datasets is that they consist of
independent observations of both temperature and number densities for the at-
mospheric constituents. The MSIS-86 model replaced Jacchia-71 as the COSPAR
International Reference Atmosphere thermosphere model, and is therefore also
known as CIRA-86 [Hedin, 1987, 1988]. An extension to the model was published
as MSISE-90 [Hedin, 1991]. This model is identical to MSIS-86 for the thermosphere
region, but extends down to zero altitude.

At the end of the 1990’s, development of the MSIS-class models was continued
at the US Naval Research Laboratory (NRL). The resulting NRLMSISE-00 model
[Picone et al., 2002] includes additional mass spectrometer and incoherent scatter
radar data, as well as accelerometer data and the DTM and Jacchia satellite orbit
decay databases. An additional constituent, anomalous oxygen, was introduced
in the model to investigate apparent discrepancies between the datasets at higher
altitudes.

The HWM series of thermospheric horizontal wind models was created along-
side the MSIS model series. The model subroutine accepts the same inputs as the
MSIS series of density models and returns zonal and meridional wind speeds. The
models are based on gradient winds from CIRA-86 plus rocket soundings, inco-
herent scatter radar, MF radar and meteor radar data. Further development of the
HWM model series is now continued at the Naval Research Lab. The latest edition
is HWM07 [Drob et al., 2008], which has a companion model for high geomagnetic
activity, the Disturbance Wind Model DWM07 [Emmert et al., 2008b].

2.4 Empirical model input and output

In its most simple form, a density model returns an estimate of density based on
time and location, where the location is usually expressed in terms of the geodetic
height h, latitude φ and longitude λ:

ρ ≈ ρmodel(t, φ, λ, h) (2.7)

In reality, there are many differences between the way the input parameters of
the various models are defined. An exact specification of the input parameters
is not always even clearly identified in the model source code comments or doc-
umentation. The MSIS models allow the user program to make settings before
calling the model subroutine, which affect their output. Part of the temporal vari-
ation of the model output is driven by solar and geomagnetic activity indices and
proxies, which can sometimes be obtained from multiple sources or in various
formats. These issues can easily cause inconsistent results and errors. Such prac-
tical challenges in implementing thermosphere density models for the purpose
of the exact reproduction of results have been identified and summarized for the
NRLMSISE-00 model by Wilkins et al. [2006]. In order to obtain reproducible results
from the density models, including the calibrated models which will be described
in later Chapters, it is therefore necessary to give a strict definition of the input
parameters and settings with which the models are called. These will be provided
in the following Section.
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Function Description

Time/date conversion functions

sec(t) Number of seconds since the start of the UTC day, in the range 0–86400.
yy(t) Last two digits of the year.
doy(t) Day of the year, in the range 0-366.
mjd(t) Modified Julian Date and fraction of the day.
lst(t, λ) Local solar time in hours: lst(t, λ) = sec(t)/3600 + λ/(2π/24).

Solar and geomagnetic proxy and index functions

Kp(t) Planetary geomagnetic activity index Kp for the time t, piecewise constant over the 3-hour
time interval.

Kpi(t) Planetary geomagnetic activity index Kp, linearly interpolated between the mid-points of
the two three-hour time intervals that are closest to t.

ap(t) Planetary geomagnetic activity index ap for the time t, piecewise constant over the 3-hour
time interval.

F10.7(t) Observed 10.7 cm solar flux for the UTC day of t.
F̄10.7(t, m) Moving average of F10.7(t) over a time span with length m, centered on the UTC day of t.

F̄10.7(t, m) = 1
2m+1 ∑m

j=−m F10.7(t + j)
S10(t) EUV index for JB2006, scaled to F10.7.
S̄10(t, m) Moving average of S10(t) over a time span with length m, centered on the UTC day of t.
M10(t) Mg II index for JB2006, scaled to F10.7.
M̄10(t) Moving average of M10(t) over a time span with length m, centered on the UTC day of t.
Y10(t) X-Ray index for JB2008, scaled to F10.7.
Ȳ10(t) Moving average of Y10(t) over a time span with length m, centered on the UTC day of t.
∆TDst

C (t) Change in culmination point temperature during high geomagnetic activity, for the JB2008
model, computed offline from the Dst index.

Table 2.4 Auxiliary functions for the computation of density model subroutine input variables.

2.4.1 Definition of model inputs

Unless otherwise noted, all times are in the UTC time system, and all coordinates
will be with respect to the International Terrestrial Reference Frame ITRF-2000.
The geodetic coordinates φ, λ and h are with respect to the GRS80 reference ellip-
soid.

All of the density model subroutines are called using wrapping subroutines,
which translate the four arguments of (2.7) to the actual model subroutine argu-
ments as defined by their respective authors. Several auxiliary functions for time
conversions and the retrieval of solar and geomagnetic activity proxies and in-
dices, listed in Table 2.4, are called by the wrapping subroutines. These proxies
and indices were retrieved from the Internet locations listed in Table 2.2. The
conversions themselves are provided in Tables 2.5, 2.6 and 2.7. As can be seen
in these Tables, these conversions are not trivial. All models require the user to
apply a latency and smoothing to the solar activity inputs, and often to the geo-
magnetic activity input as well. The DTM-94 model even incorporates a latitude
dependent latency on Kp, from 3 hours at the poles to 6 hours at the equator. The
local solar time is an important parameter in all models. It is directly related to
the time of day and longitude, according to the equation in Table 2.4. This equa-
tion is used in order to provide consistent time, longitude and local solar time to
the MSIS models.

The MSIS and HWM models contain switches with which various features of
the model can be turned on or off. For this research, the switch to use the 3-hourly



28 Modelling the thermosphere

Variable Units CIRA-72 JB2006 JB2008

AMJD days mjd(t) mjd(t) mjd(t)
SUN(1) rad λ⊙ λ⊙ λ⊙
SUN(2) rad φ⊙ φ⊙ φ⊙
SAT(1) rad λ λ λ
SAT(2) rad φ φ φ
SAT(3) km h h h
GEO(1) 104 Jy F10.7(t− 1.71d) F10.7(t− 1d) F10.7(t− 1d)
GEO(2) 104 Jy F̄10.7(t, 108d) F̄10.7(t− 1d, 81d) F̄10.7(t− 1d, 81d)
GEO(3) – Kp(t− 0.279d) ap(t− 0.279d) ap(t− 0.279d)
S10 – – S10(t− 1d) S10(t− 1d)
S10B – – S̄10(t− 1d, 81d) S̄10(t− 1d, 81d)
XM10 – – M10(t− 5d) M10(t− 5d)
XM10B – – M̄10(t− 5d, 81d) M̄10(t− 5d, 81d)
Y10 – – – Y10(t− 5d)
Y10B – – – Ȳ10(t− 5d, 81d)
DSTDTC K – – ∆TDst

C (t)

Table 2.5 Conversion formulas for the input variables of the CIRA-72, JB-2006 and JB-2008
subroutines.

Variable Units DTM DTM-94

DAY days doy(t) doy(t)
ALTI km h h
HL h lst(t, φ) lst(t, φ)
ALAT deg φ –
APHI deg – φ
XLON deg – λ
F 104 Jy F10.7(t− 1d) F10.7(t− 1d)
FBAR 104 Jy F̄10.7(t, 81d) F̄10.7(t, 81d)
AKP – Kp(t− 3h) Kpi(t− 6h + |φ| · 0.033h)

Table 2.6 Conversion formulas for the input variables of the DTM subroutines.

ap values for the geomagnetic indices instead of the daily Ap values is set, and
all model features are switched on.

2.4.2 Model output

All density models return the total density and atmospheric temperature as out-
puts. In addition, the partial densities or concentrations for each of the atmo-
spheric constituents considered by the models can be retrieved as well, either
directly or with only slight modifications to the model source code. Table 2.8
lists which constituents are considered by which models, and gives an approx-
imate validity range for the altitude. The HWM models return zonal (eastward)
and meridional (northward) wind speed components relative to a co-rotating at-
mosphere. The wrapping subroutines convert the model outputs of the various
models to the same units.
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Variable Units MSIS and HWM

IYD days 1000 · yy(t) + doy(t). Note that the value of yy(t) is ignored by the models.
SEC s sec(t)
ALT km h
GLAT deg φ
GLONG deg λ
STL hours lst(t, λ)
F107A 104 Jy F̄10.7(t, 81d)
F107 104 Jy F10.7(t− 1d)
AP(1) nT Ap(t). Note that either the daily Ap in AP(1) or the array of six values in

AP(2:7), based on the history of 3-hourly ap indices, is used by the models,
depending on a switch setting.

AP(2) nT ap(t)
AP(3) nT ap(t− 3h)
AP(4) nT ap(t− 6h)
AP(5) nT ap(t− 9h)
AP(6) nT 1

8 (ap(t− 12h) + ap(t− 15h) + · · · + ap(t− 30h) + ap(t− 33h))
AP(7) nT 1

8 (ap(t− 36h) + ap(t− 39h) + · · · + ap(t− 54h) + ap(t− 57h))
MASS – Mass number for the gas of which the density is to be calculated. Set to 48 for

all. Not applicale for HWM models.

Table 2.7 Conversion formulas for the input variables of the MSIS-86, NRLMSISE-00 and HWM
subroutines.

Model Altitude range H He O O+ N O2 N2 Ar

CIRA-72 110–2000 km • • • • • •
DTM-78 200–1200 km • • • •
MSIS-86 90–2000 km • • • • • • •
DTM-94 200–1400 km • • • • • •
NRLMSISE-00 0–2000 km • • • • • • • •
JB2006 110–2000 km • • • • • •
JB2008 110–2000 km • • • • • •

Table 2.8 Valid altitude range and output of the thermospheric density models.

2.5 Empirical model algorithms

The empirical models considered in this Chapter were all created by fitting a set
of parametric equations to an underlying database of observations. The accuracy
of the models is therefore dependant on both the strength of the database as well
as the ability of the parametric equations to reproduce this data for interpolation
and extrapolation. There are considerable differences between the number and
complexity of the parametric equations used in the various models. Full details
on the model formulations and generation can be found in the references pro-
vided in Table 2.3. A few details which are of importance for this study will be
provided here however.

2.5.1 Jacchia’s CIRA-72 algorithm

In short, the Jacchia models use the exospheric temperature T∞ as a defining pa-
rameter. This temperature is calculated for each location from the solar activity
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Figure 2.10 The CIRA–72 diurnal function at solstice (left) and equinox (right). The map is a
Winkel-Tripel projection in local solar time versus latitude.

data, in combination with a model of the diurnal variation. Additional correc-
tions are applied, depending on time and altitude. These include the semi-annual
variation, a seasonal-latitudinal variation and an additional geomagnetic activity
term. The exospheric temperature is then used as input for a temperature profile,
which forms the basis for the integration of the diffusion equation.

The first step in the CIRA-72 density computation is the calculation of the
culmination point temperature. This temperature, denoted by Tc, is the night-
time minimum of the global exospheric temperature field, when the geomagnetic
index Kp is zero. It is a function of the solar activity proxy and its 81-day average,
and three empirical constants (α, β and γ):

Tc = α + βF̄10.7 + γ(F10.7 − F̄10.7) (2.8)

Tc is then multiplied with the diurnal variation function D(t, φ, lst). This func-
tion, which does not depend on the solar or geomagnetic activity, defines the
shape of the diurnal bulge for the model, as shown in Figure 2.10. It provides a
smooth variation between the minimum temperature Tc and a maximum temper-
ature of 1.3 times Tc to the East of the sub-solar point.

The calculation of the local exospheric temperature T∞ is completed by adding
a temperature correction for geomagnetic activity ∆TG:

T∞(t, φ, λ) = Tc(t) D(t, φ, λ) + ∆TG(ap) (2.9)

Jacchia’s temperature profile is further defined by a boundary condition of
T = 183 K and dT/dh = 0 at the minimum altitude of 90 km and an inflection
point at an altitude of 125 km. The inflection point temperature Tx is a function
of T∞ and four empirical constants (a, b, c and k):

Tx(T∞, ∆Tx) = a + bT∞ + c exp(kT∞) (2.10)

With the complete temperature profile now in place, the model computes the
number density of each individual species by integrating the diffusion equation.
Empirical corrections are added for geomagnetic activity variations, the semi-
annual variation and seasonal-latitudinal variations.

2.5.2 The DTM and MSIS algorithms

In the DTM and MSIS models, the temperature profile with height is a function of
the exospheric temperature. Just as in Jacchia’s model, the exospheric tempera-
ture is determined from solar and geomagnetic activity proxies and indices. Un-
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like Jacchia’s models however, the density in the DTM and MSIS models is not de-
rived from a direct integration with altitude over the temperature profile. Instead
these models basically contain independent sub-models for the thermospheric
temperature T∞ and number densities ni of each of the constituents. The index i
is used to iterate over each of the atmospheric constituents (H, He, O, etc.), and a
set of model coefficients aj (with j = 0 . . . N) is defined for the temperature and
densities of each of the constiuents. We will use the notation and equations from
the DTM-94 model [Berger et al., 1998] in this Section. The formulation for the
thermospheric part of the MSIS models is largely similar. The modelled thermo-
spheric temperature and concentrations are expressed using a function G(L) of
the input parameter vector L as follows:

T∞ = a0
T∞

(1 + GT∞(L)) (2.11)

ni(z) = a0
i exp(Gi(L)) fi(z) (2.12)

The total density can then be computed from the concentrations by multiply-
ing with the molecular mass mi of the constituents and summing all constituents.

ρi = mini (2.13)

ρ = ∑
i

ρi (2.14)

The functions G(L) can contain a large number of terms, for instance:

Polynomial terms with the solar and geomagnetic activity proxies and indices.

Spherical harmonic terms in geodetic latitude and local solar time.

Spherical harmonic terms in geomagnetic latitude and geomagnetic local
time.

Periodic terms in day of year and time of day.

Cross terms of solar and geomagnetic activity with the periodic variations.

The coefficients for these terms have been determined in a least squares adjust-
ment using a large database of density and temperature measurements. There
is a large difference between the complexity of the DTM models and that of the
MSIS-86 models. This is mainly due to the fact that the MSIS models incorporate
much more variations of density and temperature in the lower atmosphere. As
an example, the DTM-94 model is defined by 172 non-zero coefficients, while the
NRLMSISE-00 model requires approximately 2200.

2.6 Emprical model accuracy

Nearly half a century of thermosphere studies has led to many advances in the
understanding of the processes which govern the upper atmosphere (see for ex-
ample Kockarts [2002] and Marcos et al. [1997] for an overview). Unfortunately,
recent density models, such as NRLMSISE-00, hardly perform better than their pre-
decessors. The upper atmosphere has proven to be extremely dynamic in nature,
and models are only able to capture part of the variations.
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2.6.1 General limitations

Several reasons for the apparent barrier in accuracy can be identified:

The F10.7 proxy and its mean over several solar rotations are inadequate to rep-
resent the complex interactions between the solar EUV and the upper atmo-
sphere. Similarly, the Kp and ap proxies are planetary indices, based on mea-
surements by a network of mid-latitude observatories. In reality, the spatial
and temporal evolution of geomagnetic disturbances on the thermospheric
density is very complex. Significant progress has been made on these prob-
lems in recent years, with the development of the Jacchia-Bowman models,
which introduced the use of multiple improved proxies and indices.

The data underlying the models does not comprehensively cover the full
range of the input variables. The models must therefore extrapolate under
some conditions, especially at low and high altitudes and extreme solar and
geomagnetic activity. In addition, during the generation of the model, it is
not possible to resolve variations which have temporal and spatial character-
istics that are beyond the resolution of the data. The current availability of
data from CHAMP and GRACE, and in the future of Swarm, are important
improvements in this respect.

The parameterized equations in the models are unable to represent many of
the observed variations in the atmosphere. For example, the well-observed
year-to-year differences in amplitude and phase of the semi-annual variation
are often not taken into account. There are also strong indications of a slow but
steady decrease in thermospheric density [Roble and Dickinson, 1989; Emmert
et al., 2004], possibly caused by increased concentrations of greenhouse gases
in the lower atmosphere, which none of the models is currently taking into
account. This will likely be improved in future models, as these variations are
more easily resolved from the expanding dataset.

Features such as planetary and gravity waves are unpredictable and short-
lived events, that are currently impossible to capture in an empirical model.

2.6.2 Historical and forecast modelling

In the current thermospheric density models, there is no distinction between the
use in terms of historical representation of the atmosphere and forecast capabili-
ties. For most of the operational applications of the models, the forecast capabil-
ities are most important. These forecast capabilities are currently completely de-
pendent on the forecasts of the geophysical proxies (such as F10.7 and Kp), which
will of course be much less accurate than the measured values. In other words,
For many purposes, the accuracy of the density models suffers from the fact that
the already inadequate proxies are themselves inaccurate predictions.

One of the required proxies in the current models is the 81-day averaged F10.7
centred on the epoch in question. Therefore, the extra disadvantage of density
predictions does not only come into play when the density at a future epoch is
required, but also for one in the past 40 days. In this case, the user of the model
can only choose between averaging over partly measured, and partly predicted
values, or taking the average over the measured values of the past 81 days. In
both cases, the density output from the model will be most likely less accurate
than the output when final values are used according to their proper definition.



2.7 Calibration of empirical density models 33

Space weather 
observations

(historical database)

Density/temperature 
observations 

(historical database)

Generate 
model

(run once)

Space weather 
observations

Time, location

Empirical 
density model

Modeled 
density

Figure 2.11 Flow chart of traditional empirical density models. The one-time model generation is
depicted on the left, the use of the model in applications on the right.
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Figure 2.12 Flow chart of a near real-time calibrated density model. The daily model calibration
procedure is displayed on the left, the use of the model in applications on the right.

2.7 Calibration of empirical density models

Density calibration involves the calculation of corrections to existing density
models using an ongoing analysis of drag accelerations on a number of low
perigee satellites and debris objects. The correction parameters, determined from
assimilated satellite drag data, can then contribute to, or even replace the role of
solar and geomagnetic activity indices, in driving the irregular variations in the
density model [Marcos et al., 1998]. For use in operational applications, the es-
timation of calibration parameters must be done in near real-time, preferably at
regular intervals, such as daily or 3-hourly. Figure 2.12 shows the flow chart of
this process, to be compared with Figure 2.11. Even though the empirical model
that is being adjusted still requires space weather observations as inputs, the cal-
ibration process should be able to absorb any errors. The calibration parameters,
estimated from satellite drag data, therefore largely replace the role of the space
weather observations for the historical representation of the atmospheric state.

Using this method, a significantly better level of accuracy than that of the un-
calibrated empirical models can be reached. Two distinct density calibration ini-
tiatives were started by scientists in the space tracking community several years
ago.

A United States-Russian collaborative density calibration project involved the
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estimation of daily scale factors, varying linearly with altitude, which multiply
the original model density to better represent orbit data. The analysis was per-
formed for both the Russian GOST model [Cefola et al., 2003] and the US NRLMSISE-
00 model [Yurasov et al., 2005b]. Trajectory information for the calibration objects
was taken from publicly available TLE data. A statistical analysis, investigating
the possibility to predict correction parameters into the future has also been per-
formed by this group [Yurasov et al., 2005a]. As expected, the accuracy behaviour
of predictions depends on the forecasting interval. While near-term results are
significantly improved, forecasts over more than a few days can apparently no
longer provide additional density accuracy over uncalibrated models.

Another density model calibration project, the United States Air Force Space
Command’s Dynamic Calibration Atmosphere (DCA) for the High-Accuracy
Satellite Drag Model (HASDM) [Storz et al., 2005], uses the more accurate tracking
data from the Space Surveillance Network (SSN), to adjust simultaneously the tra-
jectories of around 75-80 calibration objects with spherical harmonic expansions
of two temperature parameters from the Jacchia-70 thermosphere model [Casali
and Barker, 2002]. Within Jacchia’s models, these two temperatures define the ver-
tical density profile completely. The spherical harmonic expansion allows correc-
tions to the modelling of the diurnal variation. HASDM also includes a method for
predicting the corrections three days into the future as a function of solar and ge-
omagnetic indices. A follow-on project, named Sapphire Dragon, is aimed at im-
proving the prediction capabilities of HASDM through a series of enhancements,
including an increase in the number of calibration objects and a more sophisti-
cated use of various space weather proxies [Bowman, personal communication,
2006]. Unfortunately, the resulting calibrated model and the underlying precise
SSN tracking data are not made publicly available. However, the HASDM model
densities, computed along the CHAMP and GRACE tracks by Bruce Bowman,
were kindly made available for evaluation (see Section 4.8.5).

Part of the work done for the current project involves density model calibra-
tion using satellite drag data. The NRTDM software [Doornbos, 2006], which
was initially developed for ESA/ESOC, for use with TLE-derived density data,
has been modified to incorporate accelerometer-derived densities. This will be
described in detail in Chapter 10.

2.8 Physical models

Physical models (also called theoretical models or numerical models) are based
on the fundamental physical equations that govern the atmosphere ionosphere
system. Compared to empirical models, physical models are very computation-
ally intensive, and require more expert knowledge to run. In addition, the finest
spatial and time-dependent features of the energetic and momentum inputs are
still difficult to describe on a global scale. These energy and momentum in-
puts are largest and most prevalent at high latitudes during periods of high ge-
omagnetic activity, and are due to energetic particle precipitation, Joule heating
from ionospheric currents and Lorentz forcing. The spatial resolution of the fully
global theoretical models is also still challenged by computational limitations. As
a result, there are still limitations regarding the accuracy of the physical mod-
els, which need to be understood when interpreting their output. One means of
getting around the limitation of resolution is to use a “Nested Grid” approach.
Under some conditions, it is possible to describe the magnetospheric inputs in
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high resolution for example using specific satellite overpasses of a ground-based
network of suitable optical and radar instrumentation. The global physical model
keeps the boundary conditions “honest”, while the Nested Grid Model handles
the high resolution computations within a limited and well-described region, per-
haps several hundred km in 2-D extent.

This tends to make the physical models less suitable for routine applications
in orbit determination, and more suitable for detailed scientific investigations of
the thermosphere-ionosphere system. However, physical models can describe
the detailed spatial and temporal changes of thermospheric density, temperature,
composition and winds during periods of elevated geomagnetic activity in a way
that cannot as yet be derived from empirical models.

Physical models may be particularly valuable in terms of providing a first-
order estimate of thermospheric winds, particularly at high geomagnetic lati-
tudes, and during periods of elevated geomagnetic activity.

2.8.1 Development of physical models

In the early 1980s it was realized that to obtain a self-consistent description of
solar-related processes that heated the global thermosphere and created most
of the global ionosphere, it would be essential to develop fully-coupled physi-
cal/theoretical models of the thermosphere-ionosphere system. Early tests with
these models confirmed the strong interactions between the ionosphere and ther-
mosphere. Of additional importance was their success in evaluation of the then
newly-available global data sets from Projects such as the NASA Dynamics Ex-
plorer and UARS Missions. Many of the critical features of the thermospheric
response to the highly dynamic processes occurring during periods of high geo-
magnetic activity can only be simulated by means of the fully-coupled thermo-
sphere – ionosphere physical/theoretical models.

Its not only ionosphere-thermosphere (I-T) models which are of interest here.
They marked the beginning of this kind of studies in the early 1980s with the
development of thermospheric general circulation models (TGCMs) such as those
by the UCL [Fuller-Rowell and Rees, 1980, 1983] and NCAR [Dickinson et al., 1981,
1984]. These early models are, however, rather simple, considering the state-of-
art of global modelling which developed during the last two decades.

The first step toward more complex models was to include the energetic,
chemical and dynamical interactions between the ionosphere and thermosphere,
within the TIGCMs (thermosphere ionosphere general circulation models), e.g.,
Fuller-Rowell et al. [1987, 1988], Roble et al. [1988]. This was followed by the inclu-
sion of the plasmasphere (e.g. Namgaladze et al. [1988, 1991]).

Because large-scale electrodynamics play an important role in the neutral and
plasma dynamics of the upper atmosphere (not only at high latitudes), further
developments of these global models resulted in TIEGCMs, i.e. they include the
interplay with the plasmasphere, magnetosphere and the electrodynamics of the
whole system [Richmond et al., 1992; Namgaladze et al., 1994; Peymirat et al., 1998].

2.8.2 WACCM

One of the current theoretical models that is widely used within the scientific
community is the Whole Atmosphere Community Climate Model (WACCM). It
has been developed as an interdisciplinary project, bringing together physical
components or models from three ESSL divisions of NCAR. These include:
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The physics and dynamics of the lower atmosphere;

The chemistry of the middle and upper atmosphere;

The physical processes of the upper atmosphere.

As far as the thermosphere and exospheric regions are concerned, WACCM
can be considered to be the direct descendent of the TIEGCM’s developed by R.G.
Roble and colleagues, hosted at NCAR, Boulder. The main issues in terms of the
changes incorporated are the ways in which the interactions with the behaviour
of the lower and middle regions of the atmosphere are taken into account. In
particular, tidal variations caused by solar heating of water vapour and ozone
within the troposphere and stratosphere are better accounted for, as are chemical,
thermal and dynamical changes within the mesosphere.

The scientific goal of WACCM is to study the couplings (chemical, dynamical
and radiative) among atmospheric layers, from the near surface to the the exo-
sphere [Roble, 2000]. From the first version of WACCM, which did not include
interactive chemistry [Sassi et al., 2002], through an intermediate version with
limited interactive chemistry [Sassi et al., 2005], to the current, fully interactive
model [Garcia et al., 2007], the project has grown from an in-house effort to a
small community of users and developers, both inside NCAR and from universi-
ties, government laboratories and non-profit research groups.

2.8.3 CTIPe

The Coupled Thermosphere Ionosphere Plasmasphere Electrodynamics (CTIPe)
model is a global, three-dimensional, time-dependent, non-linear code that is
a union of three physical components. The first is a global, non-linear, time-
dependent neutral thermosphere code developed by Fuller-Rowell and Rees [1980,
1983]. The second is a mid- and high-latitude ionosphere convection model de-
veloped by Quegan et al. [1982]. These first two components were initially coupled
self-consistently and are known as the Coupled Thermosphere-Ionosphere Model
(CTIM) [Fuller-Rowell et al., 1996]. CTIM was further extended by including a
third component, a plasmasphere and low latitude ionosphere [Millward et al.,
1996], to produce CTIP. Later the electrodynamics was solved self-consistently
with the neutral dynamics and plasma components.

The thermospheric code simulates the time-dependent structure of the wind
vector, temperature and density of the neutral thermosphere by numerically solv-
ing the non-linear, first-principles, equations of momentum, energy and continu-
ity. The global atmosphere is divided into a series of elements in geographic
latitude, longitude and pressure. Each grid point rotates with the Earth to define
a non-inertial frame of reference in a spherical polar coordinate system. The lat-
itude resolution is 2◦, longitude resolution 18◦, and each longitude slice sweeps
through local time with a one-minute time step. In the vertical direction the atmo-
sphere is divided into 15 levels in logarithm of pressure from a lower boundary
of 1 Pa at 80 km altitude.

A time-dependent mean mass equation was incorporated into the model by
Fuller-Rowell and Rees [1983]. This formalism assumed the upper atmosphere
could be approximated by two species, atomic oxygen and the sum of molecu-
lar nitrogen and oxygen. Later the major species composition was improved to
include solution of the three major species, O, O2 and N2, including chemistry,
transport and the mutual diffusion between the species. Using a combination of
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the generalized diffusion equation [Chapman and Cowling, 1970] and the continu-
ity equations, the change in mass mixing ratio of the three species is evaluated
self-consistently with the wind and temperature fields. Allowance is made for
mutual molecular diffusion, horizontal and vertical advection, turbulent mixing
vertically and horizontally, and production and loss mechanisms. The time de-
pendent variables of southward and eastward wind, total energy density, and
concentrations of O, O2 and N2 are evaluated at each grid point by an explicit
time-stepping numerical technique. After each iteration, the vertical wind is de-
rived, together with temperature, density, and heights of pressure surfaces. The
parameters can be interpolated to fixed heights for comparison with experimental
data.

The equations for the neutral thermosphere are solved self-consistently with
a high latitude ionosphere convection model [Quegan et al., 1982]. Traditionally,
ionosphere models are evaluated in a Lagrangian system, where the evolution
of ion density and temperature of parcels of plasma are computed as they are
traced along their convection paths. In the high latitude ionosphere model the La-
grangian frame has been modified to be more compatible with the Eulerian frame
by implementing a semi-Lagrangian technique [Fuller-Rowell et al., 1987, 1988].
Adoption of a rotating frame of reference for the ionosphere implicitly includes
the “co-rotation potential”. Transport under the influence of the magnetospheric
electric field is explicitly treated, assuming E × B drifts and collisions with the
neutral particles. The atomic ions H+ and O+, and ion temperature are evaluated
over the height range from 100 to 10,000 km, including horizontal transport, ver-
tical diffusion and the ion-ion and ion-neutral chemical processes. Below 400 km
the additional contribution from the molecular ion species N+

2 , O+
2 and NO+, and

the atomic ion N+ are included.
The model of the Earth’s mid- and low-latitude plasmasphere and ionosphere

is based on the code of Bailey et al. [1997]. The densities, temperatures, and veloc-
ities are calculated for H+ and O+ along closed flux-tubes with geometry defined
by the tilted dipole approximation to the Earth’s magnetic field. The model solves
the coupled equations of continuity, momentum, and energy balance along the
flux-tubes to yield ion density, field-aligned velocity, and temperature, including
the effects of inter-hemispheric coupling. The plasmasphere component of the
CTIPe model also adopts an Eulerian framework in which individual flux-tubes
are fixed in space. This represents a modification to the original Bailey et al. [1997]
code that used the more conventional Lagrangian scheme, where individual flux-
tubes are followed as they drift under the influence of the electric field. The Eu-
lerian fixed frame, where cross flux tube plasma transport is accommodated by
advection, has been adopted to enable storm-time low latitude electric fields to be
used without incurring the problem of flux tubes not returning to their initial po-
sition after a full diurnal cycle. To produce a global model of the ionosphere, 1400
individual flux-tubes are computed concurrently and defined by magnetic longi-
tude, i.e., constant along a tube. The L value determines the equatorial crossing
height relative to the centre of the dipole in units of the Earth’s radius. The plasma
moves across flux-tubes under the effect of electric fields where the velocity is as-
sumed to be completely decoupled from the field aligned velocities of the ions,
which are the result of winds, diffusion, and space-charge electric fields. The mid
and low latitude electric fields are computed self-consistently within the model
using the code of Richmond and Roble [1987]. The temperatures of the two ion
species are also solved by the coupled energy balance equations. A reliable and
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reasonably realistic ionosphere is important for the calculation of neutral winds
because of the ion drag process. At high latitudes ion drag acts more as a driver,
elsewhere more as a drag on the neutral winds.

The magnetosphere input is based on the statistical models of auroral precip-
itation and electric fields described by Fuller-Rowell and Evans [1987] and Weimer
[2005], respectively. The auroral precipitation is keyed to the hemispheric power
index (PI), based on the TIROS/NOAA auroral particle measurements, and has
been available since the mid 1970s. The PI index runs from 1 to 10 to cover very
quiet to storm levels of geomagnetic activity; the relationship between PI and Kp
can be found in Foster et al. [1986]. The Weimer electric field model is keyed to the
solar wind parameters impinging the Earths magnetosphere. The input drivers
include the magnitude of the interplanetary magnetic field (IMF) in the Y-Z plane,
together with the velocity of the solar wind.

The (2,2), (2,3), (2,4), (2,5), and (1,1) propagating tidal modes are imposed at
80 km altitude [Fuller-Rowell et al., 1991] with a prescribed amplitude and phase.
Ionization rates from the EUV flux are evaluated from the Hinteregger et al. [1981]
reference spectra for high and low solar activity based on the Atmospheric Ex-
plorer (AE) measurements.

The latest version of the CTIPE model has very recently been adapted, to bet-
ter follow significant atmospheric changes during geomagnetic storms such as
the creation, transport and dissipation of Nitric Oxide. NO plays a critical role in
the ionosphere, and it also has a very important role in the cooling of the thermo-
sphere following major geomagnetic disturbances. CTIPe additionally includes
atomic Hydrogen as an additional species. This may be significant during peri-
ods of low solar and geomagnetic activity, as have occurred since 2004 / 2005.
Results from this very latest version have only been available since January 20th
2009.

Description of the CTIPe data format

It was possible to obtain simulations using CTIPe that related directly to periods
of high interest for this study. The CTIPe Model Output Data format provides
information on a large number of atmospheric and ionospheric parameter at a
function of 15 pressure levels, pressure level 1 being close to 80 km altitude, while
pressure level 15 is at or about the exobase (400 800 km depending on solar and
geomagnetic activity. The computational time resolution within the model is 60
seconds (for most simulations). The output is normally provided at steps of 1.2
hours, or 20 steps per 24 hours of UT. The model has a resolution of 18 degrees in
longitude and 2 degrees in latitude.

Interpolation/extrapolation to the CHAMP and GRACE trajectories

Information on the satellite location versus time is provided as an input file. A
programme is then used to interpolate in the horizontal plane between the model
grid points in spatial coordinates, and between the time-steps of the model output
to trace the horizontal and temporal locations of the satellite.

Since the data are sensitive functions of pressure level or altitude, a further
interpolation / extrapolation routine is applied to compute the information, such
as wind velocity, density or temperature etc. at the actual altitude of the satellite
(again as a function of space and time). Interpolation is used when the satellite is
below pressure level 15, while a simple exponential extrapolation is use when the
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satellite is above pressure level 15. This is based (when appropriate) on knowing
that of all the important atmospheric parameters, only density varies with the
altitude, following an exponential variation in terms of the density scale height
(which can itself be computed from atmospheric parameters computed by the
model itself. Wind and temperature have only a small variation with altitude
above 300 km, due to the high dynamic viscosity of the upper thermosphere and
the fact that the mean free path is approaching the scale height near the exobase
altitude (near pressure level 15).

The Primary CTIPe output variables are:

meridional neutral wind

zonal neutral wind

vertical neutral wind

neutral temperature

neutral density

These are provided as a function of the satellite:

date/time

altitude

latitude

longitude

These four parameters are being taken from the satellite trajectory input file and
are linearly interpolated in height from the data grids.

2.9 Selection of models for use in the study

The NRLMSISE-00 model has been selected for providing the temperature and
composition inputs that are required for aerodynamic model calculations. The
HWM-93 model was initially selected for providing a priori information on the
horizontal winds, and it is used in all of the GRACE-derived results presented in
this report. During the course of the project, the HWM07 model became available,
and this model has replaced HWM-93 in the latest reprocessing of the CHAMP
accelerometer data. Wherever results are presented for which the use of these
models is relevant, such as in Chapter 9, it will be specifically stated which model
was used.

Other models, such as the Jacchia-Bowman and CTIPe models, were exten-
sively used during the course of this study for comparison and evaluation pur-
poses.





Chapter 3
CHAMP and GRACE missions,
instruments and data products

3.1 Satellites and instruments

CHAMP (CHAllenging Minisatellite Payload) is a German small satellite mission
for geoscientific and atmospheric research and applications, managed by GFZ. It
was launched on July 15, 2000, into a near-circular orbit with 87.3◦ inclination at
an altitude of∼460 km [Reigber et al., 2002]. Its orbital altitude gradually decayed
to∼400 km in 2003 and∼350 km in 2008. It is expected that CHAMP will provide
highly valuable data for another 2 years from low altitude. CHAMP performs
simultaneously highly precise gravity and magnetic field measurements together
with plasma density and GPS tracking methods like atmospheric limb sounding
and is therefore equipped with magnetometers, an accelerometer, star sensors,
GPS receivers, a laser retro reflector, a planar Langmuir probe (PLP), and DIDM,
the digital ion drift meter (see Figure 3.1).

GRACE (Gravity Recovery and Climate Experiment) is a joint project between
the National Aeronautics and Space Administration (NASA) and the Deutsches
Zentrum für Luft- und Raumfahrt (DLR) [Tapley et al., 2004]. This pair of identical
spacecraft were launched on March 17, 2002, into very close near-circular polar
orbits at initial altitudes of ∼500 km and an inclination of ≈89◦. The GRACE
spacecrafts are similarly equipped and are of similar design with respect to the
main S/C body like CHAMP, but without DIDM/PLP for plasma measurements
and without the large frontal boom because magnetic measurements are not part
of the GRACE mission (see Figure 3.2). GRACE has succeeded the CHAMP mis-
sion in the area of Earth gravity field measurements; like CHAMP they perform
highly precise measurements of attitude and non-gravitational forces with star
cameras and accelerometers. The increase in accuracy of gravity field measure-
ments has been achieved by utilizing two satellites following each other on the
same orbital track. These satellites are interconnected by a K-band microwave
link to measure the exact separation distance and its rate of change to an accu-
racy of better than 1 µm/s.

The position and velocity of both CHAMP and GRACE satellites are mea-
sured with high precision using onboard GPS antennae. The precise attitude is
measured with several Advanced Stellar Compasses (ASCs) onboard the S/C.
As for the CHAMP satellite, they are installed both at the boom near the mag-
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Figure 3.1 Schematic view of the CHAMP satellite from two perspectives. In the upper panel the
scientific instruments onboard CHAMP are listed with their approximate positioning. The
accelerometer (indicated at bottom) is located at the Center of Gravity (CoG) in the main
body’s interior.

netometer and at the S/C main body, rigidly connected to the three component
STAR accelerometer.

The Reference Systems, Transformations and Standards used for the CHAMP
mission are documented in the official GFZ documentation CH-GFZ-RS-002,
which can be found under the web-address:

=⇒ http://www.gfz-potsdam.de/pb1/op/champ/more/index MORE.html

with direct access to the pdf-file mentioned via the link:

=⇒ http://www.gfz-potsdam.de/pb1/op/champ/docs CHAMP/...

CH-GFZ-RS-002.PDF.

3.1.1 STAR accelerometer (ACC)

The STAR (Spatial Triaxial Accelerometer for Research) sensor is provided by the
Centre National d’Etudes Spatiales (CNES) and was manufactured by the Office
National d’Etudes et de Recherches Aerospatials (ONERA). It serves for mea-
suring the non-gravitational accelerations such as air drag, Earth albedo and so-
lar radiation acting on the CHAMP satellite. The STAR accelerometer uses the
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Figure 3.2 Schematic views of a GRACE satellite. The top-right and bottom views show the satellite
with some of the exterior panels removed, to show the internal configuration.

basic principle of an electrostatic micro-accelerometer: a proof-mass is floating
freely inside a cage supported by an electrostatic suspension. The cavity walls
are equipped with electrodes thus controlling the motion (both translation and
rotation) of the test body by electrostatic forces.

The STAR accelerometer sensor axes are defined via the surface normals of the
parallelepipedic proof-mass as shown in Table 3.1. The origin of the measurement
frame is the centre of the proof-mass. The orthogonality of the axes of this frame
is better than 2.5 10−5 rad. Due to some failure within the accelerometer onboard
CHAMP, the X-axis sensor (parallel to the Z-axis of the S/C body system) which
is less sensitive than the sensors in the two other spatial direction, cannot sensi-
bly be used for the data interpretation. Consequently, two of the three angular
acceleration measurements are of no use as well.

The SuperSTAR accelerometer onboard the GRACE satellites is also manufac-
tured by ONERA/CNES (France) and represents a modified version of the STAR
accelerometer that operates onboard the CHAMP satellite. As for the GRACE
accelerometer instruments, malfunctions of that kind are not known. Their mea-
surements are supposed to be reliable and their sensitivities are listed in Table
3.2 according to Frommknecht et al. [2003]. They are high-sensitive (better than
CHAMP) for the along-track and radial axes, but less sensitive in the cross-track
direction.



44 CHAMP and GRACE missions, instruments and data products

Component Coordinate system reference Sensitivity Comments

X (STAR) parallel to S/C Z-axis < 3 · 10−8m s−2 affected axis, NOT recommended
Y (STAR) parallel to S/C X-axis < 3 · 10−9m s−2 high sensitive axis
Z (STAR) parallel to S/C Y-axis < 3 · 10−9m s−2 high sensitive axis

φ (phi) rotation about X-axis of acc. < 1 · 10−7rad s−2 highly sensitive
θ (theta) rotation about Y-axis of acc. < 5 · 10−7rad s−2 NOT useable
ψ (psi) rotation about Z-axis of acc. < 5 · 10−7rad s−2 NOT useable

Table 3.1 Characteristics of the STAR accelerometer sensor onboard CHAMP for both the linear
(upper three lines) and angular (lower three lines) accelerations.

Component Coordinate system reference Sensitivity Comments

X (STAR) parallel to S/C Z-axis < 1 · 10−10m s−2 high sensitive axis
Y (STAR) parallel to S/C X-axis < 1 · 10−10m s−2 high sensitive axis
Z (STAR) parallel to S/C Y-axis < 1 · 10−9m s−2 less sensitive axis

Table 3.2 Characteristics of the SuperSTAR accelerometer sensors onboard the GRACE satellites
for the linear accelerations along the three S/C axes.

3.1.2 Advanced Stellar Compasses (ASCs)

The Advanced Stellar Compass (ASC) has been developed and fabricated under
contract by the DTU (Technical University of Denmark, Lyngby). The design of
this star imager is based on a new development that was flown on the Ørsted
satellite. On CHAMP, there are two ASC systems each consisting of two Camera
Head Units (CHU) and a common Data Processing Unit (DPU). One ASC is part
of the magnetometry optical bench unit on the boom and the other provides high
precision attitude information for the instruments fixed to the spacecraft body.
Additionally the ASCs serve as sensors for the satellite attitude control system
which consists of three magneto-torquers and of a set of 12 cold gas thrusters,
pointing pairwise in the six principle directions. The S/C attitude is kept within
a tolerance range of ±2◦ for all three axes.

3.1.3 GPS receiver

The GPS Receiver TRSR-2 onboard CHAMP is provided by NASA and manufac-
tured at NASA’s Jet Propulsion Laboratories (JPL). A zenith mounted antenna on
a choke ring on the top rear side of CHAMP is mainly used for the Precise Orbit
Determination (POD). This is the so-called tracking mode, which is the default
mode of this zenith mounted GPS receiver.

The low orbiting CHAMP satellite and each spacecraft of the high orbit-
ing GPS satellite configuration establish a so-called high-low satellite-to-satellite
(SST) link. Each of the GPS S/C is transmitting modulated L1 and L2 signals
which the TSRS-2 receiver onboard of CHAMP acquires for a maximum of 12
satellites at the same time. From these signals the orbiting receiver generates at
a frequency of 0.1 Hz pseudo-ranges and carrier phases for all satellites which
were in lock at this time instant. By using pseudo-ranges from at least 4 different
GPS S/C with known ephemeris at the same time, both the three-dimensional
coordinates of the CHAMP receiver and their respective change with time can be



3.2 Data sets 45

solved for, thus a navigation solution is obtained. The accuracy of this solution
depends on the availability of the classified P-code inside the receiver and the
satellite constellation used for coordinate determination and can range down to a
few meters after post-processing. With the less precise but unclassified C/A-code
an accuracy of several tens of meters is still obtainable after post-processing.

There are two other GPS receivers for different tasks onboard CHAMP. One
on the rear side is used for the observation of radio occultation of GPS S/C by
approaching the Earth’s limb. For this purpose the GPS signal of the satellite
to be occulted is sampled with considerably higher frequency than usual (50 Hz
instead of 0.1 Hz) during crossing the lower layers of the Earth atmosphere in
comparison to a non-occulted GPS S/C. A downward positioned GPS antenna
on the bottom side of CHAMP is used to collect specular reflections of GPS sig-
nals from the ocean’s surface. Knowing the precise position of the transmitting
GPS S/C and of the CHAMP satellite as well, quasi-altimetry measurements are
carried out.

On the GRACE satellites, GPS “TurboRogue Space Receiver” assemblies pro-
vided by JPL are used which perform the POD with cm-accuracy. The GPS re-
ceiver assembly is fully autonomous: initialisation, GPS satellite acquisition and
signal processing are performed automatically once the instrument is switched
on.

3.2 Data sets

Generally, data of both (CHAMP and GRACE) missions are accessible and
available via the Information System and Data Center (ISDC), hosted by
the Helmholtz Centre Potsdam, Deutsches GeoForschungsZentrum (GFZ), Ger-
many:

=⇒ http://isdc.gfz-potsdam.de/.

3.2.1 CHAMP input data products

Accelerometer and attitude data

The preprocessing of the accelerometer and attitude data of CHAMP is described
in the publication of Förste and Choi [2005]. The preprocessing comprises several
correction steps, filterings, smoothing of data and outlier/spike identification and
elimination. The intervals of thruster pulses are cut out, including the three sub-
sequent seconds of data [Förste and Choi, 2005].

The original CHAMP accelerometer sampling rate of 1 Hz is then transformed
by smoothing and averaging of the cleaned data to a data set with 0.1 Hz sam-
pling rate (10 sec resolution). These time series of CHAMP accelerometer and
attitude data are stored as 1-day packages (dat-files as ASCII) in the level-2 data
product “CH-OG-2-ACC” that is described in the following documentation:
=⇒ http://www.gfz-potsdam.de/pb1/op/champ/docs CHAMP/CH-GFZ-
RS-001.PDF.

The naming convention of this level-2 product is “CH-OG-2-
ACC+yyyy ddd hh.vv.dat” with:

yyyy as the 4-digit year
ddd as the 3-digit day of year count (DOY)
hh as the 2-digit hour of the day for data start, and
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vv as the 2-digit version number of the data set

Version numbers 09, 10, 11, and 12 are the most recent, actually valid updates
with the highest number as the best choice. The data files contain the following
parameters:

STAR Accelerometer Data for both linear and angular accelerations; the linear
acceleration components are give in the Spacecraft Body Fixed System (S/C),
i.e. with X aligned with the long side main axis parallel to the boom with the
nominal attitude in flight direction, Z points toward the S/C bottom side or
nominally toward Nadir, and Y completes the right-hand system

attitude data of the Body Advanced Stellar Compass (ASC) are given as
quaternions with respect to the Conventional Inertial System (cis) according
to the format description; this inertial system is probably better known as the
International Celestial Reference System (ICRS) or International Celestial Ref-
erence Frame (ICRF)

thruster firing events with time, duration and thruster number

S/C total mass and cold gas mass in ∼ 4 hr intervals, given in the header of
each file

acceleration calibration parameters (bias and scale factor for each com-
ponent) with the following definition: Corrected measurement = (Uncor-
rected measurement - Bias) × Scale-factor

Satellite mass

As for CHAMP, the information about the S/C mass and the cold gass mass used
for the thrusters are given within the header lines of the data product which was
described in the previous Section 3.2.1. The difference between both masses is
constant within computer precision; therefore one can deduce the “empty S/C”
mass of CHAMP to 488.893 kg.

Orbit data

A documentation about the CHAMP orbital data formats is given in:
CH-GFZ-FD-002.pdf, issue date 2002-06-28, which is entitled:
“Format Description, The CHAMP orbit format” by R. König.
Download from:
http://www.gfz-potsdam.de/pb1/op/champ/docs CHAMP/

There are three different orbit data products:

Level-4 data product: CH-OG-4-PSO post-processed science orbits

Level-3 data product: CH-OG-3-PDO predicted science orbits or

Level-3 data product: CH-OG-3-RSO rapid science orbits.

They have the usual naming convention as, e.g.,
CH-OG-3-RSO+yyyy ddd hh.vv.dat.

The RSOs are most recommended; they are produced in packages of two per
day, comprising each 14 hrs from 10 pm/am to 12 am/pm.
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GPS data

GPS Ground tracking data are given in the files named as, e.g., CH-OG-1-GPS-
10S for 10 sec sampling rates (alternatively for 30 sec samples “...-30S”). The data
files comprise 1 hour per station; the data are given in the so-called “Receiver In-
dependent Exchange Format” (Rinex), Version 2.20, which is an exchange format
developed by the international geodetic user community.

3.2.2 GRACE input data products

Accelerometer and attitude data

As for the GRACE satellites (A & B), the information about data products are
given in the “GRACE Level 1B Data Product User Handbook”. The correspond-
ing accelerometer are “level-1B” products which are stored in data files like
“GA-OG-1B-ACCDAT+JPL-ACC1B yyyy-mm-dd S vv.ext” with the following
naming conventions:

GA. . . product identification label, where “ACC1B” stands for ac-
celerometer data of level 1B

yyyy as the 4-digit year
mm as the 2-digit month of the year
dd as the 2-digit day of the month
S as GRACE satellite identifier, i.e. A, B, or X = combined product

of GRACE A and B
vv as the 2-digit version number of the data set
ext file extension indicating binary (dat) or ASCII (asc) files

The GRACE-A/B Level-1B star camera data are stored in the files named
“GA-OG-1B-SCAATT-...” and “GB-OG-1B-SCAATT-...” for GRACE-A and
GRACE-B, respectively. These are preprocessed and calibrated star camera
quaternion data edited and decimated from instrument high-rate (1 sec) to low-
rate (5 sec) sampling rates for science use. There are one file per day, given in the
level-1 data format.

Satellite mass

As for the GRACE satellites, there are independent data products of level 1B
which describe the mass evolution of the S/C with an resolution of 60 sec in data
files which comprise one day each:
“GA-OG-1B-MASDAT+FFF-MAS1B yyyy-mm-dd S vv.ext” or “GB-...”
The naming convention of these files is as follows:

GA. . . or GB. . . product identification label, where “MAS1B”
stands for S/C total mass data of level 1B

GA/GB product derived from GRACE-A or GRACE-B data
FFF processing facility (’JPL’ or ’GFZ’)
yyyy as the 4-digit year
mm as the 2-digit month of the year
dd as the 2-digit day of the month
S as GRACE satellite identifier, i.e. A, B, or

X = combined product of GRACE A and B
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vv as the 2-digit version number of the data set (product release)
ext file extension indicating binary (dat) or ASCII (asc) files

Orbit data

The orbital data of both GRACE satellites can be retrieved from ISDC level-1 files
named “GA-OG-1B-NAVSOL-...” and “GB-OG-1B-NAVSOL-...’ for GRACE-A
and GRACE-B, respectively. These GPS navigation data are edited and decimated
from instrument high-rate to low-rate (30 sec) samples for science use (1 file per
day, level-1 format).

GPS data

As for CHAMP orbit tracking (cf. section 3.2.1), there are also GPS ground track-
ing data for both GRACE satellites in files named as, e.g., GA-OG-1B-GPSDAT
for GRACE-A (“GB-...” accordingly for GRACE-B).

These are preprocessed and calibrated GPS code and phase tracking data
edited and decimated from the instrument’s high-rate to low-rate (10 sec) sam-
ples for science use. The files comprise one file per day and per station.



Chapter 4
Data preprocessing

The data preprocessing is required to prepare the satellite data products for the
density and wind processing. The distinction between preprocessing and pro-
cessing in this case is rather arbitrary. Preprocessing is defined here as all the
actions performed with the data that are not dependent on the inputs from the
calibration work. These include:

Retrieval from the ISDC (GFZ Information Systems and Data Centre) of
CHAMP level 1/2/3 and GRACE level 1B input data.

Conversion of the ISDC data files to the project’s data storage system.

Conversion to different reference frames and coordinate systems.

Data-screening, editing and interpolation of data gaps.

Computation of density and wind model outputs at the satellite orbit loca-
tions.

In addition, the following tasks which were done to support both the preprocess-
ing and processing will be discussed in this chapter as well:

Development of software for data storage and retrieval

Development of a web interface for distribution of data and metadata to users.

4.1 Data product storage and metadata

The data storage and retrieval system, and many of the processing subroutines,
are based on the software library developed for the ESA/ESOC Near Real Time
Density Model (NRTDM) project [Doornbos, 2006].

The data storage part of the NRTDM software has been expanded in order to
be able to store metadata, which is available for display on the project website
and which helps automate data conversions. The following sections will describe
the storage system and data retrieval in more detail. A preprocessing flowchart
is provided in Figure 4.1 for reference.

4.1.1 Product naming convention

Each of the data fields in the storage system has a unique identifier, consisting of
a category, a product name, and a field number.

The category generally refers to the satellite, which is abbreviated (CH for
CHAMP, GA and GB for GRACE-A and -B), and might also include information
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Figure 4.1 Flowchart of the preprocessing products.
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on the force modelling (PN for panels and AN for ANGARA models) and calibra-
tion (R02, R03, . . . ) that have been applied (see also Section 7.4). These segments
are separated by underscore characters. So the CH category contains general,
mostly low-level CHAMP data, the CH PN category contains CHAMP data with
panel model calculations applied, and the CH PN R03 category contains further
processed data for which the R03 calibration parameters have been used as well.
The categories have been implemented as an easy way to browse through the
different products. The categories are directories in the file system of the project
data server.

Product names describe the data which they contain. These descriptive ele-
ments in the name are also separated by underscores. Examples include DENS-
MODEL NRLMSISE-00, ACCEL CALIBRATED, etc. Each of the products will be
described in detail later in this Chapter and in Chapter 8 on the density and wind
processing.

Each product can contain a number of related data fields. For example
the DENSMODEL NRLMSISE-00 products contain fields containing the density,
temperature and composition. These fields are indicated with numbers.

4.1.2 Metadata properties

Each of the data products contains a set of metadata. The following metadata
elements are possible:

Satellite Name of the satellite, current options are CHAMP, GRACE-1 and
GRACE-2.

Public Sets the visibility of the product on the project web site, options are Yes
or No.

ShortDescription A short description of the data product, for display in an
overview table on the website.

LongDescription A longer description of the data product, for display on the
product page on the website. If this metadata item is not available, the Short-
Description is used instead.

Orbital-in List of the names of high-rate data products on which this product
depends.

epoch Date and time string, which serves as a reference date for the data.

timestep The timestep in seconds at which data records are spaced. Most high-
rate products are produced at a 10-second time step. Exceptions are some
products that are direct derivatives of the original CHAMP and GRACE Level
1B/2/3 products, which are converted to the 10 second time step by interpo-
lation, averaging or subsampling during the preprocessing. These include the
orbits, which are provided every 30 seconds for CHAMP and 60 seconds for
GRACE, the GRACE quaternions, which are provided every 5 seconds, and
the GRACE accelerometer data, which are provided at 1 second intervals.

InterpolationType Handles whether, and how, data are interpolated when val-
ues are requested at epochs which are not in step with the timestep. Possible
values are None, Linear, Lagrange (9-point Lagrange interpolation) and FStep
(step-function, the value for the last time step is used).

timesystem Timesystem in which the data are stored. Common options are UTC,
TAI, GPS.
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offset Number of seconds since the start of the day in the current time system for
the first data record.

dimension Number of data fields per record in the data product.

field List of descriptions for each of the data fields, for display on the website, in
data product headers and in plots. The descriptions also contain the units, if
applicable to the data.

4.2 Retrieval of input data

The latest CHAMP and GRACE data are automatically retrieved each night from
the GFZ ISDC system at http://isdc.gfz-potsdam.de/, using a Perl script that
interacts with the ISDC server. The following data products are downloaded:

CH-OG-3-RSO CHAMP rapid science orbits.

CH-OG-2-ACC CHAMP accelerometer data - includes attitude quaternions,
thruster events and satellite mass changes.

CH-OG-1-SST CHAMP GPS data (satellite-to-satellite tracking data).

GA/GB-OG-1B-ACCDAT GRACE accelerometer data.

GA/GB-OG-1B-NAVSOL GRACE navigation solution orbits.

GA/GB-OG-1B-SCAATT GRACE quaternions from star camera data.

GA/GB-OG-1B-MASDAT GRACE spacecraft mass history.

GA/GB-OG-1B-THRDAT GRACE thruster events.

GA/GB-OG-1B-GPSDAT GRACE GPS data.

This automatic synchronization script makes a copy of the data files on ISDC to
the local server, by using the following procedure:

1. Submit a request for the list of available data files for the time period and
products of interest to ISDC.

2. After one hour, retrieve the requested list of available data files from the ISDC
ftp-server.

3. Check for new data files by comparing the list of files available on ISDC with
the list of locally available files.

4. Create a request file for the new data files, making sure that the ISDC band-
width limits of 1 GB and 1000 files per day are not exceeded.

5. Send the request for the new data files to the ISDC server.

6. After three hours, retrieve the requested data files from the ISDC FTP-server.

As a result of this procedure, local copies of the product files on the ISDC are
available for preprocessing. The conversion of these files to the internal project
formats is described in Sections 4.4, 4.5, 4.6.

In addition, the software uses the scripts from the NRTDM software
for the automatic retrieval of solar and geomagnetic activity proxies and
indices from the National Geophysical Data Center (NOAA/NGDC, at
www.ngdc.noaa.gov) and Space Weather Prediction Centre (NOAA/SWPC at
www.swpc.noaa.gov) and of Earth-orientation parameters from the Interna-
tional Earth Orientation and Reference Systems Service (IERS, at www.iers.org).
For the Jacchia-Bowman 2006 and 2008 models, indices are downloaded from



4.3 Web interface 53

Figure 4.2 Screenshot of the data section of the project website, including a downloaded data file
and plot.

their respective websites as well (http://sol.spacenvironment.net/˜JB-2006 and
http://sol.spacenvironment.net/˜JB-2008).

4.3 Web interface

In order to be able to distribute the data and provide quick overviews of availabil-
ity, data ranges and data behaviour, a web interface was built. The web interface
is run from the project server, at http://thermosphere.deos.tudelft.nl/. Features
of this web interface include:

Display of a data product overview.

Display of data product metadata.

Display of data product availability.

Quick download of text files and time series plots with all fields from a single
data product.

Download of text files and time series plots with a combination of fields from
several data products.
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Figure 4.3 Data availability chart for unprocessed CHAMP attitude quaternion data
(CH:QUAT CH-OG-2-ACC).

Figure 4.2 shows a view of the website, a downloaded data file and a down-
loaded data plot.

The website is often updated, and will always contain the latest data products,
metadata and availability information, which may have superseded the informa-
tion in this report. The availability charts on the website also contain indicators
of important satellite orbit and attitude manoeuvres, which may affect the data.
Such a chart for CHAMP attitude data is shown in Figure 4.3.

4.4 Low data rate products

This section will give a description of the low-rate auxiliary data products, result-
ing from the data preprocessing.
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Figure 4.4 Time series of spacecraft mass from the CH-OG-2-ACC product for CHAMP and
GA/B-OG-1B-MASDAT for GRACE. The open circles indicate the values of the
published spacecraft mass at launch. The horizontal lines extending from the right edge
represent the values of the dry spacecraft mass, without propellant.

4.4.1 Spacecraft mass variations: SPACECRAFTMASS

The SPACECRAFTMASS products contain just one field:

1. Estimated spacecraft mass (kg)

The data are copied and resampled from the CH-OG-2-ACC data for CHAMP
and from the GA/GB-OG-1B-MASDAT data for GRACE. A plot of this data can
be seen in Figure 4.4. The mass values are based on precise measurements of
the pre-launch satellite masses and either computations of the propellant mass
used in manoeuvres or computations based on tank pressure observations. The
mass data in the CH-OG-2-ACC product seems to have a time step of four hours,
although variations are apparent. For GRACE, the records in the original product
appear at irregular intervals as well. In these preprocessed products, the data rate
is set to one record per hour.
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4.4.2 Thruster activity: THRUSTERS

The THRUSTERS product is only generated for the GRACE satellites. It contains
one data field, which is derived from the GA/B-OG-1B-THRDAT product:

1. Time to closest thruster activation time (s)

The time to the closest thruster activation time can be used to edit data that might
be affected by thruster activity. Although the attitude thruster activation duration
is generally measured in milliseconds, the GRACE Level 1B processing applies a
filter which spreads out the acceleration over tens of seconds. Unfortunately, this
makes it necessary to remove a substantial number of data points.

4.5 Orbit products

4.5.1 Imported orbits: ORBIT CH-OG-3-RSO and ORBIT NAVSOL

The ORBIT products contain the Cartesian position and velocity in the interna-
tional terrestrial reference frame (ITRF). These data are copied from the CH-OG-
3-RSO (Rapid Science Orbits) for CHAMP and from GA/GB-OG-1B-NAVSOL
(Navigation Solution) for GRACE. The 3D-position accuracy of these orbits is be-
lieved to be well below the 5 cm level [König et al., 2005; Kang et al., 2006] for
recent data. The CHAMP orbits had a lower accuracy, of around 20 cm, during
the first period of the mission, when satellite parameters still had to be tuned and
the gravity field models were not yet as accurate as they are today [König et al.,
2005]. This lower accuracy is still sufficiently accurate for the purposes of this
project. The following data fields are available in the ORBIT products:

1. X-component of position in ITRF (m)

2. Y-component of position in ITRF (m)

3. Z-component of position in ITRF (m)

4. X-component of velocity in ITRF (m/s)

5. Y-component of velocity in ITRF (m/s)

6. Z-component of velocity in ITRF (m/s)

4.5.2 Orbit in geodetic and geomagnetic coordinates: ORBIT GEO

The ORBIT GEO product contains orbit information in geodetic and geomagnetic
coordinates. The list of data fields is as follows:

1. Altitude (m)

2. Geodetic longitude (deg)

3. Geodetic latitude (deg)

4. Local solar time (hours)

5. Argument of latitude (deg)

6. Geomagnetic longitude (deg)

7. Geomagnetic latitude (deg)

8. Geomagnetic local solar time (hours)
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Figure 4.5 Time series of daily mean, minimum and maximum orbital altitudes for CHAMP and
GRACE.

The geodetic coordinates (height, latitude and longitude) are with respect to
the ITRF reference ellipsoid. Figure 4.5 shows the height variations of CHAMP
and GRACE over the course of the years.

Local solar time is computed using the longitude and the number of UTC
seconds in the day. The geomagnetic coordinates are with respect to the IGRF
dipole, based on the GEOPACK subroutine library by Dr. N. A. Tsyganenko, ob-
tained from http://geo.phys.spbu.ru/∼tsyganenko/. The argument of latitude
is the position angle along the orbit, measured from the ascending node, com-
puted by summing two Keplerian elements: the argument of perigee and the true
anomaly. Figure 4.6 shows the position of the CHAMP satellite in geodetic and
geomagnetic coordinates for one day (January 1, 2003). The figures give a good
idea of the coverage with respect to these coordinate frames during the course of
a single day.

4.5.3 Orbit geometry with respect to the Moon and Sun: ORBIT SOL

The ORBIT SOL product contains information on the geometry of the satellite
with respect to the Sun and Moon. The data fields are as follows:

1. Beta prime (deg)

2. Shadow function for solar eclipse by the Earth

3. Shadow function for solar eclipse by the Moon

4. Time with respect to closest Earth shadow transition (seconds)

5. Solar zenith angle (deg)

6. Lunar zenith angle (deg)

Beta prime is the angle between the orbital plane and the Sun-Earth vector. The
shadow functions provide information on when the satellite is in the Earth’s or
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Figure 4.6 Positions of CHAMP during January 1, 2003, using longitude (left) and local solar time
(right), in geodetic coordinates (top) and geomagnetic coordinates (bottom).
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Figure 4.7 Time series of beta prime, which is the angle between the orbital plane and the
Sun-Earth vector.

Moon’s eclipse. It has a value of 0 when in full sunlight, of 1 when eclipsed, and
a value in between when it is in the semi-shadow region. The time with respect
to the closest shadow transition can be used for data editing and error analysis,
since the modelled radiation pressure will likely be less accurate, close to shadow
transitions. The solar and lunar zenith angles are the angles between the satellite
position vector and solar and lunar position vectors, respectively.

Figure 4.7 shows the variation of beta prime for the CHAMP and GRACE
orbits over the course of the years. This variation is mainly driven by the orbit
perturbation due to the Earth’s flattening. The plot shows when the orbits of
both missions were nearly coplanar, which is an important characteristic for the
sampling of density and winds in a multi-satellite approach.

Figure 4.8 shows how eclipses occur over the CHAMP orbit during the year
2002. This pattern is mainly driven by the precession of the orbital plane with
respect to the Sun. There were two periods during this year (in March/April
and July/August) without eclipses, where CHAMP was in a dawn-dusk orbit.
In December, the satellite was in a dawn-dusk orbit again, but encountered only
very short eclipses over the North Pole, with prolonged semi-shadow periods,
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Figure 4.8 Shadow function and solar zenith angle for CHAMP during the year 2002, as a function
of time (X-axis) and argument of latitude (Y-axis). The white-grey-black scale represents
the amount of sunlight that is blocked by the Earth (white is full sunlight, black is
eclipse). The contour lines represent the solar zenith angle at intervals of 30 degrees.
The single vertical line at the end of June appears because CH-OG-3-RSO orbit
information was missing for a single day.

which show up as the fuzzy grey boundaries in this plot. There is a discontinuity
at the start of this period, which is due to the orbit raising manoeuvre, which
occurred on December 9 and 10, 2002.

4.6 Attitude products

The attitude data from the spacecraft star cameras has required most of the pre-
processing effort. An approach as described in Neumayer et al. [2005] has been
adopted, which will be described below. For both CHAMP and GRACE, the at-
titude quaternion data contains many data gaps. These data gaps can often be
filled by linear interpolation. The quaternions, which describe the rotation be-
tween the inertial frame and the spacecraft body-fixed frame, are macroscopic
quantities however, which vary over their complete range in the course of each
orbit. In addition, there is an ambiguity because a quaternion of which all four
components have been multiplied by minus one, represents the same rotation
as the original quaternion. For this project, the scalar component of processed
quaternions are therefore always set to positive values, but as a side effect, sharp
edges in the time series occur each orbit, when the scalar component is close to
zero, so that interpolation leads to inaccurate results.

For this reason, the quaternions are first converted to Euler angles between
the spacecraft body fixed frame and an orbit-fixed frame, of which the axes point
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in the along-track, cross-track and near-radial directions. Due to the controlled
attitude of the satellites, these Euler angles generally have values between -3 and
+3 degrees for CHAMP and -1 and +1 degrees for GRACE. These small values of
the Euler angles can be interpolated much more accurately than the quaternions.
An additional benefit of the conversion to Euler angles is that it is much easier to
create a mental picture of the satellite attitude behaviour. With the quaternions
this is virtually impossible.

The conversion between quaternions, rotation matrices and Euler angles
is based on the description in the “Matrix and quaternions FAQ”, available
at http://www.j3d.org/matrix faq/matrfaq latest.html, accessed in December
2007.

The complete attitude preprocessing chain is visualized in the flow chart of
Figure 4.1. Each of the products and the way they are derived will be described
in the following sections.

4.6.1 Imported quaternions: QUAT CH-OG-2-ACC and QUAT SCAATT

These products contain direct copies of the quaternion data from the CHAMP
level 2 and GRACE level 1B data files. These quaternions describe the rotation
between the ICRS inertial reference frame and the spacecraft body-fixed (S/C or
SRF) frame.

The data rate is one record every 10 seconds for CHAMP and one record every
5 seconds for GRACE. The products contain the following data fields:

1. First vector component of quaternion

2. Second vector component of quaternion

3. Third vector component of quaternion

4. Scalar component of quaternion

Note that the ordering of vector and scalar components has been modified with
respect to the original GRACE Level 1B SCAATT product, in order to achieve
consistency among the satellite products.

4.6.2 Converted Euler angles: EULER CH-OG-2-ACC and EULER SCAATT

These products contain the Euler angles (roll, pitch and yaw) between the orbit-
fixed frame (along-track, cross-track and nearly-radial) and a pseudo-orbit-fixed
frame, defined below. The three data fields per record are defined as follows:

1. Euler angle rotation around the S/C X-axis (roll) (radians)

2. Euler angle rotation around the S/C Y-axis (pitch) (radians)

3. Euler angle rotation around the S/C Z-axis (yaw) (radians)

The products are available at a 10 second time step. This means that half of the
quaternions from the GRACE product, which contains data at a 5 second time
step, are simply discarded.

The orientation of the spacecraft body-fixed axes and of the traditional orbit-
fixed axes is illustrated in Figure 4.9 [Lühr et al., 2002; Case et al., 2004]. The
pseudo-orbit-fixed frame to which the Euler angles refer is defined to be closely
aligned with the spacecraft body-fixed frame during nominal attitude control.
This means that during normal spacecraft operations, the values of these angles



4.6 Attitude products 61

Pitch

Pitch

Roll

Yaw

Yaw

Roll

XSBF

YSBF

ZSBFXSRF

YSRF

ZSRF

XS/C

YS/C

ZS/C

XOrbit

YOrbit

ZOrbit

XOrbit
(Along-track)

YOrbit
(Cross-track)

ZOrbit
(Radial)

XOrbit

YOrbit

ZOrbit

CHAMP

Trailing GRACE

Leading GRACE

Nadir

Orbital velocity
(CHAMP)

Orbital velocity
(GRACE)

Roll

Pitch

Yaw
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of the orbit-fixed frame (along-track, cross-track and radial). The orientation of the
orbit-fixed axes is shown for the nominal attitude of both missions, with all Euler angles
at zero.

remain within plus or minus 2–3 degrees for CHAMP and within plus or minus
one degree for the GRACE satellites.

Formally, the conversion between frames can be described using a set of ro-
tation matrices R12 from frame 1 to frame 2, where the subscripts i, o, p and b
are used for the inertial, orbit-fixed, pseudo-orbit-fixed and spacecraft body-fixed
reference frames, respectively. The Euler angles can then be obtained from the ro-
tation matrix Rop, which is computed as follows:

Rop = RbpRibRoi (4.1)

The matrix Roi is defined by the satellite’s orbital position and velocity in inertial
space. The Earth-fixed orbit is first converted to the inertial frame by applying
the standard Earth orientation transformations (see, e.g. Montenbruck and Gill
[2000]). The Earth orientation implementation of the NRTDM software is used for
this purpose. If�r is the inertial position vector and �v the inertial velocity vector,
then the three rows of Roi are constructed from the three transposed unit vectors
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that point in the along-track, cross-track and pseudo-radial directions: �v, �r × �v
and �v × (�r × �v). The matrix Rib is the rotation matrix that is constructed from
the quaternion in the QUAT product. Finally, the matrix Rbp is defined by the
definition of the nominal attitude control and the spacecraft body-fixed reference
frame.

For CHAMP and the trailing GRACE satellite, this matrix is:

Rbp =




1 0 0
0 −1 0
0 0 −1



 (4.2)

For the leading GRACE satellite, which is flying backwards with respect to
the trailing satellite, the matrix is:

Rbp =




−1 0 0
0 1 0
0 0 −1



 (4.3)

The two GRACE satellites have switched positions in December 2005. In the cur-
rent version of the software, GRACE-A is considered to be leading until Decem-
ber 11, 2005, and trailing afterwards. The switch manoeuvre started earlier for
GRACE-B. It is considered trailing until December 9, 2005, and leading after-
wards. Note that there are also some shorter periods at which the orientation
of the CHAMP and GRACE satellites has been changed from their nominal atti-
tude. These periods are currently not taken into consideration in the definition
and selection of the Rbp matrices. These periods can be identified by the fact that
the Euler angles on the data products are not within a few degrees of zero, and
by the markers on the data availability charts on the project website (such as the
example in Figure 4.3).

Figure 4.10 shows the variation of the yaw angle for CHAMP during the year
2002, from the raw data. The data gaps, which form a geometric pattern, related
to the solar zenith angle (compare with Figure 4.8), are clearly visible. Note also
the correlation of yaw angle values with argument of latitude.

4.6.3 Interpolated Euler angles: EULER INTERPOLATED

The EULER INTERPOLATED products are derived from the EULER CH-OG-2-
ACC and EULER SCAATT products by filling data gaps using linear interpola-
tion of the two points adjacent to the gap. If there are data gaps that are longer
than ten days, or for which the end points are more than 6 degrees apart, around
any of the three axes, then the gap is not interpolated. Since there are many
short data gaps, and only a few periods where the attitude is not nominal, the
EULER INTERPOLATED product contains many more records than the original
Euler angle data.

The data fields in this product are similar to those of the original EULER prod-
ucts, but with one additional field:

1. Euler angle rotation around the S/C X-axis (roll) (radians)

2. Euler angle rotation around the S/C Y-axis (pitch) (radians)

3. Euler angle rotation around the S/C Z-axis (yaw) (radians)

4. Length of data gap, if interpolation is applied (s)
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Figure 4.10 Variations of the CHAMP yaw angle (in degrees) over 2002, derived from the quaternion
data in the CH-OG-2-ACC product. Grey areas represent data gaps.

The fourth field, which contains the length of the data gap in seconds, or zero if
there was no gap, can be used for data editing. In general however, the error due
to interpolation of the attitude data is much smaller than other error sources in
the density and wind determination or orbit determination using this data, and
the presence of the attitude data gaps only obstructs the further analysis of the
accelerometer data. For the most precise applications however, data for which
interpolation has taken place can be removed by checking this data field.

4.6.4 Interpolated quaternions: QUAT INTERPOLATED

The QUAT INTERPOLATED product is generated from the interpolated Euler
angles and the satellite orbit data by applying the transformations of Section 4.6.2
in reverse. The product has the same data fields as the original quaternion data
of Section 4.6.1

4.7 Accelerometer products

4.7.1 Imported accelerations: ACCEL CH-OG-2-ACC and ACCEL ACCDAT

The ACCEL CH-OG-2-ACC and ACCEL ACCDAT products contain copies of
the linear acceleration data from the Level 2 CHAMP and Level 1B GRACE files,
respectively. The data rate is one record for every 10 seconds for CHAMP, and
one record per second for GRACE. For the CHAMP data, the Lorentz force cor-
rection and radial correction are applied. No calibration is applied to the data
at this point. The CHAMP data are converted from the accelerometer reference
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frame (ACC) to the spacecraft body-fixed (S/C) frame using the following rota-
tion matrix:

�̈rS/C =




0 1 0
0 0 −1
−1 0 0



�̈rACC (4.4)

The GRACE data are already provided in the spacecraft body-fixed frame (SRF).
The data fields are defined as follows:

1. Linear acceleration in S/C X-direction (m/s2)

2. Linear acceleration in S/C Y-direction (m/s2)

3. Linear acceleration in S/C Z-direction (m/s2)

4.7.2 Subsampled accelerations: ACCEL SUBSAMPLED

The GRACE accelerometer data in the Level 1B product is provided at 1-second
intervals, compared to 10 seconds for CHAMP. Upon first inspection, this higher
temporal resolution does not provide a significant amount of additional informa-
tion for atmospheric research. This is probably due to the fact that the data has
been smoothed. The ACCEL SUBSAMPLED product, which is only available
for GRACE, provides the same accelerometer data, but subsampled at 10-second
time steps. This reduces disk space usage and processing time for derived prod-
ucts. Each record in the ACCEL SUBSAMPLED product is computed by taking
the average value of the 1-second data records that are within five seconds be-
fore to five seconds after its time stamp. If invalid records are present, they are
discarded. If less than eight valid records are present, the record is set to invalid.
So in effect, each record represents the average of 8 to 11 records of the 1-second
product. The definition of the data fields is the same as in the ACCEL ACCDAT
product (see Section 4.7).

1. Linear acceleration in S/C X-direction (m/s2)

2. Linear acceleration in S/C Y-direction (m/s2)

3. Linear acceleration in S/C Z-direction (m/s2)

4.7.3 Edited accelerations: ACCEL EDITED

The ACCEL EDITED data product is a subset of the ACCEL ACCDAT data. All
accelerations in the spacecraft Y- and Z-directions which are closer than a cer-
tain threshold to a reported attitude thruster firing are removed. Although the
thruster firings last only a fraction of a second each, the threshold is currently
set at 25 seconds, in order to remove most of the visible acceleration spikes in
the data. This longer time interval is necessary because the Level 1B ACCDAT
data was smoothed, so that the influence of acceleration spikes is spread out over
much longer time intervals. The data editing results in about 20% to 30% of the
data to be removed.

4.8 Density and wind model products

The first products that will be described are the density and wind products based
on empirical models. These models require the time, geodetic latitude, longitude
and local solar time as inputs, which can all be retrieved from the GEO products.
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They also require solar activity and geomagnetic indices, for which the processing
uses the relevant NRTDM routines, behind the scenes.

4.8.1 Empirical density model output: DENSMODEL

The DENSMODEL products contain the density, temperature and composition
from the empirical models that were selected for this study. The product depends
only on the GEO product, so records are available wherever orbit information is
available. The data fields per record are as follows:

1. Density at satellite altitude (kg/m3)

2. Temperature (K)

3. Mass concentration of H

4. Mass concentration of He

5. Mass concentration of N

6. Mass concentration of O

7. Mass concentration of O+/anomalous Oxygen

8. Mass concentration of N2

9. Mass concentration of O2

10. Mass concentration of Ar

11. Density at 475 km (kg/m3)

12. Density at 450 km (kg/m3)

13. Density at 425 km (kg/m3)

14. Density at 400 km (kg/m3)

15. Density at 375 km (kg/m3)

16. Density at 350 km (kg/m3)

17. Density at 325 km (kg/m3)

18. Density scale height at satellite altitude (m)

The model densities at fixed altitudes in records 11–17 can be used for nor-
malization of the accelerometer-derived density to a fixed reference height. The
density scale height H in record 18 is computed by calculating the model density
ρ twice, for heights 1 km below and 1 km above the satellite altitude, denoted by
h1 and h2 respectively, and subsequently applying the following equation:

H =
h2 − h1

ln(ρ(h1)/ρ(h2))
(4.5)

Note that not all atmospheric constituents are computed in several of the models.
If that is the case, their concentration values are always set to zero. Figure 4.12
shows time series for 2007 of the mass concentrations as encountered by CHAMP
and GRACE, according to the NRLMSISE-00 model. The figure shows that atomic
oxygen is the dominant species for both satellites. At the lower altitude of
CHAMP, molecular nitrogen has a large contribution as well, while at the higher
altitude of GRACE, the lighter Helium atoms are abundant. There is a clear sea-
sonal variation, and smaller variations dependent on the local solar time coverage
and level solar EUV radiation and geomagnetic activity.
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Figure 4.11 Time series of NRLMSISE-00 densities along the CHAMP and GRACE orbits, plotted
against a linear (top) and logarithmic (bottom) Y-axis scale. The shaded areas show the
minimum and maximum values, and the black lines the mean values, evaluated over
10-day intervals.
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Figure 4.12 Time series for 2007 of the atmospheric composition at the position of CHAMP (top) and
GRACE (bottom), according to the NRLMSISE-00 model.

4.8.2 Air flow velocity due to the orbit and atmosphere corotation:
WINDMODEL SC ORBITCOROTATION

This product contains two vectors representing contributors to the velocity of the
atmosphere relative to the satellite, expressed in the spacecraft body-fixed frame.
The first component is the orbital velocity of the satellite, which is derived from
the ORBIT product. This component is predominantly along the X-axis, but has
small components in the other two directions due to deviations from the ideal
attitude. The second component is due to the corotation of the atmosphere with
respect to the Earth, and is predominantly in the Y-direction. The product fields
are:

1. Wind speed due to orbital velocity along the S/C X-axis (m/s)

2. Wind speed due to orbital velocity along the S/C Y-axis (m/s)

3. Wind speed due to orbital velocity along the S/C Z-axis (m/s)

4. Wind speed due to atmosphere corotation along S/C X-axis (m/s)

5. Wind speed due to atmosphere corotation along S/C Y-axis (m/s)

6. Wind speed due to atmosphere corotation along S/C Z-axis (m/s)

If�ri and �vi are the inertial position and velocity vector from the ORBIT product,
and Rib is the rotation matrix derived from the quaternion data, then the wind
speed due to the orbital velocity is simply

�wo
b = −Rib�vi (4.6)

The wind speed due to orbit corotation is

�wc
b = Rib(�ω⊕ ×�ri) (4.7)
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where
�ω⊕ = (0, 0, 0.729210−4)Trad/s (4.8)

is the rotation rate vector for the Earth.

4.8.3 Empirical wind model output in the local frame:
WINDMODEL LOCAL

The HWM-93 and HWM07 models are companion models to the MSIS series of
density models. The models return horizontal wind speeds in meters per second
with respect to a co-rotating atmosphere, in a local North-East coordinate system.
The following data fields are available:

Zonal (Eastward) wind speed (m/s)

Meridional (Northward) wind speed (m/s)

4.8.4 Empirical wind model output in the spacecraft frame:
WINDMODEL SC

This product contains the modelled wind speeds, taken from the WIND-
MODEL LOCAL products, but converted to the spacecraft body-fixed coordinate
system. The following fields are included:

1. HWM-93 local wind speed along the S/C X-axis (m/s)

2. HWM-93 local wind speed along the S/C Y-axis (m/s)

3. HWM-93 local wind speed along the S/C Z-axis (m/s)

The transformation of model wind speed �wm from local coordinates (index l) to
the spacecraft body-fixed coordinates (index b) requires several rotation matrices:

�wm
b = RibReiRle �wm

l (4.9)

The rotation Rib from inertial to body-fixed is derived from the quaternions of
the QUAT INTERPOLATED product. The Earth-fixed to inertial rotation ma-
trix Rei is computed using the standard transformations that were implemented
for the NRTDM software. Finally, the rotation matrix from local to Earth-fixed
coordinates Rle requires the longitude φ and latitude λ from the GEO RSO or
GEO NAVSOL product:

Rle =




− sin φ − sin λ cos φ cos λ cos φ
cos φ − sin λ sin φ cos λ sin φ

0 cos λ sin λ



 (4.10)

Figure 4.13 illustrates that on ascending tracks and at mid-latitudes, the wind
speed in the Y-direction coincides with Eastward wind and the X-direction with
Northward winds. This is due to the very high inclination of the CHAMP orbit.
At descending tracks, the spacecraft body-fixed X- and Y-axes are pointed in the
opposite directions.

Figure 4.14 shows a comparison of the different contributions to the wind
speed, or relative velocity �vr. Clearly, the nearly constant orbital velocity is the
dominant component in the X-direction of the S/C frame. In the Y-direction,
the three contributions are of the same order of magnitude. The atmospheric
corotation is slightly larger than the other two, showing a nice sinusoidal pattern.
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In the Z-direction, the horizontal wind speeds are necessarily very small, as they
are proportional to the sine of the pitch angle, which is kept within plus and
minus three degrees. The contribution due to the orbital velocity is by far the
largest.

4.8.5 HASDM calibrated density model output: DENSDATA HASDM

HASDM (High Accuracy Satellite Drag Model) data, evaluated along the tracks
of CHAMP and GRACE, was kindly provided by Bruce Bowman. These datasets
were imported into the database, providing the following fields:

1. HASDM density at satellite altitude (kg/m3)

2. HASDM time tag offset with CHAMP 10 sec GPS-time interval (sec)

3. HASDM data altitude (m)

4. HASDM data latitude (deg)

5. HASDM data longitude (deg)

6. HASDM data local solar time (hours)

The CHAMP and GRACE orbits, along which HASDM was evaluated were com-
puted at Air Force Space Command, so the positions are not exactly the same as
the CHAMP Rapid Science Orbits, or GRACE Navigation Solution orbits. The
time tags of orbit and model evaluation were also not quite the same as that on
the rest of the products in the database. These differences are generally small.
They can be checked using fields 2–6 in this product, and comparing with the
data in the ORBIT GEO products.

4.8.6 CTIPe physical density and wind model output:
DENSWINDDATA CTIPE

The density and wind model data from the CTIPe physical model does not fit into
the same data format as the empirical models. For that reason, a modified format
is applied, containing the following records:

1. CTIPe density at satellite altitude (kg/m3)

2. CTIPe thermospheric temperature (K)

3. CTIPe zonal (Eastward) wind speed (m/s)

4. CTIPe meridional (Northward) wind speed (m/s)

5. CTIPe vertical (upward) wind speed (m/s)

6. CTIPe atomic oxygen density

7. CTIPe molecular oxygen density

8. CTIPe molecular nitrogen density

The original CTIPe data are delivered as NetCDF files, which contain grids at
regular intervals of time, longitude, latitude and several pressure levels. The in-
terpolation and extrapolation to the satellite position is performed in a separate
piece of software, which reads in data from both the ORBIT GEO product and
the CTIPe NetCDF data, and outputs the time series which is then read into the
database to form this product.
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Figure 4.15 Time evolution of the angle between the orbital planes of CHAMP and GRACE.

MultiSat

The MultiSat category contains data products that aid in the processing of multi-
satellite data. It currently contains the products ORBITDIFF GRACE-1 CHAMP
and ORBITDIFF GRACE-1 GRACE-2. It contains the following data fields, which
help in selecting periods with interesting observation geometry by the different
satellites:

1. Distance (straight-line) between satellites (m)

2. Height difference (m)

3. Angle between the two position vectors (deg)

4. Angle between the two orbital planes (deg)

The angle between the orbital planes of both missions is plotted in Figure 4.15.
Since the start of the mission, there have been only three occasions where the two
satellites were in the same plane:

Around May 10, 2003: The orbit planes are at 180 degrees, so the satellites are
flying in opposite direction (retrograde). This was a period of elevated to high
geomagnetic activity, throughout.

Around April 4, 2005: This is the only occasion where the satellites were flying
in the same direction in the same orbital plane. There was a clearly defined
storm exactly on the day of closest approach, and a longer period of higher
geomagnetic activity a few days later (Apr 12-16).

Around February 12, 2007: The orbit planes are again at 180 degrees. There
is again a peak in geomagnetic activity almost exactly at the same time as the
conjunction of the orbit planes. A few days later there were some very quiet
days as well. Unfortunately, CHAMP data are missing on the exact day of
conjunction. A further investigation of this data gap has shown that both the
orbit and accelerometer data products are not available on the ISDC/GFZ-
Potsdam website. It is therefore likely due to an event on the satellite, or
the ground segment, and not in the project’s data processing. The CHAMP
newsletters, which might contain more information on the missing data, were
not available online at the time of writing.

SolGeoActivity

The SolGeoActivity category currently contains one data product, called SO-
LARGEO PROXIES INDICES, with the following fields:

1. F10.7 - Daily observed 10.7-cm flux (sfu)
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2. F10.7 BAR - 81-day average of observed 10.7-cm flux (sfu)

3. kp - 3-hourly planetary geomagnetic index

4. ap - 3-hourly planetary equivalent geomagnetic amplitude (nT)

These fields are helpful in selecting and binning data according to the level of
solar EUV or geomagnetic activity. Note that in empirical models, time delays
are usually applied to these proxies and indices, which is not the case here.



Chapter 5
Radiation pressure modelling

5.1 Radiation force analysis methods

For satellites like CHAMP, with low Earth orbits, the radiation forces may be one
order of magnitude smaller than the aerodynamic drag forces. Due to the small
aerodynamic lift, solar radiation forces may however become comparable to the
aerodynamic lift force.

Radiation pressure perturbation is one of the most important non-
gravitational forces acting upon a spacecraft, especially at the altitudes where
aerodynamic effects become small and/or for spacecraft of large dimensions and
small specific mass. Radiant energy effects on the orbital motion of satellites be-
came of interest to celestial mechanics during pioneering missions of the Van-

visible Earth cap

penumbra(semi-shadow region)

umbra
(shadow region)

Earth s
thermal

re-radiation
(infrared)

Earth s
reflected
radiation
(albedo)

direct sunlight

equatorial plane
dark illuminated

spacecraft

thermal thrust

Figure 5.1 Radiative and aerodynamic environment of a satellite.
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Radiation source acceleration (nm/s2)

Direct solar radiation 65–73
Earth Albedo 2–12
Earth IR 5–10
Spacecraft IR 5–6

Table 5.1 Accelerations on TOPEX/Poseidon due to various radiation sources

guard I and Echo I satellites. A summary of radiation forces and the correspond-
ing radiation sources is shown in Figure 5.1.

To take account of these effects, simple solar radiation pressure models have
been derived. The authors of [Musen, 1960; Parkinson et al., 1960] determined the
most important perturbations induced by radiation pressure for the Vanguard I
satellite. The shadow effect was neglected, and the specular reflection of the sun
rays on the satellite surface was assumed. Further investigations of the radiation
pressure effects were stimulated by the launch of balloon satellites Echo 1, Echo
2, and Pageos. The perturbations in the motion of these satellites caused by solar
radiation reach a considerable magnitude, they are fairly accurately determined
from observations. Thus, more detailed studies of radiation pressure effects be-
came necessary including firstly the Earth’s shadowing effects, This was the sub-
ject of papers [Ferraz-Mello, 1964; Lala and Sehnal, 1969; Lala, 1971; Ferraz-Mello,
1972; Vashkovyak, 1973, 1976]. The disturbances related to reflection of sun rays
on the Earth surface were also taken into account [Sehnal, 1966; Baker, 1966; Wy-
att, 1963; Sehnal, 1970]. A brief review of papers published before mid-70s can be
found in [Aksenov, 1977].

The development of space technology has required appreciably more accu-
rate predictions of the satellite orbit perturbations. In particular, an extremely
high accuracy is required for satellites included into Global Positioning System
(GPS) [Lichten and Border, 1987; Vigue et al., 1994], geophysical satellites such as
LAGEOS [Rubincam and Weiss, 1986; Rubincam, 1987] and TOPEX/POSEIDON
[Marshall et al., 1992; Antreasian and Rosborough, 1992]. Thus, for instance, the or-
bit of the TOPEX/POSEIDON satellite designed for oceanographical research is
to be calculated with an error not higher than 10 cm in the radial direction in ten
days. This requires the effects which had been previously considered negligible,
to be taken into account. In particular, the following sources of radiation , can be
identified as contributors for radiation pressure forces [Carrou, 1995]:

Direct solar radiation

Solar radiation reflected on the Earth (Albedo)

Infrared thermal radiation of the Earth

Thermal radiation of the spacecraft

Radiation emitted by the instruments installed on a spacecraft (radar, altime-
ter, etc.) can be mentioned as an additional factor. According to [19], however,
the recoil forces caused by it are negligibly small, namely by three orders of mag-
nitude less than other radiation forces.

The relative contribution of the other sources can be estimated, for example,
on the basis of data for the TOPEX/POSEIDON satellite [Antreasian and Rosbor-
ough, 1992]. This satellite moves along a circular orbit at the altitude of 1336 km.
The maximum accelerations induced by various sources of radiation depend on
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Figure 5.2 Aerodynamic and radiation forces versus altitude.

the orbit orientation and vary for TOPEX/Poseidon within the limits provided in
Table 5.1.

Thus, it is obvious that though the direct solar radiation makes the major con-
tribution, the effect of other factors cannot be neglected when the spacecraft orbit
is to be determined with a high accuracy. Albedo and infrared radiation effects
are approximately 10 percent of those of the direct solar radiation. The effect of
thermal emission of spacecraft surfaces has been found to be of the same mag-
nitude as the Earth infrared radiation effect. A complete radiation force analysis
requires the consideration of each radiation source and is conducted in 2 steps:

1. Calculation of the flux incident onto the spacecraft from a given source.

2. Calculation of the force acting upon the spacecraft as a result of interaction of
the spacecraft surface with this flux.

The second stage requires a certain model to describe the interaction of elec-
tromagnetic radiation with the spacecraft surface. This interaction is a very so-
phisticated physical process [Born and Wolf, 1999; Landsberg, 1976; Kisel, 1973;
Kittel, 1971] whose particular features are determined by the surface material.
For practical applications, however, it is sufficient to characterize the material by
several coefficients:

absorption factor α

diffuse reflection factor ρd

specular reflection factor ρs = 1− ρd

emissivity �

If these quantities and the incident radiation fluxes are known, the resulting
forces can be calculated with similar formulations as for satellite aerodynamics
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with speed ratio S = ∞ (see Chapter 6). Due to the analogy between infinite
speed ratio particle flow and the photon flow, the analysis tools for molecular
particle flux can easily be extended to conduct radiation force analysis. This was
a main reason for ESA and HTG to initiate the development of the ANGARA
system, which incorporates the RAMSES aerodynamic analysis modules.

The radiative photon flux sources to a satellite are completely different to the
atmospheric molecular particle source. It was therefore necessary to incorporate
models in ANGARA, for all radiation sources to which an orbiting satellite is
exposed. During ANGARA development, this required the main effort. As re-
sult of the very detailed photon source modelling, ANGARA now includes the
following force contributions:

Direct solar radiation including semi shadowing, and absorption and refrac-
tion by the Earth’s atmosphere

Indirect solar radiation considering the visible part of the Earth and its albedo

Thermal radiation from the visible Earth

Self radiation from hot satellite surfaces

Figure 5.2 compares aerodynamic and radiation forces for normal incidence to
unit area. At 800km both forces are of equal magnitude.

At 400km altitude, which is of interest to the study, the aerodynamic force
exceeds the radiation force by a factor of 100. In this case radiation, can only pro-
duce forces comparable to aerodynamic forces, if it is acting in directions, where
aerodynamic forces are small. These are side force and lift directions.

5.2 Implementation of radiation pressure models in the data
processing

Several satellite non-gravitational force models have been implemented in the
project software. This includes the highly detailed ANGARA software package,
as well as the often-used models based on a set of panels. The availability of
multiple models allows for comparisons to be made, which gives some insight
into the precision of the models.

5.2.1 Normalized force coefficients

The basis for the calculation of the non-gravitational forces is formed by the nor-
malized force coefficient vectors which will be designated by the symbol �CF. For
this study, the vector components will be expressed in the spacecraft body-fixed
reference frame.

The definition of the force coefficient vector for aerodynamics follows from
the equation:

�̈ra = �CF
Are f

m
1
2

ρv2
r (5.1)

Here, �̈ra is the aerodynamic acceleration, Are f is a reference area, ρ is the atmo-
spheric density and vr is the magnitude of the velocity of the atmosphere, relative
to the spacecraft body. This equation is very similar to that used in low-speed



5.2 Implementation of radiation pressure models in the data processing 77

aerodynamic computations, where the product 1
2 ρv2

r is called the dynamic pres-
sure1.

A similar equation defines �CF for radiation pressure calculations:

�̈rr = �CF
Are f

m
P (5.3)

where �̈rr is the radiation pressure acceleration and P is the radiation pressure,
which is computed as follows:

P =
Φ
c

=
∆E

A∆tc
(5.4)

where Φ is the energy flux and c the speed of light. Φ is defined as the amount
of energy ∆E of the photons that passes through an area A during a time interval
of ∆t. For a satellite in orbit around the Earth, the precise value of P should
be computed by taking into account eclipses and the varying distance between
the satellite and the Sun, as explained in 5.2.6. For Earth albedo and infrared
radiation pressure, the matter becomes more complicated, as will be explained in
Section 5.2.8.

Note that when values of �CF are presented, they should always be accompa-
nied by the value of Are f to which they apply. Confusion can arise when compar-
ing values of �CF computed using different definitions for Are f . It is a convention
in aerodynamics to hold Are f at a predefined constant value, regardless of the di-
rection of flow. In surface force modelling for satellites however, the true frontal
area with respect to the flow, or an approximation of it is often used.

In the processing software for this project, the latter approach is adopted, and
the product (�CF A) is used as a single vector quantity in the data storage and com-
putations. Instead of defining a new, single-letter symbol for this quantity, in this
report it will be used as written above, between brackets, to keep the connection
with the familiar equations used elsewhere in literature.

The equations (5.1) and (5.3) can then be put into a subtly different form:

�̈ra =
(�CF A)

m
1
2

ρv2
r (5.5)

�̈rr =
(�CF A)

m
P (5.6)

The values of (�CF A) represent the interaction between the incoming particles
and the satellite. When the satellite shape and surface characteristics are defined,
(�CF A) is a function of the direction of the incoming particles for both aerodynam-
ics and radiation pressure calculations. For aerodynamics, the force coefficient
vector is also a function of the composition and temperature of the atmosphere,
and of the velocity of the incoming particles.

1In textbooks on satellite orbits, the aerodynamic lift force is usually neglected, and only the
drag component is considered. Equation (5.1) then simplifies to the familiar equation

r̈a = CD
A
m

1
2

ρv2
r (5.2)

where the direction of acceleration is in the opposite direction of the satellite velocity with respect
to the atmosphere. The vector �CF, in contrast, is not necessarily in this direction, since lift and
sideways forces can be considered, in addition to drag.
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Figure 5.3 The CHAMP ANGARA model.

Figure 5.4 The GRACE ANGARA model.

The computation of (�CF A) as a function of its defining parameters is the main
subject of this Chapter and the next.

In the next section, the representation of the satellite surface forces within
the ANGARA and panel models will be discussed. The approaches of these two
types of model for the implementation in the processing software are quite differ-
ent, but in the end, they both provide values of (�CF A)s as a function of the same
input parameters.

5.2.2 ANGARA force models

The ANGARA software, developed by HTG under ESA/ESOC contract is exten-
sively described in Fritsche et al. [1998]. Only a brief summary will be provided
here. The software comprises of computational modules for aerodynamics and
radiation pressure, both with options for Monte Carlo Test Particle methods and
integral methods. Only the Monte Carlo Test Particle computation modules have
been used for the data processing in this study. The aerodynamics module com-
putations are described in more detail in Chapter 6. Both forces and moments
can be calculated using the software. Only the force computations are used in
this study.
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Both the aerodynamics and radiation pressure computation modules make
use of satellite geometry models that are built in a separate 3D modelling module.
The geometry of the satellite outer surfaces can be constructed from primitive
shapes such as boxes, panels, spheres, ellipsoids and cones. Each of the surfaces
can be assigned surface properties, using yet another module.

The Monte Carlo Test Particle computations can be time-consuming, and
therefore the computation of forces (and moments) or accelerations is split in
two phases. In Phase 1, the time-consuming computations take place, and the
results are output as normalized force and moment coefficients, tabulated ac-
cording to the incidence direction of the particle stream and other parameters.
In phase 2, which requires comparatively very little computation time, these co-
efficients are interpolated from the tabular data stored in computer memory, and
de-normalized. The phase 2 software is completely integrated with the project’s
accelerometer processing software. Several models that were originally devel-
oped for ANGARA phase 2, such as the eclipse and Earth radiation pressure
models, were adapted for use by both the ANGARA and panel model calcula-
tions. These phase 2 ANGARA models will be described in more detail in this
Chapter and in Chapter 6

The CHAMP and GRACE models which were developed specifically for this
project are visualized in Figures 5.3 and 5.4. A preliminary CHAMP model, with
a much simplified geometry, developed as a M.Sc. thesis project using ANGARA
at DEOS/TU Delft in 2005/2006 [Caluwaerts, 2006] was available as well and was
used for comparisons.

5.2.3 ANGARA force model computations

In the processing software, the ANGARA force coefficient tables are read into
memory at the start of each program execution. When a force model calculation
is required, the relevant value of (�CF A) is determined by interpolation.

For radiation pressure calculations, two tables are available, one for visible
wavelengths, and one for infrared wavelengths. Once the table for the proper
wavelength is selected, only the direction of the incoming radiation is of im-
portance, so the interpolation of the table takes place in two dimensions, rep-
resenting the attack angle α and sideslip angle β in the spacecraft body-fixed
frame, expressed in degrees. These angles are determined from the unit vector
�u with components ux, uy and uz in the satellite body-fixed frame (see Figure
4.9), pointing from the source to the satellite. The angle of attack α, in the range
−180◦ ≤ α ≤ 180◦, is computed by using the FORTRAN intrinsic atan2 function,
as follows:

α =
180◦

π
atan2(uz, ux) (5.7)

The sideslip angle β in the range −90◦ ≤ β ≤ 90◦ is computed from the Y-
component of �u:

β =
180◦

π
arcsin(uy) (5.8)

For aerodynamic calculations, an additional parameter is required, which rep-
resents the speed ratio S, which is defined as the ratio between the relative veloc-
ity vr of the particles with respect to the spacecraft, and the most probable thermal
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speed of the molecules. The speed ratio can be expressed using

S =
vr�
2RT

m

(5.9)

where T is the temperature of the gas, taken from an empirical model, and
R = 8314 J kmol−1K−1 is the universal gas constant. The ANGARA phase 1
aerodynamic calculations result in two tables of vectors, one for the effect of
the momentum exchange due to the incoming particles (subscript in), and one
for the effect of the outgoing particles, including multiple reflections (subscript
out + mr). The total effect for the complete satellite model (subscript s) is com-
puted by applying the following equation:

(�CF A)s = (�CF A)in +
�

Tw

T
(�CF A)out+mr (5.10)

where Tw is the spacecraft wall temperature (T = 273 K is assumed), and T is the
temperature of the gas from the NRLMSISE-00 model.

ANGARA offers the possibility of modelling satellites with moving external
parts, such as rotating solar arrays, by making use of a geometry parameter φ.
The use of this parameter is not required for CHAMP and GRACE, so it is set to
zero in the calls to the ANGARA phase 2 software.

5.2.4 Panel force model computations

For the panel models, the force coefficient vectors are computed by summing the
contribution of each of the N panels with index i that make up the model. The
value of (�CF A)s with subscript s for the whole satellite can be found using the
summation:

(�CF A)s =
N

∑
i=1

(�CF A)i (5.11)

A panel model consists of a set of panel areas A and outward normal unit vec-
tors �uN that define their orientations in the body-fixed frame. As far as the force
model computations are concerned, the panels are one-sided. In other words, the
backside of each panel can be considered transparent for the atmospheric parti-
cles and photons that act upon the panel.

For each panel, reflectivity properties in the form of diffuse and specular re-
flectivities ρd and ρs, for both visible and infrared light, are available. The values
for these properties were taken from technical reports [Lühr et al., 2002; Bettadpur,
2007] and literature [Bruinsma and Biancale, 2003], and are summarized in Tables
5.2 and 5.3. Note that the GRACE table contains an entry for the nadir-pointing
boom containing the S-band communications antenna. In the current processing
software, the area of this part of the satellite can not be represented in the panel
model.

5.2.5 Radiation pressure for a single panel

The derivation of an equation for the radiation pressure force coefficient for a
single panel is much simpler than the aerodynamic equation. First, γ is the cosine
of the angle between the panel normal and the direction vector.

γ = −�us · �uN (5.12)
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Area (m2) Outward normal Visible refl. IR refl.

i Description GFZ Bruinsma DEOS XS/C YS/C ZS/C spec. diff. spec. diff.

1 Top 1.2920 1.2920 1.1500 0.0000 0.0000 -1.0000 0.05 0.30 0.03 0.16
2 Bottom 3.6239 3.6239 4.0000 0.0000 0.0000 1.0000 0.68 0.20 0.19 0.06
3 Left solar panel 3.1593 3.1593 3.1000 0.0000 -0.7071 -0.7071 0.05 0.30 0.03 0.16
4 Left panel rear 0.3020 0.3020 0.0000 0.0000 0.7071 0.7071 0.40 0.26 0.23 0.15
5 Right solar panel 3.1593 3.1593 3.1000 0.0000 0.7071 -0.7071 0.05 0.30 0.03 0.16
6 Right panel rear 0.3020 0.3020 0.0000 0.0000 -0.7071 0.7071 0.40 0.26 0.23 0.15
7 Aft 0.4902 0.4902 0.8000 -0.9397 0.0000 0.3420 0.40 0.26 0.23 0.15
8 Front 1.2199 1.2199 1.2199 0.3420 0.0000 0.9397 0.20 0.40 0.26 0.51
9 Boom top 0.5110 0.5110 0.5110 0.0000 0.0000 -1.0000 0.40 0.26 0.23 0.15

10 Boom top 2 0.4190 0.4190 0.4190 0.0000 0.0000 -1.0000 0.64 0.20 0.71 0.22
11 Boom bottom 0.9300 0.9300 0.9300 0.0000 0.0000 1.0000 0.40 0.26 0.23 0.15
12 Boom right 0.9300 0.9300 0.9300 0.0000 1.0000 0.0000 0.40 0.26 0.23 0.15
13 Boom left 0.9300 0.9300 0.9300 0.0000 -1.0000 0.0000 0.40 0.26 0.23 0.15
14 Boom front 0.0529 0.0880 0.0529 1.0000 0.0000 0.0000 0.20 0.40 0.26 0.51
15 Boom front 2 0.0000 0.1314 0.1314 1.0000 0.0000 0.0000 0.40 0.26 0.23 0.15
16 Front 2 0.0000 0.0000 0.1500 0.7170 0.0000 0.7170 0.40 0.26 0.23 0.15

Table 5.2 CHAMP panel model properties, based on Bruinsma and Biancale [2003] and Lühr et al.
[2002]. The DEOS model was created by tweaking towards the values in the
CH-IT-DID-0001 document.

Outward normal Visible refl. IR refl.

i Description Area (m2) XSRF YSRF ZSRF spec. diff. spec. diff. Material

1 Front 0.9551567 1.0000 0.0000 0.0000 0.40 0.26 0.23 0.15 SiOx/Kapton
2 Rear 0.9551567 -1.0000 0.0000 0.0000 0.40 0.26 0.23 0.15 SiOx/Kapton
3 Starboard (outer) 3.1554792 0.0000 0.7660 -0.6428 0.05 0.30 0.03 0.16 Si glass
4 Starboard (inner) 0.2282913 0.0000 -0.7660 0.6428 0.40 0.26 0.23 0.15 SiOx/Kapton
5 Port (outer) 3.1554792 0.0000 -0.7660 -0.6428 0.05 0.30 0.03 0.16 Si glass
6 Port (inner) 0.2282913 0.0000 0.7660 0.6428 0.40 0.26 0.23 0.15 SiOx/Kapton
7 Nadir 6.0711120 0.0000 0.0000 1.0000 0.68 0.20 0.19 0.06 Teflon
8 Zenith 2.1673620 0.0000 0.0000 -1.0000 0.05 0.30 0.03 0.16 Si glass
– Boom 0.0461901 – – – 0.40 0.26 0.23 0.15 SiOx/Kapton

Table 5.3 GRACE panel model properties, based on Bettadpur [2007]

For negative γ, the panel is in darkness, so that

(�CF A) =�0 for γ ≤ 0 (5.13)

For positive values of γ, a photon arriving at the panel is either absorbed,
reflected diffusely or reflected specularly (see Figure 5.5). If ρd is the proportion of
diffusely reflected photons and ρs the proportion of specularly reflected photons,
then (1− ρs− ρd) is the proportion of absorbed photons. Let �us represent the unit
vector from the light source to the panel and �uN the outward panel normal, both
in the spacecraft body-fixed frame, then the radiation pressure coefficient can be
expressed in vector form as:

�CR = (1− ρs − ρd)�us − 2ρs(�us · �uN)�uN + ρd(�us −
2
3
�uN) (5.14)

The calculation of (�CF A) is completed by multiplying �CR with the projected area
Aγ, where A is the full panel area as listed in Tables 5.2 and 5.3.

(�CF A) = �CR Aγ for γ > 0 (5.15)
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Figure 5.5 Absorption, reflection and emission of photons on a surface.

The next step in the force model calculations is to model the characteristics of
the space environment in a way that is as realistic as possible. The next section
will discuss how the various radiation sources are modelled.

5.2.6 Eclipses

The satellite shall often be eclipsed by the Earth. For this purpose a shadow func-
tion fs = f (�r,�r⊙) is introduced, which is computed from the geocentric satellite
position�r and Sun position�r⊙. The shadow function is defined to have a value
of one when the satellite is in full sunlight, and zero when the satellite is fully
eclipsed. Because the Sun forms a solid disc of about 0.5◦, the Earth casts a semi
shadow region, or pen-umbra around the core shadow, or umbra. In addition,
sunlight which passes through the atmosphere is refracted, increasing the geo-
metrically defined semi-shadow region. So in effect, the Earth’s shadow works
like an on/off switch on the direct solar radiation pressure, with the semi-shadow
region smoothening this transition.

Different algorithms exist in order to determine whether a satellite is in eclipse
[Montenbruck and Gill, 2000; Vallado, 2001; Adhya et al., 2004]. An especially elabo-
rate treatment of the problem can be found in the series of papers by Vokrouhlický
et al. [1993, 1994, 1996]. The method outlined below is provided in the ANGARA
level 2 software [Fritsche et al., 1998]. It can be used to describe atmospheric
effects on the semi-shadow boundaries. The basis of this method is a conical
shadow model, where the Sun’s disc is projected on an Earth radius vector which
is perpendicular to the Sun-satellite line (see Figure 5.6).

The symbols ⊕ and ⊙ are used for the positions of centres of the Earth and
Sun, respectively, while s is used to denote the satellite position. Let �r⊕�s and
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Figure 5.6 Eclipse geometry

�r⊙�s then denote the position vectors of the satellite with respect to the centres of
these two bodies. Their unit vectors are �u⊕�s and �u⊙�s.

The vector
�rp�s = (�u⊙�s ·�r⊕�s)�u⊙�s (5.16)

then points along the Sun-satellite vector to the satellite center of mass from the
point p, which is the closest point to the Earth’s centre. The vector from the
Earth’s centre to this point p is then

�r⊕�p =�r⊕�s −�rp�s (5.17)

The height above the Earth’s surface of a line connecting the center of the Sun
with the satellite is equal to

hg = |�r⊕�p|− R⊕ (5.18)

and the apparent radius of the solar disc projected on a plane through this point,
perpendicular to the satellite-Sun vector is

Rp =
|�rp�s|
|�r⊙�s|

R⊙ (5.19)

In these equations, R⊕ and R⊙ are the radiuses of the Earth and Sun, respectively.
A spherical Earth is assumed in the current version of the algorithm. A future
implementation will include an oblate Earth, which is expected to improve the
accuracy of the algorithm further.

Let fah(h, d) be a function that returns the apparent height of a ray of light
under the influence of refraction in the atmosphere, where h is the height with-
out refraction and d = |�r⊕�p| the distance from the satellite to the point p. The
derivation of the function fah is available in Fritsche et al. [1998]. Then

hc = fah(hg, d)

ht = fah(hg + Rp, d)
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hb = fah(hg − Rp, d)

denote the apparent height above the Earth’s surface of the beams from the center,
top and bottom of the solar disc, respectively. A negative value indicates that the
beam is blocked by the Earth (see Figure 5.6).

The effect of atmospheric refraction on the eclipse is that the semi-shadow
region will be considerably expanded. This effect will be especially important for
satellites in high orbits.

A geometric parameter η can now be introduced such that

η =
hc

hc − hb
, (5.20)

where

η < −1 if the satellite is in full eclipse
−1 ≤ η ≤ 1 if the satellite is in partial eclipse

η > 1 if the satellite is in full sunlight

Two effects can be recognized that determine the value of the shadow function
fs. The geometric shadowing factor fg indicates the fractional area of the solar
disc that is blocked by the Earth. It can be calculated using the method of Carrou
[1995], resulting in the following formula:

fg =
A⊙,eff

A⊙
= 1− 1

π
arccos (η) +

η

π

�
1− η2 (5.21)

The amount of sunlight that is not absorbed in the Earth’s atmosphere is repre-
sented by the factor fa. An algorithm to determine it is described by Fritsche et al.
[1998]. The complete shadow function can then be computed by multiplying the
geometric and absorption contributions.

fs = fg fa (5.22)

5.2.7 Varying Sun-Earth distance

For a realistic solar radiation pressure calculation, the varying distance of the
spacecraft from the Sun has to be taken into account. For sunlight at a distance
of 1 astronomical unit (1AU = 149, 597, 870, 660 m) from the Sun, P has a value
of P1AU = 4.56 10−6 N/m2. Taking the varying Sun-satellite distance r⊙�s into
account and applying the inverse square law, equation (5.6) becomes

�̈rsrp =
(�CF A)s

m

�
1AU
r⊙�s

�2

fsP1AU (5.23)

For the panel model, once more equation (5.11) should be substituted, resulting
in

�̈rsrp =
1
m

� N

∑
i=1

(�CF A)i

��
1AU
r⊙�s

�2

fsP1AU (5.24)
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Figure 5.7 Example of a monthly ANGARA Earth albedo map (left) and an Earth infrared radiation
map, based on ERBE data. The shade of grey is proportional to the percentage of
sunlight that is reflected, or the infrared radiation that is emitted by the Earth surface
elements, respectively.

 

Figure 5.8 Definition of geometrical parameters in the computation of Earth radiation pressure.

5.2.8 Earth albedo and infrared radiation pressure

Because of the proximity of the satellite to the surface, we can not treat the Earth
as a single light source. Therefore, the Earth radiation pressure accelerations are
calculated by summation of the contributions of a number of Earth elements.

The ANGARA software provides detailed Earth maps of Earth Radiation Bud-
get Experiment (ERBE) satellite data (see Figure 5.7). These bitmaps have a res-
olution of 144× 72 pixels, corresponding to surface elements of 2.5◦ × 2.5◦. The
ERBE data, spanning several years in the late 1980’s, are available in the form
of monthly averaged maps containing albedo coefficients and infrared intensity
data.

The Earth albedo and infrared radiation maps are stored in bitmap files in
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equidistant cylindrical projection, with the top left corner of the map correspond-
ing to +90◦ latitude and -180◦ longitude. Figure 5.8 shows various parameters
involved in the following calculations.

If the map has a resolution of L× M pixels and

∆λ =
360◦

L
(5.25)

∆φ =
180◦

M
(5.26)

then each pixel corresponds to an Earth surface element measuring ∆λ× ∆φ de-
grees.

If a certain pixel is in column m and row l (with 1 ≤ m ≤ M and 1 ≤ l ≤ L),
the longitude φk and latitude λk of the center of the corresponding Earth surface
element with index k = m(l − 1)/L can be found from

φk = 180◦ − (l − 0.5)∆φ (5.27)

λk = −90◦ + (m− 0.5)∆λ (5.28)

These coordinates can easily be transformed into Earth-fixed Cartesian coordi-
nates, and subsequently to spacecraft body-fixed coordinates, which then form
the vector�rk.

The area of the Earth surface element is a function of the map resolution and
the element’s latitude.

Ak =
4πR2

E
L

sin
�

π/2
M

�
sin

�
(m− 0.5) π

M

�
(5.29)

In order to find the albedo radiation pressure at the satellite position Palbk from
a surface element k, we first need to find the incoming radiation pressure from
the Sun on this element. This value can be found from the radiation pressure at a
mean distance of 1 AU, corrected for the actual distance between the Sun and the
surface element.

P⊙,k = P1AU

�
1AU

|�r⊙ −�rk|

�2

(5.30)

The percentage of this radiation that actually arrives at the satellite depends
on the albedo coefficient Calb and on the elevation angles of the Sun E⊙ and the
satellite Esat. These two angles can be found from the following unit vectors,
pointing from the surface element to the Sun, the satellite and the surface normal,
respectively:

�uk�⊙ =
�r⊙ −�rk
|�r⊙ −�rk|

, �uk�s =
�r−�rk
|�r−�rk|

, �u⊥k =
�rk
|�rk|

(5.31)

The solar and satellite elevation angles for the surface element can then be
found using

sin E⊙,k = �uk�⊙ · �u⊥k (5.32)

sin Esat,k = �uk�s · �u⊥k (5.33)

The albedo radiation pressure for the surface element is zero if either the satel-
lite or the Sun have a negative elevation angle. Otherwise the sunlight will be re-
flected following the Lambert law for a diffuse body, and decrease with distance
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according to the inverse square law, resulting in the following expression:

Palb
k =

�
0 if sin Esat,k < 0 or sin E⊙,k < 0
Calb

k AkP⊙,k sin E⊙,k
sin Esat,k

π
1

|�rk−�r|2 if sin Esat,k > 0 and sin E⊙,k > 0
(5.34)

The Earth infrared radiation pressure for each Earth element k, denoted by
PIR
⊕,k can be read directly from the map. The resulting radiation pressure at the

satellite position then becomes

PIR
k =

�
0 if sin Esat,k < 0
AkPIR

⊕,k
sin Esat,k

π
1

|�rk−�r|2 if sin Esat,k > 0
(5.35)

Since for each of the Earth’s surface elements, the vector to the satellite is dif-
ferent, a summation should take place to determine the accelerations. Note also
that the optical properties of the satellite for visible light (albedo) and infrared
light are different, requiring separate calculations of (CF A).

�̈ralb =
1
m

L×M

∑
k=1

(�CF A)alb
k Palb

k (5.36)

�̈rIR =
1
m

L×M

∑
k=1

(�CF A)IR
k PIR

k (5.37)

For the panel model, substitution in equation (5.11) results in a double sum-
mation, over the panels and over the Earth surface elements:

�̈ralb =
1
m

L×M

∑
k=1

N

∑
i=1

(�CF A)alb
k,i Palb

k (5.38)

�̈rIR =
1
m

L×M

∑
k=1

N

∑
i=1

(�CF A)IR
k,i PIR

k (5.39)

5.3 Geometric and radiation pressure modelling sensitivity
analysis

In this section, the accuracy of satellite surface models is analyzed. Surface force
models for CHAMP and GRACE are available both in the form of ANGARA force
coefficient tables [Fritsche et al., 1998] and of simplified sets of panels [Bruinsma
and Biancale, 2003; Bettadpur, 2007].

5.3.1 Projected area

A good choice for a first test is to check whether these models return the appro-
priate projected area of the satellite. The projected area of a satellite is completely
defined by its three-dimensional geometry and the angle under which this ge-
ometry is viewed. The results from the ANGARA and panel models may differ
because they do not exactly represent the geometry of the true satellite. To what
extent this is the case will be presented in this Section.
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Available data and models

Reference values for the projected area along the axes of the spacecraft body-
fixed reference frames are available for CHAMP and GRACE as part of the tech-
nical documentation. For CHAMP, this document has the code CH-IT-DID-001,
and the relevant pages were obtained from Hermann Lühr in March 2008. For
GRACE, similar information is available, for the X- and Y-axes only, in document
CSR-GR-03-02 [Bettadpur, 2007]. The values in these documents are provided in
Table 5.4, along with equivalent values computed from the ANGARA and panel
models.

Three slightly different CHAMP panel models are now available. The panel
areas for these three models are given in Table 5.2.

The geometry (panel normals and areas) of CH-GFZ-RS-002 [Lühr et al., 2002],
combined with optical properties from Bruinsma and Biancale [2003], indicated
in this document by the name GFZ panels.

The slightly modified panel areas of Bruinsma and Biancale [2003], resulting in
a larger frontal area.

Another modification of the panel areas, known in this document as DEOS
panels, was created by tweaking the areas and adding an extra panel, so that
the frontal areas along the principal axes matches the values in the CH-IT-
DID-0001 document closely.

The panel model information for GRACE is from Bettadpur [2007] (CSR-GR-03-
02). The panel listing also contains an entry for the cylindrical nadir-pointing
antenna-boom on GRACE, which is difficult to model in 3D with flat panels only,
and has therefore been neglected in the Task 2 processing so far. Here, the panel
model with and without this additional area are listed separately in Table 5.4.

The ANGARA software does not by default output information on the pro-
jected area. However, these values can be obtained by just performing a radiation
pressure force coefficient calculation on a satellite model for which the material
property has been set to zero reflection and full absorption of the photons. If the
ANGARA internal reference area has been set to unity, the magnitude of the re-
sulting force coefficient is then equal to the projected area of the 3D ANGARA
spacecraft model.

For CHAMP, both the old ANGARA model created by Dries Caluwaerts
[Caluwaerts, 2006], and the new, much more detailed model created by HTG for
this project (see Figure 5.3) have been included. Note that the old DEOS AN-
GARA CHAMP model created by Caluwaerts [2006] was based on outdated satel-
lite drawings, and did not contain all protruding spacecraft elements, such as the
star camera baffles on the boom. This model is only used for comparisons in this
and the subsequent chapter. For the accelerometer data processing, the detailed
new HTG ANGARA CHAMP model is used.

For GRACE, there is a single ANGARA model available, created by HTG for
this project, based on detailed satellite drawings.

Internal inconsistency in satellite surface geometry models

Table 5.4 provides projected area values for viewing angles along both the posi-
tive and negative axes. Although these values should be equal for any physical
object, this is not the case with the models discussed here. The panels in the
panel model do not form a completely closed shape. For computing the area as
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Model / source Front (+X) Back (-X) Left (+Y) Right (-Y) Bottom (+Z) Top (-Z)

CHAMP

CH-IT-DID-0001 0.7425 0.7425 3.1203 3.1203 6.4442 6.4442
ANGARA (DEOS, old) 0.5764 0.6419 2.9922 2.9944 6.5105 6.4380
ANGARA (HTG) 0.7944 0.7837 3.2446 3.2396 6.6210 6.5860
Panels (GFZ) 0.4701 0.4606 3.3775 3.3775 6.6899 6.2950
Panels (Bruinsma) 0.6366 0.4606 3.3775 3.3775 6.6899 6.2950
Panels (DEOS) 0.7427 0.7518 3.1220 3.1220 6.4560 6.4641

GRACE

CSR-GR-03-02 1.0013 1.0013 2.4634 2.4634 – –
ANGARA (HTG) 1.0433 1.0305 2.5496 2.5421 6.1530 6.1295
Panels (no boom) 0.9552 0.9552 2.5921 2.5921 6.2240 6.3646
Panels (boom) 1.0013 1.0013 2.6383 2.6383 6.2240 6.3646

Table 5.4 Projected areas of CHAMP and GRACE as viewed along the spacecraft body-fixed
axes, as provided by the CH-IT-DID-0001 and CSR-GR-03-02 documents, and
computed from the ANGARA and panel models.

viewed from the top, for example, the solar panels are used, when viewed from
the bottom, the bottom panel is the most important contributor. The solar panels
are then viewed from their backsides and are therefore considered ‘transparent’
in the area calculation. For the GFZ and Bruinsma panel models, this leads to a
6.3% lower area for CHAMP’s view of the top, while for GRACE the top is 2.3%
larger than the bottom.

For the more sophisticated ANGARA model, shadowing or blocking is ac-
counted for in the projected area calculations with the Monte Carlo test particle
method. The modeller using the ANGARA software has to personally make sure
that the model is closed however. Nevertheless, even on a closed geometry, the
values from opposite sides of the spacecraft model can still differ due to the statis-
tical uncertainty, based on the limited number of test particles used. In Table 5.4,
this difference is generally below 1.3% based on a rather coarse preliminary cal-
culation. The exception is the X-direction in the ANGARA (DEOS) model, which
shows a 10% difference. Fortunately, such a glitch is not present in the new AN-
GARA (HTG) model.

Comparison of model results

With a few exceptions, the calculated projected areas are within a few percent
of the advertised values in the technical documentation. The ANGARA values
are in general closer to these advertised values than the panel model values. The
largest discrepancies occur for the CHAMP satellite, when viewed along the X-
axis. The GFZ panels return a 37% lower area than stated in the CH-IT-DID-0001
document. The panel model in Bruinsma and Biancale [2003] has an increased front
panel area, but is still 14% too low. The original DEOS ANGARA model did not
yet include a geometric modelling of the boom star camera baffles, instruments
and thrusters, and returns a 22% lower frontal area. The new HTG-developed
ANGARA model comes closest, with a result that is 7% higher than the reference.
Apparently the shape of CHAMP, with its slender body and large appendages,
leads to a large uncertainty in the modelling of the frontal area in the flight (X)
direction.
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Figure 5.9 Comparison of projected areas for CHAMP (left) and GRACE (right) as a function of
viewing angle in the planes defined by the axes of the satellite body-fixed frames (from
top to bottom, the YZ-, XZ- and XY-planes).
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Figure 5.10 Comparison of projected areas for CHAMP as a function of viewing angle in the
XZ-plane. This plot contains a more detailed view of part of the data in Figure 5.9.

The projected area results from Table 5.4 are also plotted in Figure 5.9, in
which the results at oblique viewing angles in the YZ-, XZ- and XY-planes are
made visible as well. The new HTG ANGARA model results, in red, seem to fit
better than the GFZ panel model results, in light blue, with the values from the
technical documentation, which are indicated by the orange dots on the principal
axes. The results are certainly not perfect however. In general, ANGARA returns
larger areas than the panels, which is to be expected, since the panel models do
not include details on the contribution of small appendages, such as the star cam-
era baffles and instruments on the CHAMP boom. The effect is more pronounced
for CHAMP than for GRACE, and especially large for relatively small angular
deviations from the X-axis. The new DEOS panel model was hand-tweaked to
fit with the data points from the technical documentation. For several differences
between the behaviour of the projected area models in these plots, no satisfactory
explanations have been found so far. These include the following:

Figure 5.10 gives a zoomed-in, more detailed view of the differences in the
modelled projected area for CHAMP for small changes in the viewing angle
in the XZ-plane. For an angle of -5◦, the ANGARA results are approximately
three times as large as the panel results. The ANGARA calculations also show
a local minimum in projected area for a viewing angle of around -12◦, which
perhaps might be explained by shadowing of the S-band antenna and ion drift
meter by the long boom. However, it is not likely that the presence of these ap-
pendages can completely explain the very large difference between ANGARA
and panel areas for this viewing geometry.

The curve for the ANGARA (DEOS) CHAMP model in the YZ-plane in Fig-
ure 5.9 shows a large jump, from around 3 m2 to around 5 m2, when the view-
ing angle moves below the Z-axis. For the panel model, this increase in area
when transitioning from a side-view (Y) to a top-view (-Y) is more gradual.
The curve for the new HTG ANGARA model lies somewhere in between.
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For both satellites, there are slight jumps and/or local minima when the Y-
and Z-axes are crossed, for the ANGARA model, but not for the panel model.
The jumps are more pronounced for the GRACE model than for the CHAMP
model.

5.3.2 Radiation pressure model

Figure 5.11 shows the radiation pressure coefficients, in a similar manner to the
projected areas in the previous Section. The radiation pressure coefficient values
have been calculated by taking the magnitude of the total radiation pressure force
coefficient vector (�CF A), as derived in Section 5.2.1, and dividing by the projected
areas from Figure 5.9.

The figure shows good agreement between the various models. Notice the
more complex variations of the reflectivity for viewing angles closely aligned
with CHAMP’s X-axis, which could be caused by the influence of shadowing
by elements with different geometry and reflectivity, such as the satellite’s boom,
magnetometer instrument and communications antenna.

5.4 Analysis of force models using accelerometer data

In this section, the force models will be compared directly with the satellite ac-
celerometer data, under conditions where one or more of the error sources either
disappear, or where there is a variation in the sensitivity. This type of analysis
will give more insight in the fidelity of the models and the data.

5.4.1 Solar radiation pressure accelerations during eclipse transitions

Figures 5.12 and 5.13 show plots of the acceleration changes around eclipse transi-
tions. The uncalibrated accelerometer data are compared with the panel and AN-
GARA solar radiation pressure model, respectively. Figures 5.14 and 5.15 show
the same type of analysis for CHAMP. Since the eclipse transitions contain a half-
shadow phase, for which the timing is difficult to model exactly, the transition
jumps were determined by averaging the 10-second accelerations found during
a minute just before the modelled transition start time and subtracting the data
found during one minute of 10-second data just after the modelled transition end
time. Since a difference in acceleration is examined, only the accelerometer cal-
ibration scale factor can affect the result. A calibration bias will not have any
influence.

The figures show distinct patterns caused by the repeating rotation of the or-
bital plane with respect to the Sun. The gaps in the pattern are the periods where
eclipse transitions did not occur, when the satellite was in a dawn-dusk or dusk-
dawn orbit.

The GRACE results show a good match between the data and the models,
especially in the Y-direction. The X-direction shows much higher noise in the
data, due to the difference in drag acceleration just before and after the transition.
This noise was much larger during the high solar-actvity years 2002 and 2003,
which are not shown here. The Z-direction shows less noise than the X-direction,
but still more than the Y-direction. This is likely due to changes in the Earth
radiation pressure during the minutes before and after the transition.
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Figure 5.11 Comparison of radiation pressure coefficients for CHAMP (left) and GRACE (right) as a
function of viewing angle in the planes defined by the axes of the satellite body-fixed
frames (from top to bottom, the YZ-, XZ- and XY-planes).
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Figure 5.12 Comparison of acceleration jumps at eclipse transitions for GRACE-A. The uncalibrated
accelerometer data are compared with the panels solar radiation pressure model.
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Figure 5.13 Same as the previous figure, but for the ANGARA solar radiation pressure model.
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Figure 5.14 Comparison of acceleration jumps at eclipse transitions for CHAMP. The uncalibrated
accelerometer data are compared with the panels solar radiation pressure model.
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Figure 5.15 Same as the previous figure, but for the ANGARA solar radiation pressure model.
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The ANGARA and panel model seem to match the GRACE data about equally
well. The ANGARA acceleration jumps are slightly larger than those from the
panel model. In any case, the accelerometer scale factors seem to be constant,
since no drifts over time can be observed in the comparison of the data with
either model. The panel model represents the curved shapes in the pattern for
the Z-direction better than the ANGARA model.

The CHAMP results look much noisier than the GRACE results. It is clear
that the accelerometer X-direction contains no usable information on radiation
pressure during eclipse transitions, due to the high level of the drag accelerations
at CHAMP’s lower altitude. The Z-direction is very noisy as well, which is no
surprise, because of the known problem in the instrument for this direction. For
CHAMP, the Y-direction is the most interesting. Again, the ANGARA models
give larger acceleration jumps than the panel model. What is most interesting
however is that the point in the plots where the curves for the models cross the
zero-axis, is further to the left than that point for the accelerometer data. At these
points in time, the satellite is approximately in a midnight-noon orbit, so that
the Y-component of the radiation pressure cancels out due to symmetry. The fact
that these points do not coincide between the model and the data might indicate
some problem in the model. Perhaps the geometry and optical properties of the
true satellite are not as symmetric as represented by the model.



Chapter 6
Aerodynamics modelling

In the frame of the present study, improved atmospheric density models shall be
derived from direct deceleration measurements on satellites. Therefore accurate
methods are needed to calculate the aerodynamic and radiation forces acting on
these satellites.

This chapter starts with a survey that gives an overview over the different
methods for the modelling of satellite surfaces and for the calculation of aerody-
namic and radiation forces.

The complexity level of the methods varies from very simple to very detailed
models and algorithms. This survey is a documentation of the state of the art of
aerodynamic and radiation force algorithms and a selection of the method best
suited for the calculations to be carried in frame of this study.

At the end of the chapter, the selected models and calculations will be de-
scribed in detail.

6.1 The high altitude atmosphere and the satellite flow regimes

The aerodynamic actions on a body depend generally on:

Physical properties of environment through which the body is moving

Geometry and physical surface conditions of the body

Velocity of body relative to environment

Orientation of body relative to velocity vector

Behaviour of the resulting flow around the body

The flow behaviour and the appropriate analysis methods depend on flow
regimes, which are characterized by fluid dynamic similarity parameters like
Mach- and Reynolds number or speed ratio and Knudsen number.

In order to determine the satellites flow regime [Bird, 1994; Koppenwallner,
1989] we have to relate characteristic quantities of the flying objects to quantities
in the ambient atmosphere. The relevant quantities of satellite and atmosphere
are summarized in Figure 6.1 and in the following lists:

Satellite quantities:

– Length L
– Velocity V

Atmospheric quantities:

– Mass- and particle number density ρ and n

99
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Figure 6.1 Important vehicle and atmospheric quantities

– Temperature T
– Molecular mass M
– Composition xi

Related atmospheric quantities like

– Molecular mean free path λ:

λ =
1√
2

1
n

1
πd2

M
(6.1)

– Mean thermal speed c�:
c� =

√
2RT (6.2)

Figure 6.1 also shows that the aerodynamic reference is usually fixed to the
body. Thus an observer on the body is approached by a flow with direction op-
posite to the flight velocity vector.

6.1.1 The high altitude atmosphere

Figures 6.2 and 6.3 show with demonstrative examples the strong property vari-
ation of the high atmosphere according to the CIRA-72 model [Jacchia, 1972] (see
also Chapter 2, and specifically Section 2.5.1). Figure 6.2 shows the strong density
and temperature variation with the solar cycle. Figure 6.3 shows the mean molec-
ular mass and its strong decrease with altitude, which is caused by the relative
increase of atomic oxygen and components with low molecular mass.

Of importance for the aerodynamic flow regimes are the mean free path (Fig-
ure 6.4) and temperature in connection with the molecular mass M. These quanti-
ties determine the characteristic similarity parameters and therefore also the flow
behaviour.

One basic assumption underlying all aerodynamic models is, that the vehicle
is flying through a neutral atmosphere, which is in thermal equilibrium. As aero-
dynamics is treated from an observation point on the vehicle, atmospheric winds
are only components of the velocity vector.
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Figure 6.2 Density (left) and temperature (right) versus altitude.
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Fig. 5 Mean atmosphere composition versus altitude 
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Figure 6.3 Mean molecular mass (left) and mean atmospheric composition (right) versus altitude.



102 Aerodynamics modellingHTG State of the art surface force modelling of satellites  Page 6 

TN WP 2300  

 

 Fig. 6  Mean free path and number density versus altitude 
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Figure 6.4 Mean free path and number density versus altitude

6.1.2 Knudsen number, molecular speed ratio and flow regimes

The Knudsen number and free molecular flow

The Knudsen number relates the vehicle size given by a characteristic length L to
the mean free path of the atmospheric particles λ and is defined as:

Kn =
λ

L
(6.3)

It is of importance that we are only interested in satellites orbiting above 200 km
altitude, with a mean free path of λ > 240 m (see Figure 6.4). For all vehicles with
L < 24 m we reach the condition Kn > 10 above 200 km altitude.

For Kn � 1 we have a limiting case of flow in which the non dimensional
aerodynamic coefficients CF and CM are independent from the Knudsen number.

Due to Kn � 1 the atmospheric free stream molecules reach the body without
collision with body reflected molecules. This type of flow is usually named free
molecular flow. An observer In the flow field of the body can in this case only
discriminate the following two type of particles

1. Atoms or molecules arriving from the undisturbed atmosphere (free stream).

2. Atoms or molecules arriving from the vehicles surface

Molecular speed ratio

The molecular speed ratio S relates the vehicle velocity V to the mean thermal
speed c� of the undisturbed atmosphere and is defined as:

S =
V√
2RT

(6.4)

with R the specific gas constant;
For free molecular flow, the molecular speed ratio has a similar importance

as the Mach-number in continuum flow. The typical values and variation of S is
shown in Figure 6.5 and can be derived from the following inputs:
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Figure 6.5 Variation of molecular speed ratio S for spacecraft in a circular orbit.
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Figure 6.6 Speed ratio S and molecular spreading.

Average satellite speed of 7600 m/s

Atmosphere temperature and molecular mass from Figures 6.2 and 6.3.

Figure 6.5 shows that for orbits between 200 and 500 km, we can expect a speed
ratio variation between 5 < S < 12. The molecular speed ratio S considers that
the vehicle is moving with velocity V in an environment of gas particles, which
have:

Velocity directions randomly distributed in space

Velocity magnitudes c given by the Maxwellian distribution function, with c�
as the most probable value.
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Figure 6.7 The sources of action on a surface element in free molecular flow.

Figure 6.6 explains this and the concept of a molecular Mach angle µ, which de-
fines a mean spreading angle of molecules approaching the vehicle.

In analogy to the use of the Mach number in continuum flow, we can also
define velocity flow regimes with the speed ratio S [Schaaf and Chambré, 1961],
namely:

Subsonic or sub-thermal flow: S < 1; V < c�

Supersonic or super-thermal flow : S > 1; V > c�

Hypersonic or hyper-thermal flow: S >> 1; V >> c�

Ultimate hyper-thermal: S = ∞; V = ∞, or c� = 0

For S = ∞, we again approach a limiting flow case namely speed ratio inde-
pendence. Speed ratio independence means that all particles approach the vehicle
with uniform parallel velocity directions. As a result, the aerodynamic coeffi-
cients become independent of the speed ratio S. It must however be pointed out
that the speed ratio value S, at which this limiting case is approached, depends
strongly on the body shape.

6.2 Important phenomena in free molecular flow

6.2.1 The force contributions due to incident and reflected fluxes

It is common practice [Bird, 1994; Schaaf and Chambré, 1961; Kogan, 1969] to split
aerodynamic action on a surface element into a contribution due to incidence
i and a contribution due to reflection r. On convex body shapes all incident
molecules arrive directly from the ambient air and leave after collision into the
atmosphere. Concave surface elements will also be impinged by molecules re-
flected from wall elements, which can be mutually viewed. Figure 6.7 explains
this situation.

The local forces on a surface element dS are usually split up into a component
normal to the surface, namely surface pressure p, and a tangential component τ,
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Figure 6.8 The sources of action on a surface element in free molecular flow.

located in the incidence plane. Figure 6.8 explains the local coordinate system
of a surface element dS with incidence angle θ and shows directions of the local
pressure p and shear stress τ.

The local pressure and shear stress with contribution from incident and from
reflected flux can be expressed as follows:

Surface pressure:
p = pi + pr (6.5)

Surface shear stress:
τ = τi − τr (6.6)

Pressure and shear stress are a result of normal and tangential momentum
exchange with the surface and the resulting body action is obtained as balance
between impinging and reemitted momentum flux.

pi and τi are a result of normal and tangential momentum of impinging parti-
cles. pr and τr are a result of normal and tangential momentum of the reemitted
particles.

This necessary split up separates satellite aerodynamic analysis into two dif-
ferent areas:

a. The well established area of gas kinetics to determine incident fluxes.

b. The area of gas-surface physics, which determines the interaction of high
speed gas particles with a surface.

Form a gas kinetic point of view [Patterson, 1956] case b is solved, if the velocity
distribution function f r of the reflected particles is given as function of incident
velocity distribution f i and the state of the surface.

According to kinetic theory, the momentum flux due to incident and reflected
particles is given by moments over the corresponding velocity distribution func-
tion f [Kogan, 1969; Patterson, 1956].

The resulting moments for convex bodies are given below.

pi =
+∞�

−∞

+∞�

−∞

+∞�

0

mξ1ξ1 · fidξ1dξ2dξ3; τi =
+∞�

−∞

+∞�

−∞

+∞�

0

mξ2ξ1 · fidξ1dξ2dξ3 (6.7)



106 Aerodynamics modelling

pr =
+∞�

−∞

+∞�

−∞

+∞�

0

mξ1ξ1 · f rdξ1dξ2dξ3; τr =
+∞�

−∞

+∞�

−∞

+∞�

0

mξ2ξ1 · frdξ1dξ2dξ3 (6.8)

For incident particles the function fi is the velocity distribution of the at-
mospheric particles, which, due to the assumption of thermal equilibrium, is
Maxwellian. For a flowing gas this distribution is given below in rectangular
velocity coordinates ξ1, ξ2, ξ3.

f (ξ1, ξ2, ξ3) =
dn

dξ1dξ2dξ3
=

1
π3/2

n
c�3

exp− 1
c�2

[(ξ1−V1)2 +(ξ2−V2)2 +(ξ3−V3)2]

(6.9)
The velocity distribution fr of reflected particles depends on surface material,

gaseous interface layer on the surface and on the incidence direction. The relation
between fi and fr is unknown beforehand and has to be solved by models and
experimental input data.

Sentman [1961] used, in an identical approach, a differently located coordinate
system and obtained moment integrals for resulting drag and lift contributions of
local flat surface elements. Therefore, his results are also exact within the physi-
cal assumptions of kinetic theory for panel elements and diffuse reflection. After
coordinate transformation, Sentman’s solutions give identical results as the mo-
ment integrals (6.7) and (6.8).

6.3 Gas surface interaction (GSI) and satellite aerodynamics

6.3.1 GSI and the modelling levels

The limited knowledge of the actual gas surface interaction at orbital conditions
is one of the mayor error sources in satellite drag prediction. Extensive reviews
on GSI and satellite aerodynamics have been prepared by Frank Hurlbut [Hurl-
but, 1985, 1989, 1994]. The principal question of gas-surface interaction can be
reduced to the scattering of a molecular beam from a surface element as shown
in Figure 6.9. This interaction is usually described by models which rely on ex-
perimental verification and input data.

GSI models and also the experimental verification approach can be divided
into 3 levels:

Level 1 Micro level for experiments and models: This approach is based on
a molecular description with the aim to provide the velocity distribution of
reflected particles as a result. The corresponding experiments need molecular
beam facilities and diagnostics for the reflected particle flux in the whole view
angle field.

Level 2: Local action level for experiments and models: In this case, resulting
surface actions due to an impinging and reflected molecular beam are inves-
tigated and modelled. Surface actions are normal force, tangential force and
the energy flux.

Level 3: Integral action for experiments and models: In this case, complete
bodies are tested in wind tunnels or lab experiments (e.g. heated wires)
with the aim to deduce from drag- ,lift-force or from heating, the parameters
needed in GSI models.
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Figure 6.9 The basic question of gas-surface interaction.

6.3.2 Some relevant GSI models

The Maxwell model

This model [Schaaf and Chambré, 1961] assumes that one fraction σ of the incident
flux is reflected diffusely according to wall temperature Tw and the remaining
fraction 1− σ is reflected specularly. The model is explained in Figure 6.10

σ is the fraction of diffuse reflected flux;

1− σ is the fraction of specular reflected flux.

σ = 1 gives complete diffuse reflection

σ = 0 gives complete specular reflection.

0 < σ < 1, represent intermediate cases with partially diffuse, partially spec-
ular reflection.

This Maxwell model fulfills the level 1 requirement, as it provides the distribu-
tion function of reflected particles. The diffuse reflected particle fraction has the
distribution function according to wall condition (nw,Tw). The specular reflected
particle fraction keeps the distribution function of incidence with modification of
ξ1,r = −ξ1,i. In principle, the model needs only one empirical input parameter σ.

The modified Maxwell model

There exists also a modified Maxwell model, which assumes that the diffusely
reflected fraction has a thermal velocity based on a temperature TR, which might
be different than Tw. This means that the diffusely emitted particles have been
accommodated at the wall to temperature Tr.
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Figure 6.10 GSI models of Maxwell and Nocilla.

Schaaf-Chambré model

This model by Schaaf and Chambré [1961] considers the momentum and energy
exchange between molecules and the surface and belongs therefore to the level
2. It needs the following three exchange coefficients, each with a value between
zero and one:

σN is the coefficient for normal momentum exchange

σT is the coefficient for tangential momentum exchange

σE is the coefficient for energy exchange (sometimes also denoted by αE)

The definition of these coefficients is as follows

σN =
pi − pr

pi − pw
; σT =

τi − τr

τi − τw
; σE =

ei − er

ei − ew
(6.10)

Where the index r denotes the actual reflection, w the diffuse reflection. For
σN = σT = σE, the Schaaf-Chambré model provides the same local forces as the
Maxwell model with identical σ.

The original Nocilla model

This model is explained in Figure 6.10 as well. The model and its extensions
[Nocilla, 1963, 1972] describe the reflected flux with lobe structure and represent
the physically most relevant Level 1 models. The reflected flux with lobe like
structure is given by a Maxwell distribution imposed on a macroscopic velocity
vr at an angle θr against the surface normal. The model needs 4 input parame-
ters in total. The advantages of this model are its physical relevance, its simple
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mathematical treatment and computational realization. The disadvantages are
the 4 input parameters, which have to be determined by experiment, or just se-
lected by the user. The model allows also the limiting case a completely diffuse
reflection

The Hurlbut/Sherman/Nocilla HSN model

Based on experimental data, Hurlbut and Sherman [Hurlbut, 1989] improved
the Nocilla model and reduced the input parameters from 4 to 3. They give the
following dependence between incident and reflected flux:

θr = −θi (6.11)

Sr(θi) = Sr0

2θi
π

(6.12)

σe(θi) = σe0

�
1− 2θi

π

�
(6.13)

Sr < S (6.14)

Hurlbut showed that the parameters defined in equations (6.11)-(6.14) can be de-
rived from the Schaaf/Chambré accommodation coefficients defined in equation
(6.10).

Nocilla/Musanov /Freedländer model

In principle, this is a Nocilla model with the original Nocilla parameters derived
from momentum exchange measurements. The advantage of this model is the
experimental data base. Freedländer investigated the momentum exchange on
large set of materials used on spacecraft and related four exchange coefficients
at, an, bn and bt to the Nocilla parameters. This model is also used in the HTG
RAMSES system [Koppenwallner, 1999].

The Schamberg Model

Schamberg is an early approach to relate the reemitted flux to the incident flux
direction. The model treats incident flow as uniform and parallel (infinite speed
ratio) and it corrects thermal motion by a Joule gas approximation. The model is
sketched in Figure 6.11 and relates the reflected flux with the following 3 param-
eters to the incidence direction.

ν defines the mean reflection angle as a function of the incidence angle. e.g
cos θr = cos θν

i .

φ0 is the half beam width angle containing all reemitted particles; φ0 is centred
at θr.

Vr is the velocity of reemitted particles, which is determined by the incident
velocity Vi and the energy accommodation coefficient αE, as defined in equa-
tion (6.10).

Vr

Vi
=

�
er

ei
=

�
1 + αE(

eW
ei
− 1) (6.15)

with
eW
ei

=
Tw

Tkin,i
(6.16)
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Figure 6.11 The Schamberg re-emission model.

and
ei =

3
2

RTkin =
1
2

V2
i (6.17)

one obtains:

Vr = Vi

�

1 + αE

�
3RTW

V2
i
− 1

�
(6.18)

Sutton [2009] uses a combination of Sentman aerodynamics with Schamberg
gas surface interaction model and gives in his recent publication the following
different relation between Vr and Vi:

Vr = Vi

����2
3

�
1 + αE

�
3RTW

V2
i
− 1

��
(6.19)

The Model of Cook

The Cook method has been widely used by groups deriving atmospheric density
from satellite decay observations. Cook used the Schamberg model in two lim-
iting cases and derived simple formulae for satellite drag prediction, which are
based on flow projected flat surface areas and speed ratio S = ∞.

Case a): Diffuse angular type reflection pattern with identical Vr for all parti-
cles. In the Schamberg model this corresponds to θr = 90◦ and φ = 90◦ and
Cook names this case accommodated diffuse reflection.

Case b): Specular reflection pattern with identical Vr for all particles. In the
Schamberg model this corresponds to θr = θi and φ = 0◦ and Cook names
this case accommodated specular reflection.

In both cases Vr is related to Vi and to the energy accommodation coefficient by
equation (6.18). Figure 6.12 sketches the Cook reflection patterns a) and b) as a
function of the energy accommodation coefficient.

Cook also uses the simple surface lattice model, which predicts the thermal
accommodation as function of mass ratio µ between incident and wall particles:

αE =
2µ

(1 + µ)2 (6.20)
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Cercignani/ Lampis model with scattering kernel

The scattering kernel gives the probability that an impinging molecule is re-
emitted with velocity c. With this approach, re-emission models can be con-
structed, which can approximate the results of experiments. The model was
tested in some cases and could reproduce experiments by proper parameter ad-
justment.

6.3.3 Experimental investigations

Numerous experiments have been conducted in the past in order to quantify the
input parameters for GSI models. Experiments on technical surfaces and mod-
erate incidence speed usually confirm an almost diffuse or lobe-like reflection
which can be described by Maxwell or modified Nocilla models.

Worth mentioning in this context are the excellent wind tunnel experiments
of Legge [Legge et al., 1991], who determined the thermal and momentum accom-
modation coefficients on technical surfaces. The experiment showed that the co-
efficients are on average smaller than 1. These experiments have been conducted
with incidence speed of V < 2000 m/s and are therefore not representative for
orbital conditions.

Only a very limited set of experiments simulates incidence speeds represen-
tative for satellites. Worth mentioning are Musanov et al. [1985], Collins and Knox
[1994], Cook and Hoffbauer [1997], Cook et al. [1995].

Within the frame of an ESOC contract [Johannsmeier et al., 1989], HTG anal-
ysed the drag coefficient of several orbiting satellites and compared the analy-
sis results with drag coefficients determined by ESOC from decay observations.
Figure 6.13 shows, as an example, the results of KOSMOS 1870, which was of
interest due to its aligned flight orientation and due to its large solar arrays. Rea-
sonable agreement is obtained with the Schaaf-Chambré model using σT = 1 and
0.5 < σN < 1, which is a reflection close to diffuse. Bowman and Moe [Moe et al.,
1998; Bowman and Moe, 2005; Moe and Bowman, 2005] used satellite orbit decay
observations as inputs for improved drag and gas surface interaction modelling.
Gas surface interaction is one important research field of rarefied gas dynamics.
The published proceedings of the 25 biannual symposia contain more than 400
contributions on GSI and reflect therefore the scientific effort and the still limited
progress during the last 40 years.
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Fig. 15 KOSMOS 1870 drag coefficient, flight deduced value and CFD analysis 

Figure 6.13 KOSMOS 1870 drag coefficient, flight deduced value and CFD analysis.

6.3.4 The use of GSI models in aerodynamic analysis methods

GSI models are used in the aerodynamic analysis to determine the local force
contributions due to re-emission. Therefore each aerodynamic analysis method
has to be adopted to the specific GSI model to be used.

All gas surface interaction models of level 2, which relay on the resulting ac-
tion on surface elements, can only be used for convex shapes, where no infor-
mation on the scattered flux is required. Concave shapes can only be treated by
simplification of the aerodynamic analysis.

GSI models of level 1, which provide velocity distribution function of reflected
molecules, have the advantage that they can be used for all body shapes and in
all type of analysis methods e.g local panel methods and Test Particle Methods
and even DSMC methods.

6.4 The aerodynamic analysis methods

The aerodynamic analysis is usually conducted in the following two steps:

1. Calculation of local pressure and sheer stress

2. Integration of local forces over surface in order to obtain the overall forces and
moments.

The step 2 integration can only for a very limited range of shape elements be
conducted analytically. For most practical applications the integration has to be
done numerically. Therefore a panelized model of the spacecraft is an important
prerequisite for accurate aerodynamic analysis.
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6.4.1 Local pressure and shear stress according to kinetic theory

As explained in section 3 the local surface actions are determined by moments of
the requested quantity over the distribution function. This triple integrals have
been solved for convex shapes and the results are given with usual nomenclature
(e.g. [Bird, 1994; Kogan, 1969]) in this section.

As GSI imposes the dominant error source in the force analysis of satellites
the contributions of incident and reflected particles are strictly separated in the
following. This separation should during the course of the project facilitate sen-
sitivity analysis of drag on GSI uncertainty.

The following moment integral solutions are based on the Maxwell gas sur-
face interaction model.

Pressure contribution of incident particles

cpi =
pi
q∞

=
1√
πs2

∞
Π(SN) (6.21)

Pressure contribution of reflected particles according to the Maxwell model (spec-
ular and diffuse components):

cpr =
pr

q∞
=

1
S2

∞

�
1− σ√

π
Π(SN) +

σ

2

�
Tw

T∞
∗ χ(SN)

�
(6.22)

cp =
p

q∞
=

1
S2

∞

�
1√
π

Π(SN) +
1− σ√

π
Π(SN) +

σ

2

�
Tw

T∞
∗ χ(SN)

�
(6.23)

Local shear stress due to incident particles:

cτi =
τi
q∞

= sin(θ) ∗ 1�
pi

χ(SN)
S∞

(6.24)

Local shear stess due to reflected particles:

cτr =
τr

q∞
= 0− (1− σ) ∗ sin(θ) ∗ 1√

π

χ(SN)
S∞

(6.25)

cτ =
τ

q∞
= sin(θ) ∗ 1√

π

χ(SN)
S∞

[1− (1− σ)] (6.26)

with q∞ representing the dynamic free stream pressure:

q∞ =
1
2

ρ∞V2
∞ , (6.27)

SN designating the normal component of S∞:

SN = S∞ cos(θ) , (6.28)

the particle flux function χ(SN):

χ(SN) = e−S2
N +

√
πSN

�
1 + erf(SN)

�
, (6.29)

and the pressure function Π(SN):

Π(SN) = SNe−S2
N +

√
π

�1
2

+ S2
N

��
1 + erf(SN)

�
. (6.30)

As already mentioned, the integration of the exact local force coefficients over
the surface of general body shapes is only possible for very limited shapes at zero
angles of attack. A summery list of resulting drag formula for shapes like e.g.
plates, sphere, cylinder, cones can be found in [Koppenwallner, 1999].
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6.4.2 Hyper-thermal flow and approximations to local surface forces

These approximations can be derived from the exact expressions as asymptotic
solutions. In the exact formula the local surface element dS and its exposure to
the flow are characterized by

The free stream speed ratio S∞.

The normal component of S to the surface element given by

The hyper-thermal flow of blunt bodies given by: S∞ >> 1, S∞ cos(θ) > 1

The approximations are derived by use of the limiting values of the error function
in the particle flux and pressure functions. The expressions for pressure and shear
stress reduce to the following simple formula:

cp =
p

q∞
= 2 cos2(θ) + 2(1− σ) cos2(θ) + σN

√
π

cos(θ)
S∞

�
TW
T∞

(6.31)

cτ =
τ

q∞
= sin(θ) cos(θ)

�
1− (1− σ)

�
(6.32)

These expressions can be integrated over many body shapes and served therefore
as basis for the derivation of simple drag formula [Moe et al., 1998].

For blunt body shape like sphere, blunt cones or cylinder in cross flow these
equations give already for S > 5 excellent approximations for the drag [Koppen-
wallner, 1989, 1999].

The approximations fail however completely for drag prediction of slender
bodies like a plate parallel or slightly inclined to the flow. In these cases the sec-
ond basic assumption of S∞ cos(θ) > 1 is usually violated. Therefore the use of
hyper-thermal approximations has to be carefully checked concerning its appli-
cation limit.

The hyper-thermal flow of slender bodies given by : S∞ >> 1

The derivation is based on a linear approximation of the error function at its zero
passage. For particle flux, pressure function and the local coefficients results then:

χ(SN) = 1 +
√

πSN (6.33)

Π(SN) =
1
2
√

π + 2SN (6.34)
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cτ =
τ

q∞
= sin(θ) ∗ 1√

π

1 +
√

πSN

S∞

�
1− (1− σ)] (6.36)

These expressions give linear approximations for small positive or negative in-
cidence. For surfaces parallel to flow with SN = 0 the following exact formula
result:

cp =
p

q∞
=

1
2S2

∞

�
1 + (1− σ) + σ

�
Tw

T∞

�
(6.37)
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Figure 6.15 Shape composition methods

and
cτ =

τ

q∞
=

1√
π

1
S∞

�
1− (1− σ)

�
(6.38)

The importance of blunt and slender body hyper-thermal flow is best explained
by a flat plate with finite thickness as shown in Figure 6.14. Drag of the parallel
flow aligned surface become equal to the front rea drag for L/d =

√
πS.

6.5 Methods for integral forces and moments of satellites

We have to distinguish between convex and concave shapes.

6.5.1 Methods for convex shape aerodynamics

For convex shapes the local aerodynamics is applicable and therefore shape com-
position methods and panel methods can be applied e.g. [Johannsmeier and Kop-
penwallner, 1990; Bruinsma and Biancale, 2003].

The shape element composition methods

In this case the satellite is reconstructed by shape elements as shown in Fig-
ure 6.15, and the local aerodynamic coefficients of the elements are summed up
in order to get the overall aerodynamic forces. Shape composition is a simple and
often used procedure but usually limited to drag calculation. Only with special
procedures the calculation of lift coefficients can be included [Johannsmeier and
Koppenwallner, 1990].
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Figure 6.16 Typical panelized primitives for satellite shape construction

The flat panel methods

For satellite shapes composed of flat surface panels the formula of Cook [1965] and
Sentman [1961] can be applied to calculate the overall drag and lift coefficient. In
both cases the total force coefficient is given by summation of all individual panel
contributions. As Cooks drag formula is based on hypersonic blunt body flow,
surfaces parallel to the flow will not contribute to the drag force. This has to be
considered when studying publications based on Cooks method e.g. [Bruinsma
and Biancale, 2003].

The Sentman panel formulae are derived for diffuse reemission with tempera-
ture ratio Tr/Ti. Thus the diffusive Sentman formulae are equivalent to standard
gas kinetic formulae with TW/T∞ replaced by Tr/Ti and diffuse re-emission with
σ = 1 ( equ.13 - 28). In Sentman’s formulation, Ti corresponds to the free stream
atmospheric static temparature T∞. In order to determine in the original Sent-
man formulation the diffuse reflection temperature Tr, a relation between Tr and
the energy accommodation coefficient αE, as postulated by Cook’s version of the
Schamberg model, has been introduced by Moe and Moe [Moe and Moe, 2005].

Vr

Vi
=

2
3

�
1 + αE

�
Tw

Ti
− 1

��
(6.39)

In this formula, Ti corresponds however to the incident kinetic temperature Tkin,I
given by equation (18). Thus care is necessary in order to avoid correct inter-
pretations of Ti. According to our derivation Vr/Vi by equation 37 replaces in
the Sentman formula the following term in the force contribution of re-emitted
particles:

Sentman

�
Tr

Ti

1
S

replacedby
Vr

Vi
(6.40)

With this replacement in the Sentman formulation, force formula as given by Moe
are obtained.

Panellized surface methods

In this method the surface of first and second order geometries is reproduced
by partition into small triangular panels. The degree of partition determines the



6.5 Methods for integral forces and moments of satellites 117

accuracy of shape reproduction. For each panel element the local pressure and
shear stress are calculated with free molecular formula. Typical examples of such
methods are the RAMSES an ANGARA code of HTG [Koppenwallner et al., 1994,
1995; Fritsche et al., 1998]. Figure 6.16 shows some panellized primitives, which
can be used to compose a complete satellite. The integral force and moments are
obtained by numerical integration of local panel forces and moments over the
whole surface.

�Faero = q∞

�

S
(cp�n + cτ�t)dS (6.41)

�Maero = q∞

�

S
(�r× cp�n +�r× cτ�t)dS (6.42)

In case exact local force formulas are applied, the numerical accuracy of this
method depends only on the triangulation fineness. The actual accuracy of aero-
dynamic force prediction is however restricted by the validity of the gas surface
interaction model and its input parameters.

6.5.2 Methods for concave shape aerodynamics

The general problem of concave shapes has already been addressed in Section 6.2.
The basic gas kinetic problems are:

The molecular shielding of local incident fluxes by surface elements which are
within sight of view.

The impinging fluxes of remitted molecules from surface elements within
sight of view.

These problems have been addressed in many standard text books (e.g [Kogan,
1969; Bird, 1994]) and for special cases, like concave corner flow, analytical solu-
tions have been derived e.g. [Koppenwallner, 1982; Koppenwallner and Wuest, 1979;
Koppenwallner, 1985].

Due to finite speed ratio, this problem is even more complicated as radia-
tion exchange between concave surface elements, and requires the solution of an
integral equation, which can only be achieved by iterative numerical procedures.
Therefore the following two approaches are available for concave SC aerodynam-
ics.

Approximate methods with panellized SC geometry

Monte Carlo test particle methods with panellized SC geometry

Approximate methods with panellized concave SC geometry

These methods are in principle based on a molecular shadow analysis. The molec-
ular shadow is determined by a speed ratio S = ∞ flow. Shadowed regimes are
free from particles and shadowed surface panels experience therefore no aerody-
namic forces. The local force calculation is performed on the following basis:

Not shadowed areas: p and τ based on convex pressure shear stress formula;

Shadowed areas: p = τ = 0

If the geometry is represented by panellized surface elements the shadow
analysis has to be conducted on panel versus panel level and can result in time
consuming analysis.
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Figure 6.18 Explanation of infinite speed ratio shadow model

Neglecting the thermal flow component, which allows particles at finite speed
ratio flow to penetrate into the S = ∞ shadow, produces the following errors:

Partial shielding of surface elements in concave regions is neglected

Multiple wall collisions of particles are not considered.

Unrealistic simplification, when applied to convex shapes

Figure 6.18 explains these error sources.
Infinite speed ratio shadow analysis is e.g. implemented as an option in the

analysis methods of RAMSES and ANGARA.
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Figure 6.19 The Monte Carlo test particle method (TPM).

The Test Particle Methods (TPM) for finite speed ratio flow

The principle of these methods is e.g. explained by Bird [1994] in his text book.
TPM is in principle restricted to free molecular flow. TPM simulates the flow
by tracing individual test particles on its passage through a control volume sur-
rounding the SC. For each particle, the resulting actions on a surface are recorded.
Reflection of the particles follows the selected gas surface interaction model and
each particle is traced till it leaves the control volume. Figure 6.19 explains the
principle of the TPM method, used in RAMSES [Koppenwallner et al., 1995] or
ANGARA [Fritsche et al., 1998]. The test particle flow into the control volume
through the six control surfaces is uniformly distributed on each surface. The ini-
tial velocities of started test particles are determined by a random number gener-
ator according to the velocity distribution valid on the selected surface.

For the two limiting flow cases of S = ∞ and S = 0 this means e.g: For S = ∞,
there is only particle inflow through the front control surface. In Figure 6.19, the
inflow probability through control surfaces are PX1 = 1; PX2 = PY1 = PY2 =
PZ1 = PZ2 = 0.

For S = 0, the inflow probability for all surfaces is equal: PX1 = PX2 = PY1 =
PY2 = PZ1 = PZ2 = 1

6 .
In order to reduce the statistical error of the results, large numbers of test par-

ticles or particle hits to the surface (e.g 100000) have to be traced. Codes like
RAMSES and ANGARA allow a direct control of the statistical error by continu-
ous particle tracing till the statistical error reaches a prescribed minimum value.

Figures 5.3 and 5.4 showed, as examples, the panellized models of the
CHAMP and GRACE satellites generated by the ANGARA code, whose aero-
dynamic behaviour was analyzed with this code using the test particle method.

6.6 Conclusions on aerodynamic analysis methods

Numerical analysis of aerodynamic forces and moments on satellites can be con-
ducted on several levels. There exist simple formula and methods which allow
fast drag estimates for simple shapes. If the satellite shape is complicated the
geometry shall be represented by panellized surfaces and local free molecular
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Figure 6.20 Relation of the velocity vector, panel unit normal vector, and the drag and lift unit vectors
used in the aerodynamic calculations for a single panel.

panel methods can be used. By a simple shadow method can this approach be
extended to treat also concave corner effects. Shadow models neglect however
the influence of multiple wall collisions.

A gas kinetic correct analysis of complex concave shapes can in principle only
be achieved by numerical Monte Carlo Test Particle Methods.

The mayor error source in aero force prediction results due to uncertainties
in the gas surface interaction process. The influence of these uncertainties on the
resulting aero forces is strongly shape dependent. Therefore a sensitivity of the
SC shape on gas surface interaction parameters shall be investigated.

It is also proposed to split the resulting aerodynamic forces up into a contri-
bution due to impinging molecules, which are not GSI dependent, and into the
force contribution due to particle reflection, which is strongly dependent on gas
surface interaction.

The code systems like RAMSES and ANGARA provide detailed physical
modelling of the spacecraft covering panellized surface geometry and the surface
properties. The code includes as analysis modules integrating panel methods,
with and without shadow analysis, and Test Particle Methods. Also the most rel-
evant gas surface interaction models are implemented in the force analysis. The
code system is therefore best suited for aerodynamic force calculations within the
study. It should be noted that similar universal codes are not available in Europe.

6.7 Implementations of aerodynamic models in the data
processing

6.7.1 Aerodynamics of a single panel, part 1: Sentman

For the aerodynamics of a single panel, Sentman’s equations [Sentman, 1961; Moe
et al., 2004] are used as the primary model. The calculation procedure starts with
some geometry, of which the symbols are explained in Figure 6.20. The unit vec-
tor in the drag direction �uD is determined from the relative velocity vector.

�uD =
�vr

|�vr|
(6.43)

The lift unit vector �uL is perpendicular to �uD and in the plane spanned by the
panel normal unit vector �uN and �uD.

�uL = �uD × (�uD)× �uN) (6.44)
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Sentman’s equations make use of the cosine γ of the angle between the inward
normal and the drag vector, and of the cosine l of the angle between the inward
normal and the lift vector. These are easily determined using their inner products.

γ = cos(θ) = −�uD · �uN , l = −�uL · �uN (6.45)

The minus signs appear because we define �uN as the panel outward normal.
The computation continues with the properties of the gas before and after its

interaction with the surface. The speed ratio S is computed as before in (5.9):

S =
vr�
2RT

m

(6.46)

The kinetic temperature of the incoming particles Tin can be calculated as

Tin =
mv2

r
3R

(6.47)

where m is the molecular mass of the incident gas atoms, vr is the relative velocity
of the gas with respect to the panel and R is the universal gas constant. The
composition of the atmosphere, which determines the value of m is taken from
the NRLMSISE-00 empirical model.

The value of Tin is used in the computation of the most probable velocity of
the re-admitted molecules vout

vout = vr

����2
3

�
1 + αE

� Twall
Tin

− 1
��

(6.48)

which is also determined by the accommodation coefficient αE and the panel’s
wall temperature Twall . A wall temperature of Twall = 273 K has been assumed.

The accommodation coefficient αE is a key variable in this satellite aerody-
namic model. It is defined as the ratio of the energy exchange that takes place
between the particles and the surface to the maximum energy transfer that could
take place. Values of αE can be found either by theory or experiment (see Cook
[1965], Moe et al. [2004], Moe and Moe [2005] and references therein), although the
experimental results for conditions encountered in Earth’s orbit are still sparse
and uncertain. For that reason, various fixed values, in the range of 0.6 to 1.0
have been tried.

A number of substitution variables can be used in order to come to a compact
representation of the drag and lift coefficient equations, of which a full derivation
is available in the report by Sentman [1961].

G =
1

2S2 , P =
1
S

exp(−γ2S2), Q = 1 + G, Z = 1 + erf(γS) (6.49)

(CD A) =
� P√

π
+ γQZ +

γ

2
vout

vr
(γ
√

πZ + P)
�

A (6.50)

(CL A) =
�
(lGZ) +

l
2

vout

vr
(γ
√

πZ + P)
�

A (6.51)

To clarify, the area A on the right side of these equations represents the true panel
area, as listed in Tables 5.2 and 5.3, while the products (CD A) and (CL A) are
computed as single entities, representing the drag and lift force divided by 1

2 ρv2
r .
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Now, (�CF A) for a panel can be computed by multiplying the drag and lift
coefficients with the flow-projected panel area, which is Aγ, and summing the
contributions vectorially.

(�CF A) = (CD A)�uD + (CL A)�uL (6.52)

6.7.2 Aerodynamics for a single panel, part 2: Cook

An alternative, more simple set of expressions for the drag and lift coefficients,
attributed to Cook [1965], has been used extensively in the literature on CHAMP
and GRACE data processing [Bruinsma and Biancale, 2003; Bruinsma et al., 2004;
Sutton et al., 2005]. Sutton et al. [2007] provides equations for both the drag and
lift coefficients, which have been implemented in order to be able to compare the
results. The equivalent equations to (6.50) and (6.51) are:

(CD A) =
�

2 + γ
4
3

�

1 + αE

�
Twall
Tin

− 1
��

Aγ (6.53)

(CL A) =
�

l
4
3

�

1 + αE

�
Twall
Tin

− 1
��

Aγ (6.54)

The values for CD and CL should be set to zero if the backside of the panel is
explosed to the flow, that is if γ < 0.

6.7.3 Mixed composition atmosphere

The next step in the force model calculations is to model the characteristics of the
space environment in a way that is as realistic as possible. This section will dis-
cuss how the mixed composition of the atmosphere has been taken into account
in aerodynamic calculations.

The values for the aerodynamic force coefficients times area (�CF A) found so
far, both from the ANGARA model and the panel model, are a function of the
molecular mass m of the gas. In reality, the atmosphere consists of a mixed com-
position. At the altitude of CHAMP and GRACE, atomic oxygen is the dominant
constituent, but major fractions of Nitrogen and Helium can also be present. The
force coefficient is a non-linear function of the molecular mass, so a summation is
used to account for the different contributions of the M atmospheric species with
index j.

(�CF A) =
M

∑
j=1

ρj

ρ
(�CF A)j (6.55)

The contributions for each of the species is weighted using its fractional mass den-
sity ρj/ρ, of which the value is taken from the NRLMSISE-00 empirical density
model. This empirical model was chosen because it incorporates a large database
of mass spectrometer data, and should therefore return more accurate informa-
tion on the atmospheric composition than models that are based mainly on satel-
lite drag data.

The aerodynamic calculation can now be completed. For ANGARA, equation
(6.55) can be substituted into (5.5):

�̈ra =
1
m

�
M

∑
j=1

ρj

ρ
(�CF A)j

�
1
2

ρv2
r (6.56)
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For the panels, a double summation is required, both over the atmospheric
species j, as in (6.55) and over the panels i, as in (5.11). The result is again substi-
tuted into (5.5).

�̈ra =
1
m

�
N

∑
i=1

M

∑
j=1

ρj

ρ
(�CF A)i,j

�
1
2

ρv2
r (6.57)

6.8 Aerodynamic modelling sensitivity analysis

Aerodynamic models for free molecular flow can depend on a number of input
parameters, such as the relative velocity, the energy accommodation coefficient,
and the temperatures and molecular masses of the wall and the atmosphere. In
this section, the equations for drag and lift on a flat plate by Sentman [1961] are
used to analyze several of these dependencies. The main assumption made by
Sentman was that the distribution of reflected particles was strictly specular. With
this assumption, his theory is exact, and the accuracy of the aerodynamic model
is strictly based on the accuracy of the input parameters.

The sensitivity analysis will start by using a simple 1 m2 surface element, to
gain more insight in the differences between the various models and the effect of
parameters, before moving on to the more complicated geometries of the CHAMP
and GRACE satellites.

6.8.1 Aerodynamic model

The first set of three test cases, displayed in Figure 6.21, compares the results for
the ANGARA model with those for the panel model using the equation of Sent-
man [1961] and Cook [1965]. Since the ANGARA model in this case uses complete
energy accommodation (α is fixed to 1), the results match well with those of the
other two models. The Sentman model allows a variable α, but always assumes a
complete diffuse re-emission of the particles. In ANGARA, which uses Maxwell’s
GSI model, the degree of diffuse or specular re-emission σ can be selected during
the model generation. In this work, the completely diffuse case has been selected,
to allow for a good comparison with Sentman’s model.

The three models show very similar results for the drag component, except
for the Cook model, around θ = 90◦, where the influence of the random thermal
motion of the gas is important. Since CHAMP and GRACE have several large
panels that are parallel to the flow, this subtle difference is very important for
density derivation.

The lift component for the three models shows larger differences over the full
range of incidence angles, with the ANGARA modelling resulting in significantly
higher lift values than Sentman and Cook.

6.8.2 Choice of energy accommodation coefficient

The discussion in the introduction shows that further investigation of the influ-
ence of the accommodation coefficient α is justified.

Moe and Moe [2005] have looked for specifying suitable fixed values of the
accommodation coefficient as a function of specific altitude ranges, based on data
from several satellites. It is therefore of significant interest to also analyze the
relation between fixed α values and the drag and lift coefficients.
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Figure 6.21 Comparison of aerodynamic drag (thick lines) and lift (thin lines) coefficients times
projected area, computed using the ANGARA software and according to the equations
of Sentman [1961] and Cook [1965], of a one-sided 1 m2 panel. The gray box in the left
plot is magnified in the plot on the right.

Panel

Figure 6.22 shows how the drag and lift coefficients of a flat panel change as a
function of the angle θ for three different fixed values of α. In general, smaller
values of α indicate that the particles have a larger remaining fraction of their
original kinetic energy when they leave the satellite surface, which, in combina-
tion with diffuse reflection, leads to significantly larger values of the drag and lift
coefficients. The effect on drag is largest at perpendicular incidence angles, and
disappears for grazing incidence angles, while the effect on lift is large over the
whole range of incidence angles.

CHAMP and GRACE

Figures 6.23 and 6.24 show the same figures, but for the complete panel models
of CHAMP and GRACE, respectively. The values in these figures are based on a
summation of values from Figure 6.22, with the values for each panel determined
by their angle θi, and weighted according to the panel areas Ai.

The main feature in these curves is caused by changes in the area, as the satel-
lite’s side-slip angle β increases. At β = 0◦, the flow-projected area is at a min-
imum, but when β = 90◦, the flow hits the side of the satellite, and the flow-
projected area is significantly larger. CHAMP has a smaller minimum area and a
larger maximum area, compared to GRACE, which is visible in these plots. Be-
cause of the satellite’s attitude control, the value of the side-slip angle β is usually
quite small, except during special manoeuvres. This is why a zoomed-in view is
provided in the right-hand panels of these figures.
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Figure 6.22 Comparison of drag and lift on a 1 m2 surface element (a one-sided flat panel) using
three fixed values of the accommodation coefficient.The determining parameters for the
aerodynamic model for this and the following plots are listed in the legends. These
values are typical average values for the height range of 250-450 km.
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Figure 6.23 As the previous figure, but for the CHAMP panel model.
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Figure 6.24 As the previous figure, but for the GRACE panel model.

6.8.3 Atmospheric composition dependency

The effect of atmospheric composition on the drag and lift calculations with Sent-
man’s model is now investigated. Initially, three theoretical cases are defined:

A pure atomic oxygen atmosphere,

A pure helium atmosphere,

An intermediate case with 20% helium and 80% oxygen.

Note that an atmosphere with pure helium is an extreme case which will not be
encountered at the altitudes of CHAMP, GRACE and Swarm. The pure oxygen
atmosphere is a nice simplification of the situation for these satellites for which
atomic oxygen is always the dominant constituent. In reality, there is a fluctuation
in the concentration of other species, such as N2 and He, which can easily reach
15%, and up to peaks of 30-50% during certain circumstances.

Panel

Figure 6.25 shows the results for the flat one-sided plate. The figure shows the
situation where α is set to a fixed value of 0.9, so that only the effect on the random
thermal motion of the atoms is of influence on the drag and lift magnitude.

CHAMP and GRACE

Figures 6.26 and 6.27 show the results of the same computations, but now for the
entire CHAMP and GRACE panel models, respectively.

Of special interest here is the comparison at small β angles of the cases with
a pure oxygen atmosphere and a mixed oxygen/helium atmosphere. It can be
seen in Figure 6.26 that the drag coefficient for the mixed atmosphere case is ap-
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Figure 6.25 Comparison of drag and lift on a 1 m2 surface element (a one-sided flat panel) for three
different atmospheric compositions.

proximately 10% higher than the pure oxygen case, leading to 10% lower density
observations.

The effect of composition on the sideways-force, shown in the bottom-right
frame of these figures, is of interest for the wind determination. It can be seen
that the sensitivity is much higher in the forward-flying configuration, compared
to the sideways-flying configuration. There is a maximum at an angle of about 15
degrees, and a minimum at 75 degrees.

Note that the mixed-composition case will be more prevalent at higher alti-
tudes and at low solar activity. Therefore GRACE and the higher Swarm satel-
lite will see larger variations in the molecular mass than CHAMP and the lower
Swarm pair, respectively.

6.8.4 Temperature dependency

The atmospheric temperature enters the drag and lift coefficient calculations in
the determination of the speed ratio. At higher temperatures, the atmospheric
molecules and atoms have a higher thermal velocity, and are more likely to hit
the spacecraft surfaces at grazing incidences. The sensitivity to temperature vari-
ations is initially investigated by using 500 K, 1000 K and 1500 K as test cases.
The error in the temperature output from empirical models such as NRLMSISE-
00, which is used as input in the processing, is unknown. Given that density
errors from that model are of the order of tens of percents, perhaps temperature
errors of the order of hundreds of Kelvin can be expected.

Panel

Figure 6.28 shows the effect of the atmospheric temperature on the magnitude
of the drag and lift for the single panel. The effect on drag is small overall, ex-
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Figure 6.26 Relative sensitivity to atmospheric composition of the CHAMP aerodynamic model.
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Figure 6.28 Comparison of drag and lift on a 1 m2 surface element (a one-sided flat panel) for three
different atmospheric temperatures.

cept at grazing incidences, where the random thermal motion of the gas becomes
important. The effect on lift is significantly larger than on drag at all incidence
angles.

CHAMP and GRACE

It is already clear from the analysis of the panel, that for long satellites with a
small frontal area, such as CHAMP, GRACE and Swarm, the density and wind
determination will be much more sensitive to temperature model errors than for a
relatively short satellite with a large frontal area. This is confirmed by Figures 6.29
and 6.30. For small side-slip angles, an increase (or decrease) with respect to the
1000 K reference value leads to an increase (or decrease) of about 10% in the drag
coefficient, and an equivalent decrease (or increase) in the accelerometer-derived
density. This sensitivity is also a function of the accommodation coefficient. If
CHAMP would be flying sideways, the sensitivty of the drag force to temper-
ature errors is reduced by about a factor of four. GRACE is less sensitive than
CHAMP in its nominal configuration, but a bit more when it would be flying
sideways. Note that there is also a sensitivity of a few percent in the sideways
force (the component of the aerodynamic acceleration in the body-fixed XY-plane
that is perpendicular to drag). This sensitivity disappears in the sideways flying
configuration. There is a maximum at a side-slip angle of about 10 degrees, and a
minimum at about 80 degrees for CHAMP. For GRACE, the effect of temperature
on the sideways force changes its sign at about 70 degrees sideslip.

Effect of wall temperature

Variations in the satellite wall temperature can be assumed to be much smaller
than that of the atmospheric temperature. The wall temperature enters the drag
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Figure 6.29 Sensitivity to atmospheric temperature of the CHAMP aerodynamic model. The absolute
drag and lift coefficients times area are shown at the top, while the relative changes in
the drag and sideways force with respect to a reference are shown in the bottom panels.
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Figure 6.30 Sensitivity to atmospheric temperature of the GRACE aerodynamic model. The absolute
drag and lift coefficients times area are shown at the top, while the relative changes in
the drag and sideways force with respect to a reference are shown in the bottom panels.
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and lift coefficient equations in the ratio Twall/Tin, where the kinetic temperature
of the gas Tin = mv2

r /3R is a very large number. Therefore, errors in the wall
temperature do not have a large effect on the drag and lift results, and they are
not further analysed here.





Chapter 7
Accelerometer calibration using

GPS tracking data

7.1 Calibration approach

7.1.1 Single satellite approach

This section describes the method to calibrate an accelerometer using GPS based
orbit determination. This method uses the accelerometer data instead of the usual
non-gravitational force models in the orbit propagation step of the orbit determi-
nation. A scale factor and bias for each accelerometer axis are estimated from the
GPS observations. The applied method is implemented in the GPS High precision
Orbit determination Software Tools (GHOST) [Montenbruck et al., 2005]. First an
overview of the standard orbit determination technique as implemented in the
reduced dynamic batch least-squares program GHOST is given. After that, the
extension of GHOST to accommodate accelerometer observations is discussed.
Finally, the practical implementation is discussed.

Least-squares orbit determination with piecewise constant empirical
accelerations

During the precise orbit determination process, the parameters of interest are it-
eratively adjusted by correcting their a priori values with the solution of a least-
squares system, built with all selected observations. These are undifferenced dual
frequency code and phase GPS measurements. Because of the dispersive nature
of the ionosphere, a linear combination of dual frequency measurements is used
to eliminate ionospheric path delays. The observations are modelled based on
known GPS satellite positions and clock offsets, using precise ephemeris and
clock products, determined by the International GNSS Service (IGS), or the Center
for Orbit Determination (CODE) in Bern, Switzerland when high rate 30 s clock
products are considered. The GPS data are edited using an a priori orbit deter-
mined from a dynamical smoothing of pseudo-range-based single point position
solutions. This processing scheme is presented in Figure 7.1.

During each iteration, the equations of motion of the satellite are numerically
integrated from the reference epoch to the subsequent observation epochs, to ob-
tain the residuals between the observations and the modelled measurements. At
the same time the partial derivatives of the state vector with respect to the dy-
namical trajectory parameters are obtained from the integration of the associated
variational equations [Montenbruck and Gill, 2000]. The gravitational and non-
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Figure 7.1 Processing scheme for GPS based precise orbit determination of LEO satellites using
the GHOST software

gravitational forces are modelled following the general discussion in Montenbruck
et al. [2005].

The estimation parameters consist of the receiver clock offset at each mea-
surement epoch and a carrier-phase bias for each continuous single GPS satellite
pass, and dynamical trajectory parameters, which are the spacecraft state vector
containing the spacecraft position and velocity at the reference epoch and em-
pirical accelerations, to compensate for deficiencies in the employed dynamical
force models. During normal orbit determination, force model coefficients scal-
ing the solar radiation pressure and atmospheric drag models are estimated as
well. When accelerometer measurements are used instead of non-gravitational
force models, the accelerometer calibration parameters are estimated instead, as
described in the next section.

Empirical accelerations are estimated as piecewise constant parameters in ra-
dial, transverse (along-track) and normal (cross-track) direction (RTN) in inde-
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pendent intervals of 600 s. This interval length is found to be the most suitable
for CHAMP- and GRACE-type orbits and is a compromise between computa-
tional effort and a sufficient sampling of the characteristic time scales of the dy-
namical model deficiencies [Montenbruck et al., 2005]. The empirical accelerations
are characterized by an expectation value of zero and an a priori variance which
constrains them [Jäggi et al., 2006].

Accelerometer calibration

The SuperSTAR accelerometers on board the GRACE spacecraft, manufactured
by ONERA, are successors of the STAR accelerometer flying on CHAMP [Touboul
et al., 2004]. The instrument principle relies on the measurement of changes in
electrostatic forces needed to maintain a proof mass in the center of a cage. The
center of mass of the proof mass is placed as close as possible to the center of
mass of the spacecraft. Both proof mass and spacecraft are therefore influenced
by the same gravitational forces. The non-gravitational forces act only on the
spacecraft and consequently on the instrument cage, inducing a movement of the
proof mass which is measured by capacitive detectors.

Because the voltages required to suspend the proof mass in a laboratory envi-
ronment are different from those in orbit, the instrument calibration parameters
are not known precisely at the time of launch. This leads to the necessity to deter-
mine calibration parameters when processing the accelerometer observations for
e.g. gravity field determination, atmospheric density retrieval [Bruinsma et al.,
2004] or precise orbit determination [Kang et al., 2006].

The calibration equation is formulated as:

�acal = �S ·�aobs + �B (7.1)

with �a a three-dimensional vector with the accelerometer observations in the
Spacecraft Reference Frame (XYZSRF) for the GRACE satellites and the Spacecraft
Frame (XYZS/C) for CHAMP (see Figure 4.9). �S represents a 3× 3 diagonal ma-
trix containing a scale factor in each direction, thus assuming no cross-couplings
between accelerometer axes, and �B the bias vector. The bias factor refers the ob-
servations to the correct absolute reference level, while the scale factor adjusts the
amplitude of the measured variations. Because the GRACE and CHAMP satel-
lites fly in a near-circular orbit, the described reference frames agree within a few
degrees with the radial/transverse/normal frame in which the empirical acceler-
ations are defined.

Note that the above equation is the same as the one that can be found in the
documentation for GRACE [Bettadpur, 2004], but the definition on the CHAMP
product is different [Förste, 2002]. It goes without saying that the application of
biases and scale factors should conform with the way they are determined, so
equation (7.1) will be used throughout the project.

When using the accelerometer observations for orbit determination the cali-
brated measurements are directly inserted into the equation of motion and the
scale and bias factors are estimated in the least-squares adjustment procedure.
The non-gravitational force models are no longer considered in the calculation of
the accelerations experienced by the spacecraft. Empirical accelerations are still
estimated, but with a reduced a priori variance, as drag and solar radiation pres-
sure models imply a higher amount of uncertainty compared to the direct mea-
surements of them with an accelerometer. The spacecraft equations of motion are
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defined and integrated in an inertial reference system, within GHOST realized by
EME2000 (mean equator and equinox of J2000). Therefore the measured acceler-
ations are transformed from the considered frame to the inertial reference frame
with attitude information obtained from star camera observations, provided as
quaternions. The variational equations are updated accordingly taking into ac-
count the proper transformation matrices.

When estimating the scale and bias factors in the reference frame directions,
the parameters in Y and Z direction are closely correlated with the initial state
vector. Furthermore the Y direction (out of plane) is the weakest bounded by the
dynamics. Therefore the scale and bias factors in Y and Z direction are tightly
constrained to their a priori values, leading to the necessity of good a priori val-
ues, especially for the bias factor. As mentioned above, the bias shifts the obser-
vations to the correct mean value. The determination of an a priori bias factor is
composed of two parts, given by the following equation:

�Ba priori = −�Sa priori mean(�ameas) + mean(�amodel) (7.2)

First the mean value of the accelerometer measurements�ameas is determined, and
subtracted from the observations, which shifts them to fluctuate around zero.
These corrected measurements are used as accelerometer observations in the POD
process. Second, the a priori bias factor is set to the mean value of the modelled
non-gravitational and empirical accelerations �amodel , calculated and estimated
with the standard reduced dynamic technique described above. This shifts the
accelerometer observations, corrected for their mean, to a magnitude which is
expected to be close to the correct value. The a priori scale factor is set to the
advertised values [Bettadpur, 2004; Förste, 2002].

Practical implementation of accelerometer calibration

In the current implementation, the satellite data are processed in batches of 24
hours. Each day, one scale and bias factor are estimated per instrument axis,
according to equation (7.1). This results in a daily set of calibration factors in the
Spacecraft Reference Frame (GRACE) or the Spacecraft Frame (CHAMP).

Empirical accelerations are estimated in batches of 600 seconds, with a priori
standard deviations of 5 nm/s2 in radial direction, and 10 nm/s2 in along track
and cross track direction.

The radial component of the CHAMP accelerometer instrument provides er-
roneous data due to an unforeseen techinical malfunction. For this reason, the
data from this accelerometer component should not be used for scientific stud-
ies. The correction to the erroneous CHAMP accelerometer data in Z direction
included in the accelerometer files is of poor quality and does not lead to mean-
ingful total accelerations. Therefore, an iterative procedure is followed, where the
accelerations acting on the spacecraft are modelled with the ANGARA software,
making use of density retrieved out of the calibrated accelerometer measurements
in X-direction. The Z-component of the accelerometer data is then replaced by the
modelled values, and the calibration is repeated with this corrected data set. This
approach results in more stable calibration parameters in the two other directions.

7.1.2 Multi-satellite approach

The Filter for Relative Navigation of Satellites [Kroes et al., 2005] is a tool for the
relative navigation of formation flying satellites with a smoothed Kalman filter
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resolving the double difference carrier phase ambiguities. This method results in
an overall 1-dimensional relative position precision under the 1 mm level, which
is more than an order of magnitude more precise than the absolute positions. The
filter processes single difference GPS pseudorange and phase observations and
uses (pseudo) relative spacecraft dynamics to propagate the relative states over
the observation epochs. In the approach presented here, no non-gravitational
force models will be applied. All differential non-gravitational accelerations are
then absorbed by the estimated empirical accelerations. This allows for an of-
fline determination of the scale factor and a differential bias for the accelerometer
onboard the two considered satellites, from these differential empirical accelera-
tions.

∆�aemp = �S1 ·�aobs,1 − �S2 ·�aobs,2 + ∆�B (7.3)

7.2 Single satellite calibration

7.2.1 Calibration parameters with varying scale factor

The accelerometer data of the CHAMP and GRACE satellites is processed, apply-
ing the same settings for the calibration parameters, which result in high-quality
orbits [Van Helleputte and Visser, 2008]. These amount to an a priori standard de-
viation for the scale factors of 0.1 for SX and 0.01 for SY and SZ and for the bias
100 nm/s2 for BX and 1 nm/s2 for BY and BZ, with X, Y, Z the spacecraft refer-
ence frame. The a priori bias in each direction is found by summing the mean
of the accelerometer data and the mean of the GHOST [Montenbruck et al., 2005]
modelled non-gravitational accelerations in the respective direction. The a priori
scale factor is set to the advertised values, which are listed in Table 7.1 [Bettadpur,
2004; Förste, 2002]. The malfunctioning of the Z direction of the accelerometer on
board of CHAMP is accounted for with modelled accelerations provided in the
accelerometer data files [Förste and Choi, 2005]. The CoG offset is considered to
be small and is not co-estimated in the orbit determination.

The 3D precision of the determined orbits with respect to external orbits de-
termined without accelerometer data are below 4 cm for the GRACE satellites,
and below 6 cm for CHAMP. The GRACE reference orbits are computed at JPL
and are part of the L1B products, CHAMP reference orbits were determined at
DEOS with the GEODYN software.

In Figure 7.2 the scale factor in X-direction and the bias parameters in X-, Y-
and Z-direction (of the SRF) are presented for the GRACE B satellite. The scales
in the other two directions are not included because these show little variation
with respect to the a priori values, because of the applied constraints. The solid
lines show the advertised values [Bettadpur, 2004], where it has to be mentioned
that their period of applicability is stated to be limited until November 1st, 2003.

CHAMP GRACE A GRACE B

SX 0.833 0.96 0.96
SY 0.875 0.98 0.97
SZ 1.0 0.94 0.92

Table 7.1 A priori scale factors



140 Accelerometer calibration using GPS tracking data

1 366 731 1096 1461

0.85
0.95
1.05

Sx
 [−

] 0.95+/−0.028

−700

−600

−500
Bx

9000

10500

By
 [n

m
/s

2 ]

03 04 05 06 07
−860

−760

−660

Year, GRACE B

Bz

Figure 7.2 Scale (X-direction) and bias factors in the SRF frame for GRACE B, compared to
advertised values (solid line)

However, it is clear that the user of the accelerometer data has to calibrate the
accelerometer measurements. What is immediately apparent when inspecting
the figure is the strong anti-correlation between scale and bias parameters. This
makes it not straightforward to address instrument behavior. The standard de-
viation of the scale factor here amounts to 0.028, where a more constant value is
expected. Apparently, this technique scales the non-gravitational force acting on
the spacecraft rather than the instrument measurements.

7.2.2 A constant scale factor

Because of the strong correlation between scale and bias, and because a compari-
son of the data with non-gravitational force models (e.g. eclipse transitions) indi-
cates that the scale is not expected to show large variations, another approach is
proposed, where the scale factor in all three directions is kept constant. The scale
factors are set equal to the advertised values, the result of an earlier calibration,
which were listed in Table 7.1. The a priori standard deviation of the bias param-
eters is the same as described above, so the value in the X-direction is a hundred
times larger than in the other two directions. The resulting bias values are now
much smoother, illustrated in Figure 7.3 with the bias parameter in flight direc-
tion for the CHAMP and GRACE spacecraft. All sequences show a clear trend,
and distinct jumps in the bias values are now visible. The outlier points may be
attributed to maneuvers or data gaps in the GPS or attitude data. Identification
of the features visible in this plot is subject of further research, but an initial com-
parison shows that it is likely that these can be associated with on-board software
updates, switching between the redundant chains of on-board hardware, resets
and on board temperature variations. In the case of the CHAMP time series,
the jumps and irregularities were recognized by the CHAMP project team, who
needed to include these in their bias function to get reasonable results (H. Lühr,
GFZ, private communication) and events during the first two years of the mission
are mentioned in [Perosanz, 2003]. The calibration parameters determined with
this method are applied for the density and wind retrieval.
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Figure 7.3 Bias in X-direction for GRACE and CHAMP, estimated with a constant scale factor

(1) (2)

SX [-] 0.97 ± 0.024 0.95 ± 0.015
SY [-] 1.04 ± 0.138 1.05 ± 0.149
SZ [-] 1.47 ± 1.07 1.0 ± 0.536
BX [nm/s2] -569 ± 11 -559 ± 7
BY [nm/s2] 9800 ± 1301 9904 ± 1408
BZ [nm/s2] -1105 ± 927 -702 ± 462

rms 3D [cm] 5.81 9.39

Table 7.2 Unconstrained estimation, (1) with empirical accelerations, (2) without

7.2.3 Unconstrained estimation

The approach presented in Section 7.1.1 relies heavily on a priori bias and scale
factors. Also, as seen above, better bias factors are obtained when keeping the
scale factor constant. Therefore the question arose how stable an unconstrained
estimation would be. If the accelerometer signal is strong, an unconstrained es-
timation without co-estimating empirical accelerations resulted in a stable scale
factor in X-direction (along-track). When estimating empirical accelerations, re-
sults got worse. Also in the other two directions an unconstrained estimation did
not lead to good scale factors, although the ones obtained by this approach can
still serve as a first guess when no information is available. The results are listed
in Table 7.2. Repeating this approach for the scale factor in X-direction for the
whole period available shows that only in the case of a strong signal a good re-
sult is obtained, see Figure 7.4, where also the formal error of this component and
the standard deviation of the accelerometer signal, a measure for its strength, are
included.
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Figure 7.4 Scale factor in X direction, obtained with unconstrained estimation, and associated
formal error and standard deviation of the accelerometer signal

7.2.4 Other tests

Variation of the orbit determination arc length

Three tests with a different arc length are conducted (with CHAMP data for the
period of day of year 200-365 in 2003): an arc length of half a day, 2 days, and
equal to an integer number of orbital revolutions, this number the closest to a
full day. The last test resulted in no significant differences in estimated scale and
bias parameters compared to the standard one day processing. Setting the arc
equal to half a day or two days has a bigger impact on the calibration parameters.
These are compared in Table 7.3 for the considered period. A shorter arc results
in a larger deviation in X-direction, and a smaller deviation for a larger arc. In
Y direction, the estimated scale factor deviates less from the a priori value for a
short arc, where for a longer arc the estimated value deviates more from the a
priori scale. Preliminary wind speed calculations suggested a lower cross-track
scale factor than the currently applied values. This together with the (slightly)
more stable estimation in X-direction pleads in favor of the longer arc estimation.
Because the small impact in flight direction however, the remaining uncertainty
in cross-track direction and the longer run-time, this approach is not applied to a
larger data set.

1/2 day 1 day 2 days

SX [-] 0.85 ± 0.03 0.85 ± 0.02 0.85± 0.02
SY [-] 0.83 ± 0.02 0.78 ± 0.03 0.73 ± 0.05
SZ [-] 1.0 1.0 1.0
BX [nm/s2] -2979 ± 84 -2982 ± 75 -2980 ± 62
BY [nm/s2] 239 ± 18 225 ± 18 208 ± 20
BZ [nm/s2] 9 ± 5 7 ± 5 4 ± 4

Table 7.3 Calibration parameters for varying orbit arc lengths



7.2 Single satellite calibration 143

mean [nm/s2] stand deviation [nm/s2]

CHAMP along-track 0.06 ± 0.1 10.9± 2.4
cross-track 0.35 ± 0.6 28.0 ± 2.3

GRACE A along-track 0.04 ± 0 4.4± 1.4
cross-track -1.04 ± 0.2 7.3 ± 1.5

Table 7.4 Variation of the estimated empirical accelerations

CHAMP GRACE A

SX [-] 0.84 ± 0.03 096 ± 0.015
SY [-] 0.52 ± 0.19 0.95 ± 0.093
SZ [-] 1.05 ± 0.38 0.95 ± 0.047
BX [nm/s2] -2964 ± 95 -1113 ± 22
BY [nm/s2] 135 ± 68 26948 ± 2644
BZ [nm/s2] 11 ± 61 -504 ± 26

Table 7.5 Calibration parameters for CHAMP and GRACE without estimating empirical
accelerations

Influence of the estimation of empirical accelerations

In the standard processing, empirical accelerations are still estimated to account
for deficiencies in the gravitational force models and in the case of CHAMP to
account for accelerations due to maneuver events, which are not included in the
accelerometer data (whereas these are present in the GRACE accelerometer data).
Because drag and solar radiation pressure models imply a higher amount of un-
certainty compared to the direct measurements of them with an accelerometer,
the a priori standard deviation of the along-track empirical accelerations is re-
duced to a value of 10 nm/s2, compared to about 30 nm/s2 in a standard reduced
dynamic orbit determination. As a result, the remaining estimated empirical ac-
celerations in along-track direction are small, where in cross-track direction their
pattern remains largely unaffected (comparing the case with and without applied
accelerometer data). However, the estimated empirical accelerations do not show
a significant mean value, which indicates that their estimation does not affect
the estimation of the accelerometer bias calibration factor. Table 7.4 summarizes
the mean and standard deviation of the remaining empirical accelerations for
CHAMP and GRACE A (for the year 2003), where the difference in magnitude
of the empirical accelerations is clearly visible.

A test is done without estimating empirical accelerations, for CHAMP and
GRACE A in the year 2003, where only the initial state vector and bias and scale
factors in three directions are estimated. The resulting calibration parameters
are presented in Table 7.5. The values in X-direction show little variation com-
pared to the case including empirical accelerations, where the parameters in Y-
and Z-direction show a larger variation, and in the case of CHAMP this variation
becomes high. The resulting orbit precision with respect to reference orbits now
amount to about 10 cm for GRACE orbits and around 30 cm for CHAMP orbits.
All this supports the difference in magnitude of the remaining empirical acceler-
ations presented in Table 7.4, and consequently the fact that maneuvers, which
occur frequently, are not included in the CHAMP accelerometer data.
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black only drag and solar radiation pressure

Improved a priori force models

The non-gravitational force models, implemented in the GHOST software and
applied to determine an a priori bias factor, as described in Section 7.1.1, only
consist of drag and direct solar radiation. Because in radial direction (instrument
Z-axis) the bias factor is tightly constrained to its a priori value, the calibration
is repeated for a selected period for GRACE B with an a priori model including
albedo radiation. The results are presented in Figure 7.5 and the effect in radial
direction is now visible, however there is (almost) no effect on the bias in the other
two directions. Therefore all the data available is not reprocessed in this way.

7.3 Multi-satellite calibration

The Filter for Relative Navigation of Satellites [Kroes et al., 2005] is a tool for the
relative navigation of formation flying satellites with a smoothed Kalman filter
resolving the double difference carrier phase ambiguities, resulting in a overall
1-dimensional relative position precision under the 1 mm level. The filter pro-
cesses single difference GRACE GPS pseudorange and phase observations and
uses (pseudo) relative spacecraft dynamics to propagate the relative states over
the observation epochs. Here, no non-gravitational force models are applied. All
differential non-gravitational accelerations are then supposed to be absorbed by
the estimated empirical accelerations, which are estimated every 10 seconds and
propagated over time using a Gauss-Markov process model with an autocorre-
lation time of 600 s. The analysis presented here focuses on the along-track ac-
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Figure 7.6 Along-track differential empirical accelerations, reference case
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Figure 7.7 Along-track differential empirical accelerations, no non-gravitational force modelling

celerations alone, as these are the best determined. The radial accelerations are
constrained to zero in the filter, and the cross-track accelerations are less observ-
able.

Figure 7.6 shows the along-track empirical accelerations when non-
gravitational force models are still applied, as a reference. It is clearly visible
that the estimated differential accelerations are very small. The fit of the relative
position with respect to the KBR data is 0.90 mm.

In Figure 7.7 the along-track accelerations are presented when no non-
gravitational force models are applied. Now the a priori and steady state stan-
dard deviation are increased, to account for the anticipated larger deficiencies
due to the not modelled non-gravitaitonal forces. The resulting empirical accel-
erations are larger in amplitude than in the reference case, and the frequency is
also higher. The fit with respect the KBR data is a bit worse, around 1.6 mm.

When comparing them with respect to the difference of the accelerometer
measurements of GRACE B minus the measurements of GRACE A (in the X-
direction of the instrument frame) the agreement is quite low, see Figure 7.8. Here
the mean value of the differential acceleration measurements is subtracted to fa-
cilitate comparison. The empirical accelerations have a clear sinusoidal pattern,
while the differential accelerometer measurements show a different pattern. Also
spikes are present in the latter, which are contributed to eclipse transitions, and
these short term variations are not caught at all by the empirical accelerations.
This is confirmed when zooming in to a timeframe of an hour, see Figure 7.9.

When looking at the spectrum of both sequences in Figure 7.10, the difference



146 Accelerometer calibration using GPS tracking data

0.0 2.0 4.0 6.0 8.0 10.0 12.0

−20

−10

0

10

20

Hour [h], DOY 189 2003, GRACE B

a T [n
m

/s
2 ]

Figure 7.8 Along-track differential empirical accelerations (black) and differential accelerometer
measurements (red)

180 190 200 210 220 230 240
−20

−10

0

10

20

Minute [m], DOY 189 2003, GRACE B

a T [n
m

/s
2 ]

Figure 7.9 Along-track differential empirical accelerations (black) and differential accelerometer
measurements (red)

between both is clear. The differential empirical accelerations still have a once
per revolution and 2 per revolution peak, agreeing with the sinusoidal pattern
visible in the above figures, while the differential accelerometer measurements
have peaks at higher frequencies, around 10−3 Hz.

As a final test, the autocorrelation time is decreased to 10 s to see whether
this has an influence on the differential empirical accelerations. As Figure 7.11
reveals, this is not the case. The same pattern as in Figure 7.7 is visible, so in the
case of relative navigation the autocorrelation time has no big influence on the
estimated empirical accelerations.

The differential empirical accelerations estimated by a relative filter can
not be applied for the calibration of differential accelerometer measurements.
Apparently the empirical accelerations do not represent true differential non-
gravitational forces and reflect more their stochastic properties of a means for
the filter to converge more easily.

Although the above shows that this technique doesn’t lead to a useful cal-
ibration, it has to be mentioned that the empirical accelerations are estimated
along the orbit, while the accelerometer measurements are taken in the instru-
ment frame, where the X-axis is not aligned perfectly with the along-track direc-
tion. Because the deviation is small for the GRACE satellites, not much benefit is
expected from aligning the differential accelerometer measurements to the along-
track frame. Furthermore, it can be checked whether low-pass filtered differential
accelerometer measurements agree better with the estimated empirical accelera-
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Figure 7.10 Spectral analysis of the along-track differential empirical accelerations (black) and
differential accelerometer measurements (red)
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Figure 7.11 Along-track differential empirical accelerations, 10 s autocorrelation time

tions, as these don’t show high frequency variations. Again no big improvement
is expected, as the patterns of both sequences are clearly different.

The conclusion is that the multi-satellite calibration by differential empirical
accelerations proves unreliable.

7.4 Implementation of calibration in the data processing

Since the calibration is based upon orbit determination runs that use GPS data
over daily arcs, the result is a time series of daily bias and scale factor values. Over
the course of the project, several versions of the calibration data have become
available, and these were post-processed in different ways, to get the most out of
the data. These have been given identifiers, such as R02, R03, etc., so that they
can be distinguished in the project’s database. Table 7.6 gives a description of
the evolution each of these calibration time series. Figure 7.12 gives a detailed
view of two of the bias time series for CHAMP, with known satellite events and
eclipse-free periods superimposed.
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ID Description

R01 First generation calibration time series, based on the nominal precise orbit deter-
mination configuration, and with estimation of both biases and scale factors - no
longer used in the data processing.

R02 Second generation calibration time series - with constant scale factor assumed,
and radial accelerations from models applied for CHAMP to replace the mal-
functioning accelerometer component for consistent orbital dynamics.

R03 Derived from R02, but with Y-axis calibration biases derived from non-
gravitational force models, where density estimates from the X-axis data are used
to model the Y-axis aerodynamic acceleration. The X-axis and Z-axis calibration
values are copied from the R02 series. This approach resulted in much improved
crosswind products from CHAMP data.

R02B Derived from R02, with a smoothing and editing algorithm applied. These val-
ues are applied using piecewise-linear interpolation, instead of the piecewise-
constant method of the earlier calibration data.

R03B Derived from R02B, but with Y-axis calibration biases again derived off-line from
non-gravitational force models. Subsequently, the smoothing and editing is ap-
plied again. These biases are also interpolated using a piecewise-linear variation
between the daily values.

Table 7.6 Descriptions of the identifiers used for the calibration time series used in the
accelerometer data processing.

Figure 7.12 Comparison of calibration time series. Vertical grey lines indicate known satellite events,
such as resets, software updates and switches of redundant electronics. The
yellow/orange areas indicate periods without eclipses.



Chapter 8
Density and wind determination

processing

8.1 Introduction

In the density and wind determination processing, the pre-processed data prod-
ucts of Chapter 4 are used and combined with inputs from Chapter 7 (calibration)
and Chapters 5 and 6 (force modelling) in order to derive density and wind data
from the accelerometer observations.

This chapter will start with an overview flowchart, which outlines the com-
plete data processing chain from preprocessed products to accelerometer-derived
density and wind products. In the remainder of the chapter, all the intermediate
and end products, and the algorithms to generate them, are described in detail.

8.2 Processing flow chart

A flow chart for the data processing is shown in Figure 8.1. The figure consists of
two sections, one resulting in the DENS DIRECT products and another, omitting
redundant detail, for the DENSWIND ITERATIVE products. The products that
resulted from the preprocessing of Chapter 4 are shown in a darker shade at the
top of the flow chart. In the first step of the processing, these products are used as
inputs for the computation of radiation pressure forces (RADPRESS) and the rel-
ative velocity of the atmosphere with respect to the satellite due to its orbit veloc-
ity and the Earth’s corotation (WINDMODEL SC ORBITCOROTATION). Empir-
ical model results for density (the DENSMODEL products) and winds (WIND-
MODEL LOCAL and WINDMODEL SC) are computed as well at this stage.
Their results can both be used for comparisons with the accelerometer-derived
results (presented in Chapter 9), but they are also used in the processing itself.
For instance, the along-track component of HWM-93 and HWM07 winds can op-
tionally be used in the density derivation, and the temperature and composition
from NRLMSISE-00 are required for aerodynamic model calculations (see Sec-
tion 6.7.1).

In a separate chain of processing, the accelerometer data are calibrated, by
using the scale factor and bias results of Chapter 7. The computed radiation pres-
sure accelerations can then be subtracted from the resulting calibrated acceler-
ations, with the intention of leaving only the aerodynamic accelerations in the
ACCEL NORADPRESS products.
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Figure 8.1 Flow charts of the data products used to produce density and wind products from the
preprocessed products. Top: full flowchart for the DENS DIRECT products. Bottom:
Simplified flowchart for the DENSWIND ITERATIVE products.



8.3 Acceleration products 151

The distinction between the DENS DIRECT and DENSWIND ITERATIVE
methods comes into play at this point. In the DENS DIRECT method, there are
two approaches for approximating the wind direction in the aerodynamic calcu-
lations. Either they are assumed to be only caused by the orbital velocity and
atmospheric corotation, or the HWM-93 wind results are added to these effects
as well. For both cases, the aerodynamic force coefficients times area (�CF A)s are
determined and stored in the CFAERO products, which are used to solve the drag
equation directly.

For the DENSWIND ITERATIVE products, the density and wind in the Y-
direction of the body-fixed frame are estimated together. Since this wind di-
rection and velocity have an influence on the value of (�CF A)s, they are calcu-
lated iteratively until the aerodynamic acceleration direction in the body-fixed
X-Y plane matches the direction of the aerodynamic acceleration derived from
the accelerometer. This will be further explained in later sections.

8.3 Acceleration products

The acceleration products form the core of the data processing. The measured
and calibrated accelerations are of course the primary data source. Several types
of modelled accelerations are used to be able to separate non-gravitational force
contributions. Finally, simulated accelerations are constructed from the non-
gravitational force models, in order to be able to compare the data and models
in terms of accelerations.

8.3.1 Calibrated accelerations: ACCEL CALIBRATED

The calibrated non gravitational accelerations�̈rcal are determined by applying the
calibration factors from Chapter 7 to the ACCEL CH-OG-2-ACC for CHAMP and
to ACCEL SUBSAMPLED for GRACE. The fields of this product are:

1. Linear acceleration in S/C X-direction (m/s2)

2. Linear acceleration in S/C Y-direction (m/s2)

3. Linear acceleration in S/C Z-direction (m/s2)

Figures 8.2 and 8.3 show a year’s worth of the calibrated accelerometer data for
CHAMP and GRACE, respectively. The medium-to-low solar activity year 2005
was chosen to illustrate several features in the data that come in to play when
deriving densities and winds. The most immediately noticable features are the
long stretched curves, which are due to the acceleration jumps at eclipses, for
which the geometry changes over the year.

The aerodynamic acceleration variations are visible as a vertical stripy pat-
tern, which is most pronounced in the X-direction. In fact, the radiation pres-
sure pattern is almost completely obscured for the CHAMP X-direction plot. A
‘noisy’ behaviour around the poles (at 90 and 270 degrees argument of latitude) is
also visible, which is due to fast changes in the aerodynamic accelerations when
the satellite crosses the auroral ovals. The GRACE data also exhibits many gray
patches, which are at times when there is no data. Most of this data has been re-
moved during the pre-processing, in the ACCEL EDITED step (see Section 4.7.3),
because of the proximity of manoeuvres. Other short anomalies, which are not
always visible in the Level 1B-derived GRACE data, are believed to be due to
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Figure 8.2 Calibrated acceleration measurements for CHAMP in the body-fixed X- (left) and
Y-direction (right).

‘twangs’ of the satellite’s thermal isolation, and switches in the circuits of on-
board magnetic torquers and heaters [Flury et al., 2008]. The GRACE-A satellite
switched its orientation on December 11, 2005, which causes the accelerations in
the X- and Y-directions to be inverted after this date.

8.3.2 Radiation pressure model output: RADPRESS ANGARA and
RADPRESS PANELS

The RADPRESS data are computed using the equations for solar and terres-
trial radiation pressure described in Chapter 5, making use of the ORBIT and
QUAT INTERPOLATED data. The acceleration vectors �̈rsrp, �̈ralb and �̈rIR for the
contributions by sunlight, Earth albedo and Earth infrared radiation, respectively,
are available separately in the spacecraft body-fixed frame.

1. Solar radiation pressure acceleration along the S/C X-axis (m/s2)
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Figure 8.3 Calibrated acceleration measurements for GRACE-A in the body-fixed X- (top), Y-
(centre) and Z-direction (bottom).
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Figure 8.4 Modelled solar radiation pressure accelerations for CHAMP using the panel model (left)
and the ANGARA model (right), for the X-direction (top) and Y-direction (bottom).

2. Solar radiation pressure acceleration along the S/C Y-axis (m/s2)

3. Solar radiation pressure acceleration along the S/C Z-axis (m/s2)

4. Earth albedo radiation pressure acceleration along the S/C X-axis (m/s2)

5. Earth albedo radiation pressure acceleration along the S/C Y-axis (m/s2)

6. Earth albedo radiation pressure acceleration along the S/C Z-axis (m/s2)

7. Earth infrared radiation pressure acceleration along the S/C X-axis (m/s2)

8. Earth infrared radiation pressure acceleration along the S/C Y-axis (m/s2)

9. Earth infrared radiation pressure acceleration along the S/C Z-axis (m/s2)

The modelled solar radiation pressure accelerations for CHAMP and GRACE
are shown in Figures 8.4, 8.5, respectively. Earth albedo and infrared radiation
pressure for GRACE only is shown in a similar manner in Figure 8.6. The distinc-
tive eclipse patterns are visible for the solar radiation pressure accelerations. The
albedo and infrared accelerations are only displayed for GRACE’s Z-direction, as
they can not be compared with real data for CHAMP, due to the malfunction of
that axis. The albedo and infrared radiation pressure accelerations in the space-
craft X- and Y-directions have a maximum magnitude below 1 nm/s2, so they
can safely be neglected for the purposes of this project. In the Z-direction, these
Earth radiation pressure accelerations show a seasonal dependence, based on the
monthly maps of ERBE data. The infrared radiation pressure has a mimimum in
June and July, when the satellite flies over Antarctica, at 270 degrees argument of
latitude.
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Figure 8.5 Modelled solar radiation pressure accelerations for GRACE-A in the X-, Y- and
Z-directions (top to bottom), using the panel model (left) and ANGARA model (right).

8.3.3 Accelerations with radiation pressure removed:
ACCEL NORADPRESS ANGARA and
ACCEL NORADPRESS PANELS

THE ACCEL NORADPRESS products are intended to represent the accelerom-
eter data with radiation pressure contributions removed. The three vectors of
the RADPRESS products are subtracted from the ACCEL CALIBRATED prod-
ucts�̈rcal, resulting in the acceleration due to aerodynamics�̈ra.

�̈ra = �̈rcal −�̈rsrp −�̈ralb −�̈rIR (8.1)

Note that the assumption is made in this equation that there are no calibration
errors and that other acceleration sources in the calibrated accelerometer data are
negligible, compared to the aerodynamic acceleration. The following data fields
are available in this product:

1. Linear acceleration in S/C X-direction (m/s2)
2. Linear acceleration in S/C Y-direction (m/s2)
3. Linear acceleration in S/C Z-direction (m/s2)
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Figure 8.6 Modelled Earth albedo (top) and Earth IR (bottom) radiation pressure accelerations for
GRACE-A using the panel model (left) and ANGARA model (right).

Figures 8.7 and 8.8 show the resulting accelerations for the CHAMP and
GRACE-A satellites. They represent the difference between Figures 8.2 and 8.3
on the one hand and 8.4 and 8.5. The Z-components are again not shown for
CHAMP, because this component does not function properly. Note that the X-
component looks very similar to Figure 8.2, due to the small radiation pressure
magnitude compared to the aerodynamic acceleration magnitude. For GRACE,
the eclipse pattern seems nicely removed from the X-direction, but in the Y- and
Z-directions, the edges of the eclipse regions clearly stand out, hinting at an un-
certainty of 5-10 nm/s2 in the radiation pressure modelling, and higher values
during the semi-shadow transitions. For CHAMP, such features can not be seen
in the X- and Y-axis data on this colour scale, due to the higher magnitude of the
drag acclerations.

8.3.4 Modelled aerodynamic accelerations: AERO ANGARA DIRECT,
AERO ANGARA NRLMSISE-00,
AERO PANELS SENTMAN DIRECT and
AERO PANELS SENTMAN NRLMSISE-00

The AERO products consist of modelled aerodynamic accelerations. They are
used to be able to compare force models and accelerometer measurements. The
DIRECT versions of these products are based on the density estimates from

the along-track accelerometer axis. The X-component of this product are there-
fore exactly identical to the X-component of the ACCEL NORADPRESS prod-
uct, but the Y- and Z-components are dependent on the aerodynamic model.
The NRLMSISE-00 versions use the densities from this empirical model, and are
therefore a representation of the modelled accelerations as they would be used in
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Figure 8.7 Calibrated acceleration measurements with radiation pressure model contributions
removed for CHAMP in the body-fixed X- and Y-directions.

precise orbit determination of a satellite for which an accelerometer is not avail-
able. The data fields are as follows:

1. Linear acceleration in S/C X-direction (m/s2)

2. Linear acceleration in S/C Y-direction (m/s2)

3. Linear acceleration in S/C Z-direction (m/s2)

Figure 8.9 shows the modelled aerodynamic accelerations for CHAMP, which can
be compared with the measured accelerations in Figures 8.2 and 8.7.

8.3.5 Modelled non-gravitational accelerations: ACCEL SIMULATED

Simulated accelerations are constructed by summing the RADPRESS and AERO
products. Read the descriptions of those products for more details. For CHAMP,
the Z-component of the ACCEL SIMULATED ANGARA DIRECT version of this
product is used in the accelerometer calibration, to replace the faulty output from
the broken accelerometer Z-axis. The data fields are again as follows:

1. Linear acceleration in S/C X-direction (m/s2)
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Figure 8.8 Calibrated acceleration measurements with radiation pressure model contributions
removed for GRACE in the body-fixed X-, Y- and Z-directions.
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Figure 8.9 Modelled aerodynamic accelerations in the Y-direction, using the panel model with
Sentman’s equations and the density derived from the accelerometer X-component.

2. Linear acceleration in S/C Y-direction (m/s2)

3. Linear acceleration in S/C Z-direction (m/s2)

8.3.6 Aerodynamic force model coefficients: CFAERO

The aerodynamic force model coefficient products are used in the density esti-
mation for the DENS DIRECT products, described below. The data from these
products can also be studied to get an idea of the differences between the various
aerodynamic models (ANGARA, Sentman’s theory for panels, etc.)

These products contain values of the vectors (�CF A), computed using the AN-
GARA and Sentman aerodynamic models, according to equation (6.55).

Two approaches are used for calculating the relative velocity that serves
as an input to the aerodynamic model calculations. In the first one, HWM
winds, from the WINDMODEL SC HWM-93 or WINDMODEL SC HWM07
products are included, by adding them to the contributions due to or-
bital velocity and atmospheric corotation, that were stored in the WIND-
MODEL SC ORBITCOROTATION product:

�vr = �wo
b + �wc

b + �wm
b (8.2)

In the second approach, only the contributions due to the orbital velocity and
atmospheric corotation are used.

�vr = �wo
b + �wc

b (8.3)

The following fields are available per record:

1. Aerodynamic force coefficient times area along the S/C X-axis (m2)

2. Aerodynamic force coefficient times area along the S/C Y-axis (m2)

3. Aerodynamic force coefficient times area along the S/C Z-axis (m2)
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Figure 8.10 Drag component of modelled aerodynamic force coefficients for CHAMP in the S/C
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Figure 8.11 Drag (top) and lift (bottom) components of modelled aerodynamic force coefficients for
CHAMP in the S/C Y-direction.
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The aerodynamic force coefficient vectors (with subscript a for aerodynamics)
can be decomposed in drag (subscript D) and lift and sideways force contribu-
tions (subscript L), according to

(�CF A)a = (�CF A)D + (�CF A)L (8.4)

where drag is defined to be the component in the direction of the relative velocity
�vr and lift is computed from (8.4).

Figures 8.10, 8.11 and 8.12 show these decomposed aerodynamic force co-
efficients in the S/C X-, Y- and Z-directions, respectively, for the ANGARA,
panel/Sentman and panel/Cook aerodynamic models.

The X-component is the most important for density determination. The Cook
method results in much smaller drag coefficients than the ANGARA and Sent-
man methods. It also exhibits a much larger variation. This can be explained by
considering Figure 6.21 and taking into account that CHAMP’s large solar pan-
els, boom panels and bottom panel are oriented at an angle of attack between
80◦ and 100◦. Sentman’s theory results in much larger drag coefficients for that
region, and with a smaller slope. The ANGARA results are slightly smaller, but
otherwise very similar to the Sentman results. The lift and sideways forces of
the panels generally result in less than 1% of the acceleration due to drag in the
X-direction.

This is different in the Y- and Z-directions, where lift plus sideways forces and
drag contributions are of the same order of magnitude. The Y-direction, shown
in Figure 8.11, is of most importance to the wind determination. There is again a
good agreement between the ANGARA and panel/Sentman models for the drag
component, although for the lift component, the ANGARA result is noticeably
smaller. The drag component in the Z-direction is very small, as it is proportional
to the sine of the pitch angle. There is a considerable discrepancy between the
lift plus sideways force components in this direction though, with the ANGARA
model returning much smaller lift and sideways forces than the two panel mod-
els.

8.4 Accelerometer-derived density and wind products

A crucial problem in the derivation of density and wind from a satellite ac-
celerometer is the fact that there are just three observations (accelerations in three
directions) for four unknowns (density and wind speeds in three directions).

For near-circular orbits, wind velocities in the radial direction are small. Ra-
diation pressure accelerations usually dominate this component, so its data is
frequently ignored in density and wind studies. Since typical horizontal wind
speeds of a few hundred m/s are also relatively small compared to the satellite
orbital velocity of about 7700 m/s, the wind speed in the accelerometer compo-
nent that is aligned with the velocity-direction can be neglected or modelled, in
order to easily be able to derive density from that component. The DENS DIRECT
products allow a comparison between various choices for that approach.

However, for non-spherical satellites such as CHAMP and GRACE, the direc-
tion of the wind with respect to the spacecraft is of influence on the direction and
magnitude of the aerodynamic accelerations. Ideally, one should therefore try to
derive information on the wind speed and density in a combined approach. Such
an approach is used in the DENSWIND ITERATIVE products.
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8.4.1 Accelerometer-derived densities using the direct algorithm:
DENS DIRECT ANGARA and DENS DIRECT PANELS SENTMAN

The DENS DIRECT products are based on the solution of the drag equation, us-
ing the aerodynamic force coefficients from the CFAERO products as inputs. The
density determination is done both with and without the inclusion of the HWM
winds in the relative velocity vector �vr, which is once more calculated according
to (8.2) and (8.3). Another distinction is made based on the number of accelerom-
eter axes that are used. The aerodynamic acceleration is present in all three ac-
celerometer axes. But the effect is by far the strongest in the X-component, and
only very small in the Z-component of the spacecraft body-fixed frame. The two
approaches tested for this product are therefore based on an estimation from the
X-component only, and one from the vector sum of the X- and Y-components. If
�a is the aerodynamic acceleration from the ACCEL NORADPRESS product with
components ax, ay and az, m is the spacecraft mass and (�CF A) the aerodynamic
force model coefficient times area from the CFAERO product with components
(CF A)x, (CF A)y and (CF A)z, then the density ρ is computed from

ρ =
2max

(CF A)xv2
r

(8.5)

for the X-axis approach. For the X- and Y-axis approach, the modulus of the two
vector components is used instead:

ρ =
2m(a2

x + a2
y)

1
2

�
(CF A)2

x + (CF A)2
y
� 1

2 v2
r

(8.6)

These computations results in the following data fields:

1. Density from the accelerometer component in the S/C X-direction (kg/m3)
2. Density from the accelerometer components in the S/C X- and Y-directions

(kg/m3)

8.4.2 Accelerometer-derived densities using the iterative algorithm:
DENSWIND ITERATIVE

The DENS DIRECT data was based on simple assumptions about the relative
velocity (wind). In the DENSWIND ITERATIVE product, a more sophisticated
approach is used, in which the cross-track wind direction is solved in an iterative
approach, so that the resulting modelled aerodynamic acceleration in the X-Y
plane best fits with the accelerometer data. Using this cross-track wind speed,
and assuming zero along-track winds, the density is then computed, resulting in
the following two data fields:

1. Density from the accelerometer components in the S/C X- and Y-directions
(kg/m3)

2. Wind speed along the accelerometer component in the S/C Y-direction (m/s)

In more detail, the computation approach is as follows:

1. The relative velocity vector �vr in the body-fixed frame is computed from the
orbital velocity and atmospheric corotation velocity, according to (8.3):

�vr =




vr,x
vr,y
vr,z



 = �wo + �wc (8.7)
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The X- and Z-components of this velocity vector will remain fixed, while the
Y-component will serve as a first estimate for the iterative adjustment that
follows.

2. The aerodynamic force coefficient times area (�CF A) is computed as a function
f of �vr (among others). This vector is computed either using the panel model
or the ANGARA model, as explained in Section 5.2.

(�CF A) = f (�vr, . . .) (8.8)

3. Since (�CF A) is in the direction of the modelled aerodynamic acceleration, it
should be in the same direction as the observed aerodynamic acceleration �a
(from the ACCEL NORADPRESS product). The Z-component of the aerody-
namic acceleration can usually be neglected. Therefore, the proper cross-track
velocity has been found if the sine of the angle between the acceleration and
the X-axis projection on the X-Y plane is the same for model and observation.
The symbol η is introduced to represent the sine of this angle, with subscripts
m, o and v representing the aerodynamic model acceleration, the observed
aerodynamic acceleration and the relative velocity that is used as input for
the model, respectively.

ηm =
(CF A)y

(CF A)x
, ηo =

ay

ax
, ηv =

vr,y

vr,x
(8.9)

For practical purposes, the absolute value of the difference d between the
value of η for the model and the observation should be smaller than some
convergence limit �:

d = ηm − ηo (8.10)

|d| ≤ � (8.11)

A value of � = 10−7 was picked.

4. If convergence has not been reached, an adjustment to the Y-component of the
relative velocity is made. The local slope s in the relation between ηv and ηm
is calculated numerically using the aerodynamic model:

s =
∆ηv

∆ηm
(8.12)

This slope is then used to bridge the gap between model and observation.

vi
r,y = vi−1

r,y + s d vr,x (8.13)

The new value of �vr can then be used in an iteration of steps 2, 3 and 4 until
convergence is reached.

5. If convergence has been reached, density is computed using equation (8.6)

ρ =
2m(a2

x + a2
y)

1
2

�
(CF A) 2

x + (CF A) 2
y
� 1

2 v2
r

(8.14)

and the wind velocity with respect to a co-rotating atmosphere in the Y-
direction of the spacecraft body-fixed frame wy is determined from �vr:

wy = vr,y − wo
y − wc

y (8.15)
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8.4.3 The iterative density and wind retrieval algorithm, version 2:
DENSWIND ITERATIVE2

The DENSWIND ITERATIVE2 product is an improvement over the
DENSWIND ITERATIVE product, as described in the previous section.

The density and wind determination algorithms for satellite accelerometer
data rely on the assumption that the satellite velocity is much larger than the
wind velocity. This assumption allows one to neglect the in-track component of
the wind, and to solve for the perpendicular wind component and density from
the two accelerometer observations along perpendicular directions. There are
subtly different ways in which this assumption can be implemented in an algo-
rithm however, which will be discussed below. An additional assumption is that
the vertical component of the wind can be neglected as well. This is necessary
due to the small influence of drag on the acceleration in this direction, compared
to residual radiation pressure model errors.

The neglection of both the in-flight and vertical winds will of course incur an
error in the density and crosswind derivation, but unless other observations can
be used, it is necessary for the accelerometer processing. An analysis of the impact
of the horizontal wind model in the density derivation is provided in Chapter 9.
The effect of unmodelled in-track and vertical winds on the crosswind determina-
tion has been studied as part of the simulations for Swarm, presented in Chapter
12.

The algorithm used for the DENSWIND ITERATIVE product depended on
the assumption that the offset between the directions of the measured and mod-
elled aerodynamic accelerations was due to a wind vector in the Y-direction of the
spacecraft body-fixed frame. The addition of this wind vector leads to a change
in the orientation and magnitude of the relative velocity vector, which makes the
modelled aerodynamic acceleration match the observed one. This is a reasonable
assumption to use for deriving crosswind speeds for periods with a nominal atti-
tude behaviour of the satellite, i.e. when the X-axis is more or less parallel to the
relative velocity and when the Y-axis is more or less in the horizontal plane and
perpendicular to the relative velocity of the spacecraft. However, this assumption
leads to a singularity when the satellite is flying sideways, so that the Y-axis is in
the flight-direction. And even for intermediate angles between the relative ve-
locity and the X-axis, the algorithm will lead to unrealistically modified relative
velocity vectors.

An improved assumption to base the wind determination on would be that
the length (magnitude) of the relative velocity vector is completely determined by
the sum of the orbital velocity, the corotation velocity and a model for the winds.
Only the direction of this vector can then be adjusted, irrespective of its original
orientation in the X-Y plane of the satellite body-fixed frame, to yield a modelled
force with the same direction as the measured acceleration. The Z-component of
the body-fixed frame is still ignored, by setting this vector component to zero in
both the model results and data.

The subtle but important change in the assumption described above allows
for the derivation of a crosswind speed that is independent of the orientation of
the satellite in space.

Algorithm description

Figure 8.13 gives a schematic view of the ITERATIVE2 algorithm.
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Figure 8.13 Schematic representation of the relative velocity and the modelled and measured
accelerations used in the derivation of crosswinds in the DENSWIND ITERATIVE2
algorithm.

Let �uo represent the unit vector of the observed acceleration in the XY-plane.
And �vr0 is the initial guess for the relative velocity, composed of the orbit and at-
mospheric corotation velocity contributions. The horizontal winds from a HWM
model are not yet added at this stage.

�vr0 = �vo +�vc (8.16)

Then �um0 is the unit vector of the initial modelled acceleration, which is a
complex function of the relative velocity, as well as the accommodation coefficient
α, temperature T and composition �C, as described in Chapter 6:

�um0 = f (�vr0 , α, T, �C) (8.17)

An iterative process can now be started, where the index i will be used to
describe the iteration number. Usually only a few iterations are required.

The vector�li is the difference between the observed and modelled acceleration
direction (unit) vectors:

�li = �uo − �umi (8.18)

If the magnitude of�l is close enough to zero, convergence has been reached. If
not, the relative velocity must be adjusted.

The adjustment is made by a rotation about the spacecraft Z-axis. Another
option would be to rotate around the local vertical axis. The rotation axis is rep-
resented by a unit vector �uZ.

The magnitude of the rotation is determined by local numerical differentia-
tion. First, a vector δ�v is defined to be perpendicular to the relative velocity and
the rotation axis, by using

δ�v = �
�vri × �uZ

|�vri × �uZ|
(8.19)
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where � is a very small number.
Next, two relative velocity vectors are formed, which keep the magnitude of

the undadjusted relative velocity, but which are rotated slightly in both directions
with respect to the relative velocity of the current iteration:

�v+
r = |�vr0 |

�vri + δ�v
|�vri + δ�v| , �v−r = |�vr0 |

�vri − δ�v
|�vri − δ�v| (8.20)

These modified relative velocities will result in modified modelled accelera-
tions, of which we are only interested in the direction, at the moment, so we use
its unit vector:

�u+
m = f (�v+

r , . . . ), �u−m = f (�v−r , . . . ) (8.21)

And this in turn leads to modified difference vectors:

�l+ = �uo − �u+
m , �l− = �uo − �u−m (8.22)

Next, the slope vector �s is computed, which represents the (differential)
change in the rotation of the relative velocity required for a change in the length
of�l:

�s =
�v+

r −�v−r
l+ − l−

(8.23)

A new relative velocity for the iteration i + 1 can be computed using this slope:

�vri+1 = |�vr0 |
�vri −�s|�li|����vri −�s|�li|

���
(8.24)

Once the process has converged, the crosswind speed vector�vcw is determined
by subtracting the original velocity �vr0 , consisting of the orbit plus corotation ve-
locity, from the relative velocity that was found in the last iteration �vri .

�vcw = �vri −�vr0 = �vri −�vo −�vc (8.25)

The density is then calculated in the same way as before:

ρ =
2m(a2

x + a2
y)

1
2

�
(CF A) 2

x + (CF A) 2
y
� 1

2 v2
ri

(8.26)

If modelled in-track winds, for example from one of the HWM models, are
to be taken into account, the projection of this modelled wind vector �vm on the
initial velocity is added to the initial velocity:

�v∗r0
= �vr0 +

�vm ·�vr0

| �vr0 |
�vr0

| �vr0 |
(8.27)

and the projection of the modelled wind vector on the end velocity is added to
the end velocity:

�v∗ri
= �vri +

�vm ·�vri

|�vri |
�vri

|�vri |
(8.28)

These two velocities, with the asterisked superscripts, can then be substituted
into equations (8.25) and (8.26), for crosswind and density results for which the
in-track wind was taken from the model.

The data is stored in the following fields:
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1. Density from the accelerometer components in the S/C X- and Y-directions
(kg/m3)

2. Crosswind speed along the accelerometer component in the S/C X-direction
(m/s)

3. Crosswind speed along the accelerometer component in the S/C Y-direction
(m/s)

4. Crosswind speed along the accelerometer component in the S/C Z-direction
(m/s)

5. Attack angle alpha (deg)

6. Side-slip angle beta (deg)

8.4.4 Accelerometer-derived winds in the local frame:
CROSSWIND LOCAL

To ease geophysical interpretation, the crosswind speeds from the
DENSWIND ITERATIVE2 products are converted to the local coordinate
system, resulting in the following data fields:

1. Crosswind speed in the zonal (Eastward) direction (m/s)

2. Crosswind speed in the meridional (Northward) direction (m/s)

3. Crosswind speed in the vertical (Upward) direction (m/s)

Basically, the inverse transformation of Section 4.8.4 is applied to the data.
Users of this product must take care that the three vector components in this

product do not represent the full 3D wind vector. In the nominal attitude config-
uration of CHAMP and GRACE, the vertical component is always very close to
zero, the zonal component is only accurate for low and mid latitudes, and goes
to zero over the poles, and the meridional component is zero for low and mid
latitudes, and only represents part of the meridional winds at high latitudes.

8.4.5 Height-normalized density results: DENS HEIGHTNORMALIZED

The effect of altitude variations over the orbit can be (partly) removed by normal-
izing the recovered densities to a reference altitude using a density model. The
densities at satellite altitude are divided by the model density at satellite altitude
and multiplied by the model density at the reference altitude. This procedure will
introduce some model error in the results, especially as the reference altitude is
far from the true satellite altitude. Nevertheless, high-frequency information is
kept, and will be easier to interpret, once the height-variation is removed. The
following data fields are available:

1. Density normalized to 475 km (kg/m3)

2. Density normalized to 450 km (kg/m3)

3. Density normalized to 425 km (kg/m3)

4. Density normalized to 400 km (kg/m3)

5. Density normalized to 375 km (kg/m3)

6. Density normalized to 350 km (kg/m3)

7. Density normalized to 325 km (kg/m3)





Chapter 9
Comparisons with density and

wind models

The output of the density and wind processing, as described in Chapter 8, will be
compared with the output of the density and wind models, introduced in detail in
Chapter 2. The size and scope of the dataset, spanning over 5 years, and various
conditions in terms of solar and geomagnetic activity, warrants a multi-facetted
investigation, from detailed comparisons at relatively short to multi-year time-
scales in Sections 9.1, to statistical analyses over the entire dataset, presented in
Section 9.2.

9.1 Comparison of time series

In this section, the data and models will be presented graphically in figures of
time series data.

9.1.1 Orbit time series for forward and sideways flying CHAMP

The comparison of models and data begins with just two full orbits. On October
7 and 8, 2001, a test was performed on the CHAMP spacecraft, during which it
was flown sideways, with a yaw angle of approximately 90 degrees with respect
to nominal, for several hours. Figure 9.1 shows the density and wind retrieval
results from that orbit, and compares it with an orbit 24 hours earlier, when the
satellite was flying in its. This comparison of special interest, because in the side-
ways flying configuration, the satellite has a completely different aerodynamic
shape with respect to the incoming particles, than in its usual, forward flying at-
titude mode. This is of great interest for testing the fidelity of the aerodynamic
model and processing strategy. If the model and processing strategy are correct,
the results should be similar, regardless of the spacecraft orientation. Any dis-
crepancies that are observed, that can not be attributed to changes in the atmo-
sphere within the 24 hours, indicate shortcomings in the models and algorithms
used. In Figure 9.1, the accelerometer-derived winds and densities are plotted for
a range of values of the accommodation coefficient, and are compared with sev-
eral density models (NRLMSISE-00, JB-2008, HASDM) and wind models (HWM-
93 and HWM07).

The following observations and conclusions can be made with regards to the
wind results in this figure:
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Figure 9.1 Two single orbits of density (top) and wind speed (bottom), for CHAMP in the nominal,
forward flying configuration (left), and in the special, temporary, sideways flying case
(right), exactly one day later.

The three density models are not in very good agreement for these two days.
There are very large day-to-day differences, probably due to the strong tem-
poral variability of the solar EUV proxies at the considered time in the solar
cycle.

The density observations are generally somewhat lower than the density
model results. In the forward-flying configuration, the choice of accom-
modation coefficient has only a limited influence on the magnitude of the
accelerometer-derived density. For the sideways-flying configuration, this in-
fluence is much larger. This is in accordance with the results of the sensitivity
analysis presented in Section 6.8.

With regards to the wind results in this figure, similar conclusions can be
made:

The winds from both HWM models are very similar for both days.

The observed winds however shows some discrepancies. This indicates aero-
dynamic modelling errors, related to the changes in the satellite’s aerody-
namic shape.

Note that the discrepancies in the wind results are largest for the data derived
with an accommodation coefficient of 1. In the forward-flying case, this data
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series is clearly not in agreement with the models. The wind data derived
with lower accommodation coefficients shows a better agreement.
The variation of the accommodation coefficient has a less pronounced effect
on the wind speed derivation when the satellite is flying sideways (opposite
to the effect on density). This is in accordance with the results of the sensitivity
analysis presented in Section 6.8.

9.1.2 CHAMP and GRACE data overview, 2002–2007

The density and wind data shown in Figure 9.1 was for just two single orbits. By
gridding the data as a function of time on the X-axis and argument of latitude
along the Y-axis, and using colour to represent the density or wind magnitude,
many such orbits can be represented in a single Figure. Figures 9.2 and 9.3 show
such Figures for six years (2002—2007) of CHAMP and GRACE, along with cor-
responding model output evaluated along the tracks. Section 9.1.3 will show
zoomed in views on this data, and comparisons with other models.

These Figures show the large dependence on the local solar time (which is
printed at regular intervals at the equator crossings). In the density, this shows
up as the diurnal bulge, which the orbital plane passes through about twice a
year for the ascending tracks and twice per year for the descending tracks. In
the wind plots, the local time dependence shows up as alternating periods of
predominantly westward (blue) winds and eastward (red) winds.

Especially in the density plots, the depence on changes in solar EUV radiation
and geomagnetic activity are apparent. The heightened EUV radiation at solar
max is clearly visible in 2002, and the last quarter of 2003. Geomagnetic storms
are short-lived events, and show up as vertical lines in these plots.

A good correspondence between density data and models is apparent in both
Figures, even though the data shows somewhat lower values than the models.
For the wind speeds, the CHAMP results show a much greater resemblance to the
models than those from GRACE. Only during 2002 is there some resemblance for
GRACE wind speeds. Afterwards, radiation pressure acceleration model errors
take over, because of the relatively very low drag signal.

9.1.3 Detailed comparisons with empirical models during geomagnetic
storms

In this Section, zoomed in views of the plots shown in Figures 9.2 and 9.3 will be
presented, to illustrate the differences and similarities between models and data
in more detail.

The observed density data from CHAMP and GRACE shows large overall
global increases during the periods of high geomagnetic activity. Such conditions
occurred for example on October 29 and October 30/31, 2003 (the “Halloween
Storm”), plotted in Figure 9.4, and in early April 2005, when the orbits of both
missions were co-planar, plotted in Figure 9.5.

During the former period, the global air density in the upper thermosphere
increased by roughly a factor of two above values that were already high, due
to the sustained high solar EUV fluxes. During this period, the highest density
values observed by CHAMP and GRACE are on the dayside – and at moderate
to high southern latitudes. This corresponds to the satellite passage close to the
southern polar cusp – sunlit – with photo-ionisation thus enhancing ionospheric
conductivity and increasing the Joule heating and momentum transfer “loads”
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Figure 9.2 Comparisons of density (top two panels) and zonal wind (bottom two panels), derived
from accelerometer data (top panel in each pair) and the NRLMSISE-00 and HWM07
models (bottom panel in each pair), along the CHAMP orbit.
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Figure 9.3 Comparisons of density (top two panels) and zonal wind (bottom two panels), derived
from accelerometer data (top panel in each pair) and the NRLMSISE-00 and HWM07
models (bottom panel in each pair), along the GRACE-A orbit.
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Figure 9.5 Comparisons of total neutral densities along the tracks of CHAMP (left) and GRACE-A
(right), for the first 15 days of April 2005, as computed (from top to bottom) from
accelerometer data, the NLRMSISE-00 model and the JB-2008 model. During these
days, both missions were in nearly co-planar orbits.
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of the ionosphere on the solar wind / magnetospheric drivers (the solar wind
dynamo – crossing the terrestrial magnetospheric magnetic field).

9.1.4 Comparison of densities and winds with CTIPe data in January 2005

CTIPe is the most up-to-date version of the fully-coupled physical/theoretical
model of thermosphere-ionosphere (see Section 2.8.3). The very latest version
has been made available for providing time-dependent simulations of the ther-
mosphere and ionosphere for comparisons with the semi-empirical models, and
with data from the CHAMP and GRACE missions.

The latest version of the CTIP model, CTIPe, has very recently been adapted to
follow better significant atmospheric changes during geomagnetic storms, such
as the creation, transport and dissipation of Nitric Oxide. NO plays a critical
role in the ionosphere, and it also has a very important role in the cooling of the
thermosphere following major geomagnetic disturbances. CTIPe additionally in-
cludes atomic Hydrogen as an additional species. This may be significant during
periods of low solar and geomagnetic activity, as have occurred since 2004/2005.

Data from the very latest version of CTIPe for 15 days in early January 2005
has kindly been made available by the modelling group at NOAA. There was an
interesting geomagnetic disturbance during this period, allowing the comparison
of physical models, empirical models and CHAMP and GRACE data, in terms of
densities and wind speed, for a wide range of geomagnetic activity. The solar ac-
tivity was relatively low during this period. This comparison is shown in Figures
9.6 for the densities and 9.7 for the wind speeds.

Densities in January 2005

The effects of the geomagnetic disturbance on the density around January 7 and
8 are quite clear in Figure 9.6. There is a rather higher degree of structure in the
predictions of the JB-2008 model, compared to the NRLMSISE-00 plot, reflecting
the higher temporal resolution of the hourly Dst index of geomagnetic activity, in
contrast to the three-hourly ap index.

The CTIPe results show an even higher degree of fine detail, compared to the
two empirical models, and further approaches the structure seen in the satellite
data. A significant difference is in the absolute density values, where CTIPe is of
the order 40% higher than either the NRLMSISE-00 or the JB-2008 model. There
also seems to be a a gradient from pole to pole in the CTIPe data that is not ap-
parent in the satellite data and empirical models. These issues could be due to
CTIPe, or the way the data are interpolated and extrapolated to the satellite alti-
tudes. This will be considered in extended work with the authors of the CTIPe
model, in which different time spans will be considered as well.

Zonal wind speeds in January 2005

The zonal wind predictions by HWM-93 (see Figure 9.7) show little changes of
structure, even during the disturbed period of January 7 and 8, 2005. The zonal
wind predictions by HWM07 show larger and more rapid changes of the wind
structure during the disturbed period. The zonal wind predictions by CTIPe
show many more variations of wind structure, even during relatively quiet days
in thsi period. During the disturbed period on January 7 and 8, the wind struc-
tures are more active, and the disturbances extend to much lower geographic
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Figure 9.6 Comparisons of total neutral densities along the tracks of CHAMP (left) and GRACE-A
(right), for the first 15 days of January 2005, as computed (from top to bottom) from
accelerometer data, the CTIPe model, the NLRMSISE-00 model and the JB-2008
model. The linear correlation coefficient r with the data is given for each of the models.
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(right), for the first 15 days of January 2005, as computed (from top to bottom) from
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linear correlation coefficient r with the data is given for each of the models.
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(and geomagnetic latitudes), than those displayed by the HWM-93 and HWM07
models. The CTIPe winds generally show larger amplitudes, closer to the results
from the CHAMP accelerometer.

The GRACE accelerometer wind results clearly suffer from large radiation-
pressure model induced wind errors, due to the very low drag signal. The radia-
tion pressure error causes the plot to show predominantly high westwards winds,
even though each of the models shows that over the descending tracks, the winds
should be predominantly eastward. The large dark curved section in the GRACE
wind plot is caused by additionally large errors due to incorrect eclipse transition
timing in the radiation pressure model.

The zonal wind observations from CHAMP show more variations of struc-
ture, particularly during the disturbed periods, than any of the models. However,
the general correspondence between the CHAMP winds and and those of CTIPe
appears remarkably good. The low latitude extension of wind disturbances on
January 7 and 8 is precisely what is seen in the CTIPe modelling – but this is not
observed in the HWM-93 and HWM07 models.

9.2 Statistical evaluation

After the rather qualitative comparisons of density and wind models with the
CHAMP- and GRACE-derived data in the previous Sections, this Section will be
used to present a statistical evaluation of data/model density ratios. Due to the
very large range of density values encountered, it is useful to provide perfor-
mance statistics in terms of these dimensionless ratios.

Section 9.2.1 will show some histograms of these ratios, and demonstrate the
largely log-normal distribution. Next, in Section 9.2.3, the mean and standard de-
viation of the data/model ratios for complete data sets are examined, for a more
detailed look at the relative quality of different density models, and the effect
of different processing choices on the agreement of data with models. Finally, a
finer grained look at the data will be given in Section 9.2.2, where the data are
first binned according to several variables, before the statistics are examined.

9.2.1 Histograms and the log-normal distribution of data/model ratios

In this section, the accelerometer data are compared with NRLMSISE-00 model
data (see Section 2.3.3) and HASDM model data (see Section 2.7), along the
CHAMP and GRACE tracks. The HASDM density data along the satellite tracks
was kindly provided by Bruce Bowman.

The comparison is made by computing the accelerometer-derived data over
model density ratios for a long time span, so that a wide range of conditions are
sampled. These ratios are then plotted in a histogram. Four such histograms are
presented in Figure 9.8. It turns out that the data/model ratios fit reasonably well
with a log-normal distribution [Bezdèk, 2007; Limpert et al., 2001], which is to be
expected because of the largely multiplicative nature of the equations governing
both the density models (Chapter 2) and the data reduction from accelerometry
(Chapter 8). This is why the log-normal mean and standard deviation of the data
are computed, and the accompanying log-normal distribution plotted in the Fig-
ure as a solid black line. The comparison with HASDM results in much narrower
histograms, corresponding to lower standard deviations, than the comparison
with the standard empirical model NRLMSISE-00. HASDM data are currently
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Figure 9.8 Distribution of data/model density ratios over 0.01-wide bins, for CHAMP (top) and
GRACE-A (bottom). The NRLMSISE-00 model is used in the left panel, and the HASDM
calibrated model in the right panel. The thin black lines show the log-normal distribution
using the mean and standard deviation computed from all data.

the most accurate independent source of density data available for comparison
with the CHAMP and GRACE data.

These (multiplicative) standard deviations contain both contributions of er-
rors in the models and errors in the accelerometer-derived densities. Since the
accelerometer has a much higher spatial and temporal resolution than the model,
a significant part of the standard deviation must be due to the model error. The
standard deviation gives an upper bound of the accuracy of both data sets. When
comparing different versions of the accelerometer data with the HASDM data, a
lower standard deviation will indicate that the data processing is more accurate.

The ratio of data over NRLMSISE-00 clearly results in a better fit with a perfect
log-normal distribution than the ratio of data over HASDM values. This could
perhaps be partly related to outliers in the accelerometer-derived density data
skewing the statistics, which is less apparent for the less accurate model, but this
remains to be further investigated.
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9.2.2 Statistics for geomagnetic coordinate and activity level bins

In order to investigate the statistics of data/model density ratios in more detail,
the measurements have been binned according to several variables, after which
the log-normal mean and standard deviation have been determined for all the
data in each bin. Figures 9.9 and 9.10 shows the results of this analysis, for
HASDM and NRLMSISE-00, respectively. The binning and computation of statis-
tics has been performed both in a two-dimensional fashion, which is represented
in the coloured parts of the plot, and aggregated in one dimension, shown in the
black and white and gray plots.

The top half of each of the figures shows the binned statistics as a function
of the F10.7 solar activity proxy and Kp geomagnetic activity index. Higher val-
ues of these two variables tend to cause larger densities and therefore larger drag
signals, which should aid in more accurate density retrieval and modelling. This
is confirmed by the lower standard deviations of the ratios at high F10.7. The
data/HASDM ratios show a relatively constant mean, as a function of these con-
ditions, while the data/NRLMSISE-00 ratios are more erratic. This is an indica-
tion that the drag data from the calibration objects used in the HASDM model
calibration, agrees reasonably well under all conditions with the CHAMP and
GRACE data. On the other hand, the F10.7 proxy that drives the NRLMSISE-00
model dependence on solar EUV variation is clearly not so well-correlated with
the observed density changes.

The log-normal standard deviation increases with increased Kp, even though
higher densities are expected under high Kp conditions, similar to the high F10.7
conditions. This can be explained because rapid variations in the thermosphere
occur during geomagnetic storms at high Kp, which leads to errors in the models,
which are not capable of fully reproducing these variations, and to errors in the
data, mainly because of higher in-track wind velocities. The log-normal standard
deviation for the data/HASDM ratios rises from values as low as about 10% at
low geomagnetic activity (and high EUV energy input), to as high as 30% to 50%
during the most severe storm conditions.

The bottom halves of Figures 9.9 and 9.10 are used to investigate the offset (in
terms of the log-normal mean) and accuracy (in terms of the log-normal standard
deviation) as a function of the geomagnetic local solar time and latitude. Both the
data/HASDM and data/NRLMSISE-00 figures show that the standard deviation
is lowest (most accurate) on the low-latitude dayside and less accurate on the
night side and near the poles. Of course, the diurnal bulge causes a greater drag
signal on the dayside. In addition, more thermospheric variability is expected
near the poles and on the night-side. Therefore these features are as expected.

One additional feature that stands out is the change in mean value of the
data/HASDM ratio for GRACE as a function of latitude. The mean data/model
ratio is about 15% higher over the poles compared to the equator. This is not
the case for the data/NRLMSISE-00 ratios, or for the CHAMP data, which could
indicate that this is due to a problem in the HASDM model at higher altitudes.
A further investigation has shown that this polar/equatorial difference in in the
mean GRACE data/HASDM ratios is prevalent at low solar activity, where the
drag signal is low. Under these conditions it would be more difficult to get accu-
rate calibration drag data for HASDM, which could explain this error.
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Figure 9.9 Log-normal statistics of data/HASDM density ratios for CHAMP (left half) and GRACE
(right half), grouped in F̄10.7 and kp bins (top half) and geomagnetic local solar time and
geomagnetic latitude bins (bottom half).
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Figure 9.10 Log-normal statistics of data/NRLMSISE-00 density ratios for CHAMP (left half) and
GRACE (right half), grouped in F̄10.7 and kp bins (top half) and geomagnetic local solar
time and geomagnetic latitude bins (bottom half).
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CHAMP GRACE

Model N µ∗ σ∗ N µ∗ σ∗

CIRA-72 (Jacchia) 3247175 0.652294 1.25138 2196926 0.701686 1.35437
Jacchia-Bowman 2006 3247175 0.708987 1.22203 2196925 0.789377 1.33610
Jacchia-Bowman 2008 3247175 0.765333 1.20573 2196927 0.865635 1.31661
DTM-78 3247175 0.677565 1.32159 2196927 0.697781 1.44940
DTM-94 3247175 0.704782 1.31337 2196927 0.723216 1.46576
MSIS-86 3247175 0.694427 1.25071 2196927 0.729678 1.34689
NRLMSISE-00 3247175 0.696331 1.24340 2196927 0.732613 1.33849

HASDM 3244653 0.756588 1.15179 2196927 0.880313 1.23990

Table 9.1 Statistics (log-normal) of the accelerometer-derived over model density ratios for
CHAMP and GRACE, comparing various models. The processing for CHAMP made use
of panels, Sentman aerodynamics with αE = 0.8, HWM07, R02 calibration, and the
direct algorithm using both X- and Y-axes of the accelerometer. The GRACE processing
used panels, Sentman aerodynamics with αE = 0.8, HWM-93, R02 calibration, and the
direct algorithm using the X-axis only.

9.2.3 Evaluation of empirical density models

So far, we have only looked at the HASDM and NRLMSISE-00 models. Table 9.1
lists the log-normal means and standard deviations for the data/model ratios for
several other models as well. The two DTM models evaluated here clearly do not
provide the same level of consistency with the data as the other models. When
looking at the progression from CIRA-72 to MSIS-86 (CIRA-86) to NRLMSISE-
00 and the Jacchia-Bowman models (proposed for CIRA-2008), it is clear that in
terms of absolute densities, there has been only very little progression until very
recently. The first three models mentioned above result in about the same level of
consistency with the CHAMP and GRACE data. The JB-2006 model was already
a good step forward, and the JB-2008 model even more so.

9.2.4 Evaluation of processing choices

The data has also been used to investigate several processing choices. For this
investigation, all CHAMP data has been processed using a large number of com-
binations of different models and parameters. The data analysis for CHAMP is
based on the period between January 1, 2001 to December 31, 2007. For GRACE,
the data period started on January 1, 2003 instead. January 1, 2003 is also the
starting date for the comparison of the calibration parameters for CHAMP, since
the R01 parameters were never computed for 2002 and earlier.

The results of the comparisons are available in Tables 9.2 and 9.3 for CHAMP
and GRACE-A, respectively.

To reduce processing time, the time step was set to 60 seconds, so that every
sixth measurement was used (if available). It is not expected that this significantly
changes the statistics with respect to an analysis of the full database of 10 sec-
ond measurements. Around 3 million data points are compared for CHAMP. For
GRACE, about 2.5 million measurements are used for those algorithms which use
the X-axis only, while a little under 2 million measurements are available when
the Y-axis data are used as well. This is due to the editing of Y-axis data around
attitude thruster activation times.
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Aerodynamics Rad. press. Cal. Algorithm Winds N µ∗ σ∗

Calibration scheme (2003–2007 only)

Sentman (α =0.8) Panels R01 Direct – XY HWM07 2422357 0.75105 1.16655
Sentman (α =0.8) Panels R02 Direct – XY HWM07 2439498 0.75141 1.16129
Sentman (α =0.8) Panels R02B Direct – XY HWM07 2581424 0.75123 1.16198
Sentman (α =0.8) Panels R03 Direct – XY HWM07 2439498 0.75012 1.16182
Sentman (α =0.8) Panels R03B Direct – XY HWM07 2574945 0.75019 1.16251

Algorithm

Sentman (α =0.8) Panels R02 Direct – X HWM07 3248874 0.75499 1.15308
Sentman (α =0.8) Panels R02 Direct – XY HWM07 3248973 0.75661 1.15176
Sentman (α =0.8) Panels R02 Iter3 – XY HWM07 3248973 0.74714 1.15957
Sentman (α =0.8) Panels R03 Direct – X HWM07 3248878 0.75496 1.15314
Sentman (α =0.8) Panels R03 Direct – XY HWM07 3248973 0.75531 1.15221
Sentman (α =0.8) Panels R03 Iter3 – XY HWM07 3248973 0.75298 1.15344

Radiation pressure force model

ANGARA (α =0.8) ANGARA R02 Direct – X HWM07 3240636 0.85022 1.15238
ANGARA (α =0.8) ANGARA R02 Direct – XY HWM07 3240636 0.85882 1.15030
ANGARA (α =0.8) Panels R02 Direct – X HWM07 3247835 0.85052 1.15154
ANGARA (α =0.8) Panels R02 Direct – XY HWM07 3247835 0.85339 1.15125

Aerodynamic force model

Sentman (α =0.8) Panels R02 Direct – XY HWM07 3248973 0.75661 1.15176
Sentman (α =1.0) Panels R02 Direct – XY HWM07 3248973 0.82370 1.15144
ANGARA (α =0.8) Panels R02 Direct – XY HWM07 3247835 0.85339 1.15125
ANGARA (α =1.0) Panels R02 Direct – XY HWM07 3247835 0.80488 1.15140
Cook (α =0.8) Panels R02 Direct – XY HWM07 3248973 1.05511 1.17134
Cook (α =1.0) Panels R02 Direct – XY HWM07 3248973 1.17838 1.17523
Sphere (CD A =2.5m2) Panels R02 Direct – XY HWM07 3127592 0.88643 1.16617
Sphere (CD A =3.0m2) Panels R02 Direct – XY HWM07 3127592 0.73869 1.16617

Wind model

Sentman (α =0.8) Panels R02 Direct – X None 3248882 0.75554 1.15498
Sentman (α =0.8) Panels R02 Direct – XY None 3248973 0.75716 1.15363
Sentman (α =0.8) Panels R02 Direct – X HWM-93 3248846 0.75492 1.15288
Sentman (α =0.8) Panels R02 Direct – XY HWM-93 3248973 0.75650 1.15151
Sentman (α =0.8) Panels R02 Direct – X HWM07 3248874 0.75499 1.15308
Sentman (α =0.8) Panels R02 Direct – XY HWM07 3248973 0.75661 1.15176

Table 9.2 Statistics (log-normal) of the accelerometer-derived over HASDM density ratios for
CHAMP, comparing various processing choices. All available data, from 2001 to 2007,
was used for the evaluation, except for the comparison of calibration factors, since the
R01 calibrations were only available for the period from 2003 to 2008.
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Aerodynamics Rad. press. Cal. Algorithm Winds N µ∗ σ∗

Algorithm

Sentman (α=0.8) Panels R02 Direct – XY HWM-93 1984654 0.939 1.308
Sentman (α=0.8) Panels R02 Iterative2 – XY HWM-93 1984654 0.970 1.314

Aerodynamic force model

Sphere (CD A=3.0 m2) Panels R02 Direct – X HWM-93 2507773 1.097 1.252
Cook (α=1.0) Panels R02 Direct – X HWM-93 2507773 1.392 1.268
Cook (α=0.8) Panels R02 Direct – X HWM-93 2507773 1.164 1.265
Sentman (α=1.0) Panels R02 Direct – X HWM-93 2507773 1.018 1.247
Sentman (α=0.8) Panels R02 Direct – X HWM-93 2507773 0.881 1.248

Wind model (all data)

Sentman (α=0.8) Panels R02 Direct – X None 2507774 0.881 1.250
Sentman (α=0.8) Panels R02 Direct – X HWM-93 2507773 0.881 1.248

Table 9.3 Statistics (log-normal) of the accelerometer-derived over HASDM density ratios for
GRACE-A, comparing various processing choices. All statistics are for data from the
period January 1, 2003 to December 31, 2007. A 60-second time-step was used instead
of the nominal 10-second time-step of the data, in order to reduce computation time.

In general, when comparing these two tables, it is clear that the standard devi-
ations for GRACE are much higher than for CHAMP. It is not clear how much of
this is due to an increasing error in the HASDM data with altitude, or with larger
error sources (relative to the drag signal) in the accelerometer data and processing
for GRACE. Both effects are expected to contribute.

Calibration strategy

The calibration strategy is investigated only for CHAMP. See Section 7.4 for de-
tails on the various calibration time series, and their identifiers. The R01 cal-
ibration parameters, which were used in the dataset at the time of the second
progress meeting in Potsdam, are compared with the R02 calibration parameters,
for which the scale factor is held fixed. In the R03 Note that this comparison is
made for a different time interval than the other comparisons for CHAMP: Since
R01 calibration parameters are not available before January 1, 2003, data from
2002 is omitted. The standard deviation of the density data compared to HASDM
is lower using the newer R02 and R03 calibrations, compared to R01. This con-
firms our finding that the accelerometer scale factor is constant, or varies only
very little.

There is no such apparent improvement when moving from R02 to R03. The
difference is small, but in favour of R02. The main difference between these time
series is in the cross-track component, to arrive at more accurate wind speeds, so
it is no surprise that the difference is so small.

The smoothing and editing of the calibration time series, introduced in the
R02B and R03B calibration series, does not make much of a difference in the statis-
tics either. The standard deviations are slightly worse, but this could be because
more data is available, since small gaps in the calibration time series are now
interpolated as part of the smoothing algorithm.
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Iterative approach versus direct approach

The direct and iterative density determination procedures are compared as well
(see Chapter 8) for details on the two approaches. In general, the differences
are rather small. The iterative algorithm seems to lead to slightly worse results
compared with the direct one, when using the R02 calibration parameters, both
for CHAMP and GRACE. The R03 calibration, in which the cross-track data is
improved, reduces this small difference.

When looking at the use of the X-axis only, or the X- and Y-axes for the di-
rect approach, the dual-axis approach gives better results for CHAMP, while for
GRACE the single-axis approach works better. A possible explanation for this
difference is that this is due to the higher level of error in the accelerometer Y-axis
data for GRACE, due to the higher altitude. At the higher altitude, the drag sig-
nal is lower, so that any unmodelled or badly modelled other forces have a larger
relative contribution.

Radiation pressure models

The panel and ANGARA radiation pressure models were compared for CHAMP
only. The differences are very small, and no firm conclusions can be drawn from
these numbers.

Comparison of aerodynamic models

Density results using four different aerodynamic models have been compared
with the HASDM data. For CHAMP, each of these models has been tested with
two different settings for one of the key model parameters. For GRACE, the
choices are somewhat more limited due to constraints on the processing time.
To summarize the choices:

The sphere, or fixed model assumes a fixed drag coefficient and area, and no
lift. Values of 2.5 m2 and 3.0 m2 for the product of drag coefficient and area
have been tried.

The Cook model was used in the processing with values for the accommoda-
tion coefficient of 1.0 and 0.8.

The Sentman model was used with the same accommodation coefficient
choices.

The ANGARA model has only been tested for CHAMP. Values of the Maxwell
coefficient of 1.0 and 0.8 were tried.

Judging from the standard deviations in the tables, the Cook model results in the
worst fits with HASDM. The Sentman [Sentman, 1961] and ANGARA [Fritsche
et al., 1998] models perform about equally well, with a slight advantage for AN-
GARA, in terms of standard deviation, and the fixed model scores in between.
The improved physical representation of Sentman and ANGARA over Cook is
thus confirmed. The fact that the fixed aerodynamics scores better than Cook’s
is further evidence that the wrong aerodynamics assumptions were used in most
publications about CHAMP and GRACE data processing before 2008 (e.g. [Bru-
insma and Biancale, 2003; Sutton et al., 2007]). The model parameters, such as the
accommodation coefficient α, while significantly affecting the mean, do not have
much impact on the standard deviation, although the influence is a bit larger in
the case of Cook’s model, especially for CHAMP.
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Horizontal wind models

The density data has been processed with horizontal winds assumed zero, and
with the HWM-93 model or HWM07 model applied. HWM07 was only tested for
CHAMP. In the processing algorithm, the output of the wind models is added to
the relative velocity vector, which enters in quadratic form in the density deriva-
tion equations. The wind has an indirect effect as well, since the drag coefficient
is a function of the relative velocity vector. The use of a wind model results in
only very slightly lower standard deviations. There is no effect on the mean.
Also, no firm distinction can be made between the HWM-93 model and HWM07
model. The use of a wind model therefore has a fairly modest positive effect on
the density derivation results.

Log-normal mean of the ratios and offsets between data and models

The offsets in the mean of the density ratios of data over model were a major
concern during the discussions at the second progress meeting in Potsdam. Tables
9.2 and 9.3 show that a wide range of mean values are possible, depending on the
choice of the aerodynamic model and aerodynamic parameters made during the
processing.

It has to be remarked that the ideal ratio of 1.0 in the data over HASDM ratio
does not necessarily mean that the data represent (on average) the true situation.
HASDM is based on the analysis of orbital decay due to drag of a large number of
calibration satellites, and the ballistic coefficients for these objects is based on an
analysis using an empirical model. This empirical model in turn likely contains
a bias with respect to the truth. In addition, biases between data and models
can be introduced due to incorrect aerodynamic modelling, misrepresentation of
physical phenomenon, etc. They can therefore be functions of parameters such as
the altitude, composition, temperature, and related parameters such as the level
of EUV input, magnetic activity, etc. Such variations will not show up in the
single mean values of these Tables.

Because of these reasons, the mean values will not be interpreted here in much
depth. There are just a few observations that can be made, without the risk of
having to delve too deeply into all the complicated (and sometimes controversial)
matters that surround the determination of absolute densities.

The ratios for GRACE are generally higher than for CHAMP, even if consistent
processing choices have been made. This indicates an important inconsistency
in the modelling somewhere, most likely either in the aerodynamic model or
in the height variation of the HASDM model.

The choice of the use of a wind model in the processing does not affect the
mean.

The dual-axis approaches result in slightly higher mean values than the
single-axis direct approach.

The ANGARA model results in a higher mean (and closer to one) than the
Sentman panel model for CHAMP, while the standard deviations are identi-
cal.

Lowering the energy accommodation coefficient α results in a lower mean,
even though the standard deviation remains about the same.
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Lowering the Maxwell coefficient σ used in the ANGARA model results in a
higher mean, even though the standard deviation remains about the same.





Chapter 10
Calibration of empirical density

models

In this work package, the NRTDM density calibration software is adapted to ac-
cept accelerometer-derived density data. The NRTDM software was originally
set up to adjust empirical density models based on Two-Line Element-derived
density data. A full description can be found in the final report Doornbos [2006],
and results of that study were also published in Doornbos [2007], Doornbos et al.
[2007] and Doornbos et al. [2008].

In Section 10.1, the methods by which the empirical models are adjusted
is reviewed. Section 10.2 will present the results of the calibration using
accelerometer-derived density data.

10.1 Parameterization methods for density model calibration

The process of density model calibration involves the estimation of a set of cali-
bration parameters. The estimation is based on a least-squares adjustment, using
the Levenberg-Marquardt algorithm [Moré et al., 1980; Bevington and Robinson,
2003; Press et al., 2007], in order to minimize the difference between TLE-derived
observed density values and their equivalent values computed using the parame-
terized model. The next paragraphs will discuss the two ways of parameterizing
the density model which have been tested.

10.1.1 Height-dependent model density scale factors

The first parameterization method uses height-dependent scale factors. If the
unadjusted empirical model density is designated ρm, then the adjusted model is
calculated by multiplying this value with a scale factor f :

ρadj = f (h, φ, λ⊙) · ρm (10.1)

The scale factor f can be a function in 3-dimensional space, expressed in height h
above the Earth’s surface, latitude φ and local solar time λ⊙.

The height variation of f is accomplished by a piecewise-linear interpolation
between a set of Nfh scale factors fhi at predefined reference heights hi. Above and
below the bottom-most and top-most reference height (h1 and hN , respectively),

191



192 Calibration of empirical density models

the scale factor is kept constant. This is illustrated in Figure 10.1.

f =






fh1 if h < h1

fhi +
h−hi

hi+1−hi
( fhi+1 − fhi) if hi ≤ h ≤ hi+1 for i = 1, ..., Nfh − 1

fhN if h > hN

(10.2)

If Nfh equals one, there is no height-dependence in the correction, and the value
of h1 is irrelevant.

This scheme is a simple improvement over the method used by Yurasov et al.
[2005b], in which a two-parameter correction corresponding to a scale factor with
a slope in height was estimated. In their method, the density multiplication factor
will reach unrealistic values at low and high altitudes. Therefore, such an adjust-
ment will certainly result in invalid density values above and below the perigee
height range of the calibration data, even though the original unadjusted model
could still be valid there. In (10.2), this behaviour is avoided if the heights hi are
set within the height span of the calibration data.

The height levels introduced above offer the possibility for adding spatial res-
olution of the density correction function in the vertical direction. In order to ac-
comodate spatial variations in the horizontal plane, each height-dependent scale
factor fhi can be expanded in a set of spherical harmonics in latitude φ and local
solar time λ⊙. In analogy to the Fourier-series expansion for two-dimensional
datasets, spatial features in the horizontal plane around the Earth can be repre-
sented using the equation:

fhi = Chi
00 +

Nhi

∑
n=1

� n

∑
m=0

Chi
nmPnm(sin φ) cos(mλ⊙) +

n

∑
m=1

Shi
nmPnm(sin φ) sin(mλ⊙)

�

(10.3)
The coefficients Chi

nm and Shi
nm are the model parameters that are to be estimated

using the density observations, while Pnm are the associated Legendre functions
of degree n and order m. The low degree and order spherical harmonic coeffi-
cients have a clear physical interpretation: C00 is a global scale factor. Its default
value should be set to one. The higher degree and order coefficients are the ones
that allow for variation in the horizontal plane. Their default value is zero. The
three components of degree and order 1 allow for an offset with respect to the
geocenter: C11 for the X-direction, S11 for Y and C10 for Z. Zonal coefficients,
where m = 0, can represent variations in latitude only: C20 introduces a flatten-
ing (ellipsoidal instead of spherical shape) and C30 a hemispherical asymmetry
with respect to the equator (pear-shape).

Figure 10.1 illustrates this calibration scheme where a linear interpolation is
used between two height levels, at 300 and 500 km altitude. At the lower level,
a spherical harmonic expansion up to degree and order 1 is used, while at the
higher level, the expansion is to degree and order 2. Using such low order spher-
ical harmonics, the shape, position and amplitude of the diurnal density bulge
can be easily modified. If sufficient data are available, higher order spherical har-
monics could be used to represent shorter wavelength density fluctuations, but
this has not been tested during this study.

10.1.2 CIRA-72 temperature corrections

A second tested parameterization method involves the use of CIRA-72 tempera-
ture corrections. The scheme is based on the Dynamic Calibration Atmosphere
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200 km

300 km

400 km

500 km

600 km

1.0

Figure 10.1 Illustration of the height-dependent scale factor calibration scheme, using two height
levels, at 300 and 500 km, with spherical harmonic expansions up to degree and order 1
and 2, at each height level, respectively.

(DCA) [Bowman and Storz, 2002; Casali and Barker, 2002] used in the HASDM
project [Storz et al., 2005]. In order to explain the scheme, it is necessary to read
the short introduction to the way the CIRA-72 model computes temperatures and
densities, given in Section 2.5.1. A full description and source code of the model
are available in Jacchia [1972].

As explained in Section 2.5.1, vertical density profiles at a given location are
computed by integrating the hydrostatic and diffusion equations from the lower
boundary conditions, based on a temperature profile that is a function of two
temperatures Tx and T∞.

In this second calibration scheme, two corrections to these temperatures, ∆Tx
and ∆T∞, are both expanded in spherical harmonics, in a similar manner as the
height-dependent scale factors of (10.3). A set of spherical harmonic coefficients
of these temperature corrections, CTx

nm, STx
nm, CT∞

nm and ST∞
nm, can then be estimated

during the calibration procedure.
The resulting corrections ∆T∞ and ∆Tx are then added to the equations (2.9)

and (2.10), as follows:
T∞ = Tc D + ∆TG + ∆T∞ (10.4)

Tx = a + bT∞ + c exp(kT∞) + ∆Tx (10.5)

The complete temperature profile and local densities are then computed using
the standard model formulations, as explained in Section 2.5.1. Figure 10.2 illus-
trates the influence of the calibration parameters on the temperature and density
profiles of the CIRA-72 model.

10.1.3 Pros and cons of the two calibration methods

A theoretical disadvantage of the temperature correction method is that adjust-
ments can only be made with two degrees of freedom in the vertical. A benefit
of the temperature calibration scheme over the scale factor scheme is that the
estimated parameters have a physical meaning in the model. The scale factors
apply only to the total neutral density. Therefore, the temperature and composi-
tion results of the original model remain unaffected by the scale factors, and are
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Figure 10.2 Vertical profiles of density and temperature for various values of the calibration
corrections for the inflection point and exospheric temperatures.

no longer physically coherent with the scaled total density. In contrast, the cor-
rected temperatures are at the basis of the CIRA-72 model, in which density and
composition are computed based on physical principles from these temperatures.

Note however that the value of the corrected temperature at 125 km should
not be interpreted as representing the true temperature at this altitude. The uncor-
rected temperature parameter is closely tied to the lower boundary conditions of
the CIRA-72 model, and its correction will be extrapolated from drag data above
200 km through the temperature-density relations of the model, both of which
will introduce considerable uncertainties.

10.2 Calibration results

The calibration results will be presented in two parts. First, the time series of
model calibration parameters will be studied, and then the calibrated models are
evaluated along the CHAMP and GRACE satellite tracks, and compared with
their input data and with independent density data.

10.2.1 Time series of calibration parameters

The most simple calibration possible is the application of a single scale fac-
tor (C00), at a single height level. This scale factor, estimated from the ac-
celerometer data, is then applied to all the density model output. Such a
calibration has been performed twice, one time using data from only the
CHAMP satellite and one time using only the GRACE satellite data. In this
case, the CH PN R03 and GA PN R03 categories have been used, and the
DENSWIND ITER3 SENTMAN ALPHA0.9 products from those categories were
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Figure 10.3 Estimated density model scale factors (C00) for the NRLMSISE-00 model, comparing the
CHAMP data (red line) and GRACE data (blue line) density data, used separately.

-400

-200

0

200

!
T 

(K
)

2002 2003 2004 2005 2006 2007

CHAMP
GRACE

Figure 10.4 Estimated CIRA-72 exospheric temperature adjustments (CT∞
00 ) comparing the CHAMP

data (red line) and GRACE data (blue line), used separately.

chosen. These products contain density error estimates, which were used for
weighting the data. The density model scale factors for the NRLMSISE-00 model
were estimated on a daily basis.

The resulting time series is visible in Figure 10.3. It is clear that the scale
factor time series for both satellites are very similar, even though the satellites
are at different altitudes, and their local solar time coverage changes continually.
This result is in line with the findings from the TLE-derived densities in Doornbos
[2006]. It indicates that there is a large global, time-varying error, which is largely
due to the incorrect representation of solar EUV heating (through the F10.7 proxy)
in the empirical models.

The GRACE-derived scale factors are a little higher than those from CHAMP,
in the earlier years. However, for both satellites, the scale factors are generally
below one, indicating that the NRLMSISE-00 model is scaled down, and was
originally predicting densities that were too high. At high solar activity, there
are large variations at approximately the solar rotation rate, indicating that the
model calibration compensates for inaccurate representation of the solar EUV ra-
diation energy input in the thermosphere. At low solar activity, the scale factor
becomes lower and lower. This might be related to the long-term thermospheric
cooling trend, which in other analyses was shown to be strongest at solar mini-
mum [Emmert et al., 2008a].

A similar analysis can be made using the CIRA-72 temperature adjustments.
Those results are visible in Figure 10.4. The discrepancy between the modelled
and observed densities translate into an exospheric temperature that is about 100
K lower, than predicted by Jacchia’s temperature equations (2.8) and (2.9), based
on F10.7 and aP. Note that this mean offset could be related to errors in the ac-
celerometer processing, such as the panel areas, accommodation coefficient, etc.,
as well as to errors in the a priori models. Note that an offset of the same mag-
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Figure 10.5 Estimated zonal components (CT∞
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20 and CT∞
30 ) of the CIRA-72 exospheric

termperature adjustment, using the CHAMP and GRACE data combined.

nitude is visible both at high solar activity (2002) and at low solar activity (2007).
This is in contradiction to the conclusions of [Emmert et al., 2008a], which showed
a larger temperature difference between data and models at solar minimum than
at solar maximum. However, their analysis was based on the NRLMSISE-00
model, not the CIRA-72 model, and they used TLE-derived drag data over a
much longer time span, spanning multiple solar cycles.

There is a large variation of the temperature about this mean of about 50-100
K at high solar activity. This variability decreases at low solar activity. There is
a significant peak of up to -400K around the time of the October 2003 storms,
suggesting that the CIRA-72 model was overestimating the temperature change
due to the sudden large additional energy input at that time.

Figure 10.5 shows the exospheric temperature change time series for the
CIRA-72 adjustment at the first, second and third order zonal components. Con-
trary to the previous plots, these values were estimated from the combined pro-
cessing of CHAMP and GRACE data. The C10 and C30 components represents a
North-South shift, the C20 component a shift from the poles to the equator or vice
versa. The temperature corrections have an amplitude of about 20–30 K. Large
peaks are visible around the October 2003 storm and other solar and geomag-
netic activity related events. There are also some clear outliers, which should be
investigated. But most of the variation in these time series seems to be at longer
wavelengths, such as at the annual and semi-annual periods. This indicates that
the calibration adjusts for inadequate representation of seasonal and local solar
time variations in the original CIRA-72 model.

10.2.2 Evaluation of calibrated densities along CHAMP and GRACE
trajectories

The evaluation of calibration results is done by making use of the scale-factor
approach only, where NRLMSISE-00 is used as the a priori model. The calibra-
tions are done by estimating only a single scale factor (C00), or a series of four
zonal harmonics (C00, C10, C20, C30), over intervals of 3 hours and one day. Due
to the limited altitude range of the accelerometer measurements, all adjustments
are made without taking into account height variations.

Figure 10.6 gives an illustration of what the calibrated data looks like, com-
pared to the original densities, and the uncalibrated model.

For both CHAMP and GRACE-A, the various calibrated models are evalu-
ated using statistics of the data along the satellite tracks. The data over calibrated
model density ratios are computed, and the log-normal mean and standard devi-
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Figure 10.6 Comparison of calibrated densities along CHAMP tracks, for the period around the
October 2003 geomagnetic storm. The top row contains the accelerometer-derived
CHAMP density data (left), and the uncalibrated NRLMSISE-00 model output (right).
The other rows contain calibrated model results using only a constant scale factor
(second row), and one using the additional zonal harmonics (third row). In these rows,
the CHAMP data itself was used for the panels in the left column, and independent
GRACE data for the panels in the right column. A 3-hourly calibration interval was used.



198 Calibration of empirical density models

base model cal. data parameters interval N µ∗ σ∗

NRLMSISE-00 – – – 3082484 0.742 1.250
HASDM – – – 3082484 0.770 1.141

NRLMSISE-00 CHAMP data C00 daily 3082439 1.007 1.151
NRLMSISE-00 CHAMP data C00 3-hourly 3082433 1.002 1.139
NRLMSISE-00 CHAMP data C00, C10, C20, C30 daily 3082453 1.004 1.144
NRLMSISE-00 CHAMP data C00, C10, C20, C30 3-hourly 3082430 0.996 1.119

NRLMSISE-00 GRACE-A data C00 daily 2987384 0.928 1.168
NRLMSISE-00 GRACE-A data C00 3-hourly 2981968 0.922 1.159
NRLMSISE-00 GRACE-A data C00, C10, C20, C30 daily 2987384 0.918 1.168
NRLMSISE-00 GRACE-A data C00, C10, C20, C30 3-hourly 2980880 0.906 1.155

Table 10.1 Log-normal statistics of data/model density ratios, evaluated along the CHAMP orbit,
over the year 2003.

base model cal. data parameters interval N µ∗ σ∗

NRLMSISE-00 – – – 2997772 0.801 1.325
HASDM – – – 2997772 0.867 1.184

NRLMSISE-00 GRACE-A data C00, C10, C20, C30 daily 2997711 0.993 1.187
NRLMSISE-00 GRACE-A data C00, C10, C20, C30 3-hourly 2996623 0.980 1.155

NRLMSISE-00 CHAMP data C00 daily 2980444 1.089 1.207
NRLMSISE-00 CHAMP data C00 3-hourly 2979356 1.084 1.193
NRLMSISE-00 CHAMP data C00, C10, C20, C30 daily 2989101 1.086 1.200
NRLMSISE-00 CHAMP data C00, C10, C20, C30 3-hourly 2979356 1.077 1.178

Table 10.2 Log-normal statistics of data/model density ratios, evaluated along the GRACE-A orbit,
over the year 2003.

ation of these ratios are computed (as explained in Section 9.2), and presented in
Tables 10.1 and 10.2. Only data for the year 2003 was used for this evaluation.

These tables contain three sections. The top section shows the statistics for
NRLMSISE-00 and HASDM, that were evaluated in Chapter 9 as well, although
that was for a different time period. These data, especially the uncalibrated
NRLMSISE-00 statistics, serve as a reference for the improvement that the cali-
bration can bring. The evaluation of the HASDM model was included as well, in
order to be able to compare whether the calibration with accelerometer data from
just one mission can compete with the calibration using many radar-tracked cali-
bration objects.

The second section contains the results of the calibration using data from the
same satellite as is used in the evaluation. This is of course not a fair evalua-
tion of the benefits of the calibration, but these statistics are included in order to
evaluate the limits of the parameterization that are used. For example, the log-
normal means of the data/model density ratios is within 1 percent for CHAMP
and within 2 percent for GRACE. These numbers are not exactly equal to one,
probably because of the fact that the data are weighted in the calibration, and
not in the evaluation. The standard deviations decrease significantly with the in-
troduction of additional calibration parameters, as expected. However, only in
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the case of the estimation of four zonal harmonic parameters over 3-hourly time
intervals, do the calibrated models outperform HASDM. And this is when the
same data are used for calibration and evaluation, while the HASDM calibration
is done with independent data. This result serves as an excellent example of the
validity of the HASDM data.

The third section in these two tables shows the results for the calibration with
independent data. As expected, these are somewhat worse than in the case where
the same data are used both for evaluation and calibration. Still, a very significant
improvement over the uncalibrated NRLMSISE-00 model is seen.

In the case of the evaluation along the GRACE-A track, the calibrated model
using only CHAMP data results in a lower standard deviation than the HASDM
model, which is calibrated using many radar-tracked objects. This demonstrates
the validity of the CHAMP data for thermospheric density modelling.

The GRACE-calibrated model, evaluated along the CHAMP trajectory does
not exceed the performance of HASDM. This could indicate that improvements
to the GRACE density data processing are possible.

It would be interesting to evaluate the performance of CHAMP and GRACE
calibrated models in the orbit determination of higher altitude satellites, such as
ERS-2, Envisat and Cryosat-2. Perhaps the higher altitude GRACE data will bring
in more value there. Another exciting possibility for future investigations is the
calibration of density models using combined data from accelerometers and TLE
data. As recommended by an earlier feasibility study for ESA/ESOC [Doornbos,
2004; Doornbos et al., 2005], these two data types could complement each other.
The accelerometer data provides high temporal and spatial resolution along a
narrow satellite track, while TLE-derived densities could provide global spatial
coverage, if enough calibration objects are available, albeit at a much lower tem-
poral resolution. The cross-calibration of such data sets would be an interesting
investigation by itself.





Chapter 11
Geophysical Interpretation

Within this Chapter we perform some validity checks of the density and wind
processing results. It is closely related to the comparison with existing empirical
density and wind models as it was outlined in Chapter 9, but in distinction to that
we try now to find some self-consistent means to check the correctness and plau-
sibility of the density and wind estimations obtained. For this task, we partially
have to make use of the mentioned empirical models and we will try to interpret
the preliminary results in a geophysical context.

The data analyses of this Chapter rely on the broad lay-out and well-organized
data product storage and retrieval system of this project. It makes ample use of
its various data products. Most data sets of the CHAMP and GRACE missions
stored there have a standard time resolution of 10 sec. They constitute therefore,
depending on the period lengths considered, quite large data files in terms of
memory allocation.

The download and ingestion of the ASCII data files appeared as a first “bottle-
neck” of the analysis procedures because of their relatively long processing times.
Nevertheless, the fact that all relevant data files of the storage system are given
as continuous and equidistant time series with the same 10-sec cadence (where
data gaps are marked by specific “fill values”), proved to be very convenient
for an efficient reading of the ASCII data tables. The data files that have been
selected for further local use within the frame of these geophysical efforts have
then been converted into binary files using the CDF storage routines of IDL (.cdf
data files). This was done for the benefit of less memory consumption and faster
Input/Output processing times at the local computer network.

Several “handy” interval lengths of the data files to be investigated were
tested that reached from one-day files over one-month series up to one-
year packages. We use mainly (if not otherwise stated explicitely) the first
field from the CH/GA/GB PN R02:DENS DIRECT SENTMAN ALPHA0.8
products for the thermospheric density analyses (in Sect. 11.1), which de-
pends only on the along-track accelerometer (x-axis) measurements. For
the thermospheric wind studies (in Sect. 11.2) we preferably used the
CH/GA/GB PN R03:DENSWIND ITERATIVE2 SENTMAN ALPHA0.8 prod-
ucts because of the more advanced calibration level (“R03”, see Section 7.4) that
appeared to be crucial for the use of the sensitive cross-track component and the
particular data analysis technique of iterative estimations.

Both Fortran and IDL-programs have been used for the data analyses of these
geophysical tests.
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11.1 Thermospheric Mass Density

For the geophysical analyses in this and the subsequent sections, we use data of
a seven-year interval (2001-2007) that comprises all solar activity levels from the
maximum year of the 23rd cycle 2001/2002 over the years of declining solar EUV
activity but with enhanced geomagnetic activity, including a series of extreme ge-
omagnetic storms (“superstorms”) in particular in 2003, up to the solar minimum
years 2006/2007.

As for CHAMP, an (at least) five-year period has some “practical” benefits.
The orbital precession rate of CHAMP is 15◦ within an 11-day period which is
equivalent to a full local time (LT) coverage for both ascending and descending
wings of the orbits within ≈262 days. We can therefore achieve almost exactly 7
full LT coverages within a five-year period, which covers also different seasons
sufficiently well for the various local time ranges. The GRACE satellites with their
slower precession rate, however, perform only about 5 2

3 full LT coverages within
five years, i.e. one full coverage in ≈322 days, which leads to an interference
between seasonal and local time dependences.

11.1.1 Comparison of ascending and descending orbits

A first evident test of the validity of density estimations obtained with the various
approaches of this study, is the comparison of the measurements from ascending
and descending orbits during the same local times. As mentionend above, due to
the orbital constraints of CHAMP with its near-polar circular orbit and an incli-
nation of about 87◦, the different branches of the orbit within one and the same
local time slice are about 4 months apart (more exactly: ∼131 days). The altitude
variations (orbit ellipticity and the decay rate) are quite small and are neglected
for the first approach (for some refinement in this regard, see below).

Figure 11.1 shows an example of such a comparison of the descending (upper
panel) and ascending (lower panel) orbital branches for the year 2003. The mea-
sured quantity is in this specific case derived from the “Dens Direct ANGARA”
retrieval method, where the density is estimated from the accelerometer measure-
ments in the S/C x-direction while neglecting any possible neutral wind influence
in this along-track direction. The densities are drawn in a linear scale versus local
time and color-coded with the actual values of the F10.7 solar index, which stands
as proxy for the solar EUV radiation intensity. The time interval from Jan 15 to
Oct 03, 2003, was chosen such that each local time moment is covered by both as-
cending and descending orbits (262 days) as CHAMP’s orbital plane is precessing
during this time once through the full 360◦ local time azimuth.

The predominant density variation as shown in Figure 11.1 is that of the di-
urnal variation with a more-or-less sinosoidal behaviour. Despite of the density
modulations, that are mainly due to varying solar activity (see below), the upper
and lower smoothed envelopes reveal maximum and minimum values at about
14 MLT and in the early morning sector at about 04 MLT, respectively. This is at
least true for the descending orbits in the upper panel. It is in accordance with
the generally accepted view of diurnal thermospheric density variations which is
well-known for long time (see, e.g., Jacchia and Slowey [1968]). The diurnal den-
sity variation of the ascending orbits (lower panel) for this time interval seems
to have somehow phase shifted maximum and minimum values at sunset time
(≈18 MLT) and during sunrise (≈06 MLT), respectively.
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Figure 11.1 CHAMP density variations at low- to mid-latitudes (±60◦) for descending (top panel) and
ascending (bottom) orbits of a 262-days-interval in 2003 separately, color-coded with the
actual F10.7 index values.

Figure 11.2 The same density variation as in Figure 11.1, but color-coded with the planetary
geomagnetic Kp index (color scale multiplied with 10).
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Figure 11.3 The same density variation versus local time in dependence on the solar activity index
F10.7 as in Figure 11.1, but for the low solar activity year 2006. The same ordinate scale
length is used for direct comparison.

The density variation shows also a distinct modulation with an amplitude
of about factor two. The modulation is clearly correlated with the solar activ-
ity index F10.7, which is used as a proxy for the solar EUV radiation intensity.
The intervals of enhanced mass density (“bulges”) during certain local time in-
tervals can be mostly identified as periods of enhanced F10.7 values; the time
intervals in between (“valleys”) are characterized by low F10.7 values with the
blue end of the color scale. The year 2003 on the declining solar cycle was char-
acterized by an on average medium solar activity level of about F10.7 ≈ 130 with
large-amplitude regular variations of the F10.7 flux that followed the 27-day so-
lar rotation period (for the pecularities of the solar flux variation see, for example,
Vellante et al. [2007]). At the same time, we observed very intense geomagnetic ac-
tivity throughout the year 2003, which culminated in the occurence of so-called
superstorms at the end of October and in November 2003. The density modula-
tions clearly follow the variations in F10.7.

There are short intervals with even larger excursions to even more severe den-
sity enhancements which are related to geomagnetic disturbance periods. This is
also illustrated in Figure 11.2 which shows the same density variation as Fig-
ure 11.1, but this time color-coded with the planetary geomagnetic Kp index. The
geomagnetic activity is much more fine-structured and not related to the factor-
two amplitude modulation. There are, however, short intervals of high-density
excursions, indicated by the reddish colors of the upper end of the color scale
as, e.g., near 07:30 LT of the ascending orbits (lower panel), corresponding to the
peak near 19:30 LT of the descending orbits (upper panel), that belong to one and
the same geomagnetic disturbance period.

The large-amplitude modulations due to the solar flux variations together
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with different geomagnetic activity levels and possible seasonal density varia-
tions during the different times of the ascending and descending orbital branches
complicate the direct comparison. The largest effects during the year 2003 are
obviously caused by the large solar flux variations. One has to find some proper
mean to overcome these difficulties and to find an objective measure to reduce
these variations to a common reference level.

The study of Liu et al. [2005] discusses the correlation between the mass den-
sity variation and the solar EUV radiation. They find an approximate linear corre-
lation in their case study of the year 2002 (high solar activity) with relatively high
correlation coefficients of the order of 0.7. These correlations were derived sepa-
rately for quiet and moderate geomagnetic conditions as well as for both dayside
and nightside sectors (Figure 7 in Liu et al. [2005]). The CHAMP accelerometer
measurements used for the analysis were confined to a latitude range of ±30◦
magnetic latitude. The effect of F10.7 on the mass density variation is shown to
be stronger on the dayside than on the nightside:

ρ = 0.08 F10.7 − 5.31 (daytime)
ρ = 0.05 F10.7 − 3.45 (nighttime) (11.1)

with ρ given in [10−12 kg m−3] and F10.7 in the usual units of the solar EUV index.
The linear relations in equation (11.1) are valid for geomagnetically quiet con-
ditions (Kp = 0...2) and, as written above, they were derived from the CHAMP
accelerometer data set of the high solar activity year 2002.

These simple relations (equation 11.1) could be applied to the data set of our
study to reduce the mass density variations, caused by the solar EUV (with its
proxy, the F10.7 radiation index), to a common median solar activity level. Such
linear relations or, possibly, more complicated relations could be estimated from
our complete data set, considering also further dependencies like height and sea-
sonal variations.

An alternative possibility would be the use of existing empirical models to
reduce the solar flux dependence of the mass density variations to a common
reference according to, e.g., the observed F10.7-values to the common level of
F10.7 = 130:

ρobs
130 = ρobs

F10.7
ρmodel

130
ρmodel

F10.7
(11.2)

For this kind of referencing, any empirical thermospheric density model could be
used that has an explicit solar EUV index as one of the input parameters. This is
the case for all models of common use (see Chapter 9).

Figure 11.3 shows the same density variation versus local time in dependence
on the solar activity index F10.7 as in Figure 11.1, but for the low solar activity
year 2006. The same ordinate scale length has been used for both plots to ease the
direct comparison. The low solar activity level is accompanied by relatively small
variations of the F10.7 index, as can be seen by a much smaller or even negligible
amplitude modulation compared with the color-scaled solar EUV variation. The
variations with the geomagnetic activity are much more prominent, which can
be seen by the spiky, short time enhancements as, e.g., at ≈14:30 LT and corre-
spondingly at ≈02:30 LT. Considering intervals outside the geomagnetic distur-
bances, direct comparisons of latitudinal density profiles during ascending and
descending orbital branches could be more reliable, i.e. less disturbed by solar
EUV activity changes.
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Figure 11.4 NRLMSISE-00 density variations at low- to mid-latitudes (±60◦) for descending (top
panel) and ascending (bottom) orbits of a 262-days-interval in 2003 separately,
color-coded with the actual F10.7 index values, using the same orbits as CHAMP as well
as the same solar and geophysical conditions as shown in Figure 11.1.

The mass density variation with the height of the S/C is also noticable, but ob-
viously less important in case of the near-circular CHAMP orbit. This modulation
can be corrected for a common reference height level according to the relation:

ρobs
400 km = ρobs

S/C
ρmodel

400 km
ρmodel

S/C
(11.3)

Figure 11.4 is a pendant to Figure 11.1, but in difference to that the mass den-
sity values are generated with the empirical thermosphere model NRLMSISE-00,
using the same set of orbits with its orbital elements and the same solar and geo-
magnetic index values as input to the model. The data points are color-coded
with the actual F10.7 index values as in Figure 11.1.

The density variation shows the expected diurnal variation with maximum
and minimum values in the afternoon and after midnight, respectively. The step-
like variation near ∼05 LT of the ascending orbits (lower panel) and correspond-
ingly ∼17 LT for the descending orbits (upper panel) are the moments of the
start- and end-point of the 262-days-interval. They refer to different seasons of
the year which might be the cause for the dicontinuous behaviour during these
local times. The modulation with the F10.7 value is also visible, but its ampli-
tudes are diminished for the NRLMSISE-00 model runs (Figure 11.4) in compar-
ison with the CHAMP measurements (Figure 11.1). This might be an indication
that the F10.7 dependence of the model is less dynamic than the accelerometer
observations, at least with respect to the analysis method used in this case.
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11.1.2 The day-to-night mass density ratio

The mass density ratio between the central hours around the maximum and min-
imum values during daytime and nighttime, respectively, are thought to be rel-
atively constant for the full range of various different solar EUV flux intensities.
This might not be true for moderate to strong geomagnetic conditions, during
which this ratio becomes smaller as a rule, depending on strong density enhance-
ments during nighttime.

The day-to-night mass density ratio can therefore be used for a further testing
of the validity of the density estimations from the accelerometer measurements,
if one confines to periods of low geomagnetic activity.

The physical idea behind this reasoning is the consideration of the thermal
structure of the Earth’s thermosphere. The thermal balance in the thermosphere is
governed by the heat conduction equation that comprises various heating sources
and losses as well as the heat transport by thermal conduction, which is a function
of the neutral temperature itself, thermal advection and convection terms. The
Earth’s thermosphere is heated primarily due to the absorption of solar extreme
ultraviolet (EUV) radiation by the atmospheric constituents. Additionally, at high
latitudes and in particular during geomagnetic disturbed periods, other heating
sources become important as collisions between charged particles and neutral
constituents, the so-called Joule heating, and direct and indirect heating by solar
wind influences as energetic particle precipitations in the auroral zone that are
mediated through the magnetosphere. The main heat loss is due to emissions in
the infrared (IR). Radiative loss by IR occurs when atmospheric constituents are
present which have transition levels in the infrared range of the spectrum as it is
the case for atomic oxygen in the terrestrial thermosphere [Bauer, 1973].

The solution of the time-dependent heat balance equation leads to a time vari-
ation of the thermospheric temperature, characterized by the so-called exospheric
temperature T∞, having a maximum which occurs several hours later than that
of the maximum EUV heat input (midday), due to the thermal inertia of the at-
mosphere. The solution of the heat balance equation with realistic inputs leads to
a T∞ maximum at about 17:00 LT (see, e.g., Bauer and Lammer [2004], Figure 2.5]).
The thermospheric density maximum, on the other hand, occurs around 14:00 LT
as it is known for many years from satellite drag observations since the early
days of the space era and consequently a temperature maximum was inferred for
the same time from atmospheric model considerations [Jacchia and Slowey, 1968].
This problem has been termed the diurnal phase anomaly between atmospheric
density and temperature by Chandra and Stubbe [1970].

At the equator during nighttime conditions, the mass density often shows
a secondary maximum around midnight. It was termed the ’Midnight Density
Maximum (MDM)’ acording to Arduini et al. [1997], in reminiscence of the ’Mid-
night Temperature Maximum (MTM)’ observed by Spencer et al. [1979].

Nevertheless, the day-night temperature ratio between maximum and mini-
mum temperatures has been shown to be relatively constant (though, also there is
a difference between estimates derived from satellite drag observations that range
from 1.5 to 2.0 and the theoretical model prediction that gets about 1.3 [Bauer,
1973; Bauer and Lammer, 2004]), independent of the solar cycle variations of solar
EUV flux.

A constant day-night temperature ratio implies that the density ratio should
be constant as well at a given height level, but contrary to the thermospheric
temperature, which levels out to a height-independent T∞ above about ∼250 km,
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Figure 11.5 Illustration of the estimation of the mean day/night mass density ratio for CHAMP
measurements (using “DENS DIRECT” with the ANGARA force model) during
geomagnetically quiet conditions (ap < 30 nT) in the year 2003. The lower panel shows
the direct orbit-by-orbit density averages between ±30◦ latitude for ascending (black
points) and descending (blue) orbits. The upper panel shows the day-to-night mass
density ratio in black and blue for equator crossings of the S/C orbit between 06 LT and
18 LT during the ascending and descending orbits, respectively, and the inverse values
(in grey) for the nighttime orbital parts between 18 LT and 06 LT. Data points of the local
time interval between 10:30 LT and 16:30 LT, which were used for the determination of
the day-night ratio, are highlighted in magenta color. The mean ratio and its mean
square deviation, finally, is indicated in the upper left corner of the upper panel.

the day-night density ratio should be different at different altitudes according to
the barometric law:

ρ = ρ0 exp
�
− z

H

�
(11.4)

where H = kBT/mg is the atmospheric scale height with kB as the Boltzmann’s
constant, m the constituent’s mass, and g the Earth’s gravity acceleration.

The mass density ratio was taken between the central hours around the day-
time diurnal maximum (10:30–16:30 LT) and the nighttime minimum values
(22:30–04:30 LT) of the thermospheric mass density. As a measure of global geo-
magnetic activity we used the ap index, selecting only those data that were ob-
tained during intervals below a certain threshold (ap < 30 nT or even ap < 15 nT).

Figure 11.5 shows as a first example the ratio (upper panels) and the orbit-
by-orbit density averages between ±30◦ latitude for ascending (black points) and
descending (blue) orbits for the year 2003 in the lower panels. The mean ratio
and its mean square deviation is indicated within each of these Figures and as a
summary in the Table 11.1 (second column) below for several years of the 23rd
solar cycle. The Table lists also the corresponding values of NRLMSISE-00 model
values illustrated in the subsequent section, where the same set of orbital values
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Figure 11.6 This Figure is a repetition of Figure 11.5, but now for a much longer time interval and
using a different S/C surface model product with the R03 calibrations. It shows an
illustration of the mean day/night mass density ratio estimation for CHAMP
measurements (upper panel), using “DENS DIRECT” with the Sentman panel force
model and α = 0.8 during geomagnetically quiet conditions (ap < 15 nT) for the years
2002–2006. The density measurements are normalized to an altitude of 400 km by
means of the NRLMSISE-00 model (see text).

and the same solar and geomagnetic conditions have been used for the estimation
of the day/night mass density ratio.

The yearly mean values have been obtained from mean averages of the low-
latitude orbit passes across the equator during daytime and nighttime hours of
the time intervals indicated, using only geomagnetically quiet conditions (ap <
30 nT). The CHAMP values are derived in this case trom the “DENS DIRECT”
calculations that make use of the ANGARA force model. The CHAMP mass den-
sity ratio values are generally larger by up to∼10% than the corresponding model
values derived from NRLMSISE-00. Exceptions are the years 2001 and 2007 with
relatively high model mass density ratio values. The standard mean square de-
viation of the ratio values during all the years is also generally larger for the S/C
observations in comparison with the model values.

The mass density estimations were scaled here to a common reference height
(see last column in Table 11.1) close to the actual height according to equation
(11.3). This was important in particular for the years 2001 and 2002, where the
orbital ellipticity was obviously much larger than during later years, which re-
sulted in more evident overestimations of the ratio values. The scaling proved to
be quite sensitive to the actual height difference to be bridged by the scaling; tests
with larger height distances resulted in overstimated ratio values. The larger val-
ues in 2001 and 2007 for the NRLMSISE-00 model mass density ratio values (third
column in Table 11.1) are probably due to this error; the distances of the actual
S/C altitude to the reference level height is somehow larger for these intervals.



210 Geophysical Interpretation

Figure 11.7 The same logarithmic density variation and day/night density ratio as in Figure 11.6, but
now for GRACE-A during the same 5-year interval 2002–2006 and normalized to
475 km.

Figure 11.8 The same logarithmic density variation and day/night density ratio as in Figure 11.6, but
now for GRACE-B (2002–2006) and normalized to 475 km height as in the previous
Figure 11.7.
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Day/Night ratio Day/Night ratio Reference
Year CHAMP NRLMSISE-00 height [km]

2001 (no S/C data yet) 2.441 ± 0.186 425
2002 2.271 ± 0.109 2.160 ± 0.083 425
2003 2.239 ± 0.148 2.096 ± 0.069 400
2004 2.337 ± 0.204 2.278 ± 0.122 400
2005 2.307 ± 0.162 2.240 ± 0.074 375
2006 2.354 ± 0.194 2.311 ± 0.131 375
2007 (first half only) 2.305 ± 0.189 2.344 ± 0.141 375

Table 11.1 Yearly values of the day/night mass density ratio according to CHAMP measurements
(using “DENS DIRECT” with the ANGARA force model), compared with corresponding
model values of the NRLMSISE-00 model, where the same set of orbital values and the
same solar and geomagnetic conditions have been used. Mass density ratios listed here
were calculated between ±30◦ latitude, for local time intervals from 10:30 LT to 16:30 LT,
and during geomagnetically quiet conditions (ap < 30 nT). The mass density estimations
have been scaled to a common reference height that is given in the last column.

The mass density ratio appears therefore to be susceptible to the empirical model
scale height or the day/night mass density ratio itself is height dependent.

Figures 11.6–11.8 show the ratio (upper panels) and the orbit-by-orbit den-
sity averages between ±30◦ latitude for ascending (black points) and descending
(blue) orbits of the years 2002–2006 in the lower panels. The day/night mass den-
sity ratio equals to unity at about 07:30 LT and 19:30 LT, where the two lines of
the upper panels have their crossing points. The daytime hours (06:00–18:00 LT)
are drawn as black asterisks for the ascending orbit parts and blue ones for the
descending. The nighttime intervals are supplemented with light grey symbols.

The intervals of daytime hours between 10:30 LT and 16:30 LT (indicated with
asterisks in magenta colour) are actually used for the estimation of the mean mass
density ratio, as noted in the upper left corner. There appears to be a steady in-
crease of this mean ratio with time as deduced from the CHAMP density estima-
tions for the years 2002–2006 as shown in Figure 11.6, upper panel, as well as a
steady increase of the variance range of this parameter over the years shown, i.e.,
with decreasing solar activity.

The mean ratio level of about ∼2.4 is relatively high in comparison with sim-
ilar estimations as, e.g., in the paper of Liu et al. [2005]. The results of Liu et al.
[2005] were obtained for high solar activity only. We will come back again to this
phenomenon in Section 11.1.3, Figure 11.16.

The same trend over the years of decreasing solar activity is visible in Fig-
ures 11.7 and 11.8 for the S/C GRACE-A and GRACE-B, respectively, though on
a considerably higher level of the ratio values. The mean ratio level at the higher
altitudes of the GRACE satellites (475 km reference height) is at about ∼3.3 with
a much larger variance (cf. also Figure 11.16 later).

For the interpretation of these observational facts, we are puzzled by the am-
biguity, that they could either be due to a real geophysical phenomenon or they
could indicate some weakness in our accelerometer calibration and/or density
estimation algorithms of the force models (or both simultaneously). Within a geo-
physical interpretation, there seems to be an anticorrelation of the mass density
ratio with solar activity and a positive correlation with the satellite height.

The lower panels of Figures 11.6–11.8 show the steady decline of the average
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Figure 11.9 This plot shows the day/night mass density ratio of the CHAMP measurements from the
years 2002–2006, normalized to 400 km height and confined to < ±30◦ latitude, in
comparison with two empirical models. The upper panel repeats the day/night ratio as
shown in the upper panel of Figure 11.6, the middle panel is a comparison with the
corresponding NRLMSISE-00 model values at the same points along the S/C orbit,
while the lower panel compares it with the latest Jacchia-Bowman model (JB-2008). The
mean ratio and its mean square deviation for each data set is indicated in the upper left
corner of each panel. Here, periods with daytime hours between 10:30 LT and 16:30 LT
over the corresponding nighttime values between 22:30 LT and 04:30 LT have been
used for the ratios as indicated by the magenta color.
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Figure 11.10 These are the same day/night mass density ratio comparisons as in Figure 11.9, but
now for GRACE-A (2002–2006) and normalized to 475 km height as in Figure 11.7.

density at low (< ±30◦) geographic latitudes with the decreasing solar activity
over the years 2002–2006. Superposed on this longer trend, the precession period
of 262 days (322 days) with sinusoidal variations of the average mass density
along the ascending (black lines) and descending orbital wings (blue) can be ob-
served in case of CHAMP (GRACE). Even shorter regular variations with periods
of about 27 days are clearly visible throughout the whole time interval. They are
the result of the periodical change of solar flux values with the solar rotation pe-
riod. Stronger activity regions at the sun’s surface re-appear with this periodicity
and the resulting mass density variations indicate a strong correlation with solar
EUV and X-ray fluxes, the topic of the subsequent section.

Figures 11.9 and 11.10 show a comparison of the measured day/night mass
density ratio of the CHAMP and GRACE-A satellites, respectively, with cor-
responding values obtained from empirical neutral density models like the
NRLMSISE-00 (middle panels) and the latest Jaccia-Bowman model (JB-2008,
lower panels). The model values are taken at the same points along the S/C
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Figure 11.11 Comparison of density estimations (using “DENS DIRECT” of the Sentman’s panel force
model with α = 0.8) along two opposite local times during daytime hours between
∼07:30–19:30 LT (green) and nighttime hours between ∼19:30–07:30 LT (blue) for
CHAMP orbits at low- to mid-latitudes (±30◦) versus Modified Julian Day, referenced to
Jan 1st, 2000 (MJD2000). The data are filtered for quiet geomagnetic conditions
(ap < 15 nT) (upper panel). The lower panel shows the solar radiation index P10.7 (see
text) which indicates the steady decline of the solar EUV activity in parallel to the
average low-latitude thermospheric density over the five-years-interval 2002-2006.

orbits and for the same geographic and geomagnetic selection criteria as used in
the upper panels.

The day/night mass density ratios obtained with the empirical models con-
firm the principle behaviour for both S/C, perhaps with the exception of the large
scatter in the S/C data in particular during lower solar activity in the later years.
The NRLMSISE-00 model data show the least scatter in the diurnal variation,
while the Jaccia-Bowman model 2008 is closer to the observations with respect to
the scatter in the day/night mass density ratio both for CHAMP (Figure 11.9) and
GRACE (Figure 11.10. But the scatter in the observations (upper panels) is largest
in any case, in particular for high solar activity in the GRACE data. Additionally,
they show a certain regular local time variation (see below, Section 11.1.4).

11.1.3 Solar activity dependence

The upper panels of Figures 11.11 and 11.12 are in principle repetitions of the
mass density variation plots in the lower panels of Figures 11.6 and 11.7 for
CHAMP and GRACE-A, respectively, but now drawn with a linear scale. The cor-
responding plot for GRACE-B is omitted here, because it is quite similar to that
of GRACE-A in Figure 11.12. For comparison, the mass density variations are put
into the context of the solar EUV flux variations shown in the lower panels, repre-
sented by the proxy index P10.7 = (F10.7 + F10.7)/2. The index P10.7 was introduced
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Figure 11.12 The same density variation versus time in dependence on the solar activity index P10.7
as in Figure 11.11 during the years 2002-2006, but for GRACE-A. The reference height
used here is 475 km. The corresponding plot for GRACE-B (not shown) is very similar.

by Richards et al. [1994] and is considered a better proxy for the solar EUV than
the daily F10.7 for studies of this kind. It combines the short-term daily variations
with their centered 81-day (i.e., three solar rotations) arithmetic averages, so that
the variation of P10.7 is much smoother than F10.7. Both proxies are measured in
units of [10−22Wm−2Hz−1]. Here, the green line in the upper panels show day-
time mass density values obtained between 07:30–19:30 LT, while the blue lines
show the corresponding nighttime values for local times between 19:30–07:30 LT.
The strong positive correlation between the mass density variation and the solar
flux level is obvious and will be shown explicitely in Figures 11.13 and 11.14 as
well as in Table 11.2 below.

In the linear presentation of the upper panels in Figures 11.11 and 11.12, the
modulation with solar EUV flux variations in the periodicity of the solar rotation
period is well visible during the years of high and moderate solar activity 2002-
2004, while it is quite faint in 2006 due to missing active regions at the quiet sun.

The larger periods with quasi-semiannual maxima in spring and autumn (as,
e.g., in 2004) can be noticed in the daytime mass density variations (green lines,
upper panels), which are not seen in the P10.7 variations (lower panels). They are
mainly due to the above-mentioned periodicity with the satellite’s precession pe-
riods through all local times (both for CHAMP and GRACE in Figures 11.11 and
11.12, respectively). Nevertheless, a semi-annual mass density variation might
be present as will be shown subsequently (cf. section 11.1.5 and Figures 11.19–
11.20). They are probably due to the known larger geomagnetic activities during
equinox periods, which seem to appear as enhanced thermospheric densities de-
spite of the selection criterion with ap < 15 nT. In any case, the specific orbit
constraints are responsible for some ambiguities with respect to local time and
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Figure 11.13 Distribution of the CHAMP thermospheric mass density, scaled to a reference height of
400 km, versus the solar EUV activity index P10.7 (see text). Data of the years
2002–2006 were filtered for quiet geomagnetic conditions (ap < 15 nT) and sorted for
daytime (left panel) and nighttime (right panel) conditions. The least-square fit of the
linear correlation is indicated with the red line and the numbers are noted for each case
in the lower right corner of each panel together with the corresponding correlation
coefficient “r” (cf. also Table 11.2).

Figure 11.14 The same mass density distribution versus local solar EUV activity index P10.7 as in
Figure 11.13, but for GRACE-A. The reference height is 475 km in this case.
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Figure 11.15 The same mass density distribution of the CHAMP data versus the solar EUV activity
index P10.7 as in Figure 11.13, but here empirical model values of NRLMSISE-00 are
used instead, but at the same points along the orbit and under the same selection
criteria as there. The reference height is again 400 km.

seasonal dependencies. An “thought” upper and lower envelope of the daytime
and nighttime curves in Figures 11.11 and 11.12 reflect the long-term trend of
mass density decrease with decreasing solar activity, while the overlaid mid-term
periodicity (with a period of 262 days in case of CHAMP) are actually local time
variations of the density. Those are easier seen in the logarithmic presentations of
Figures 11.6–11.8, lower panels, which display ascending and descending orbital
wings explicitely.

Superposed on these trends, some “spiky” periods of mass density variation
with large enhancements can be observed. They represent some particular active
periods, like the intervals of the so-called “superstorms” in October and Novem-
ber 2003. These events are also characterized by extreme EUV fluxes and are
clearly reflected in the mass density peaks during both daytime and nighttime.

To separate solar EUV dependent variations, represented by its proxies, the
F10.7 or the composite P10.7 flux indices, from the mass density changes of different
origin (as, e.g., seasonal variations), existing empirical models could be used, as
outlined already in equation (11.2).

An alternative possibility is the use of our own data sets to deduce linear rela-
tions or, possibly, more complicated relations from the the observations itselves.
This will be done in the following.

Figures 11.13–11.14 show the correlation between the mass density observa-
tions versus the P10.7 = (F10.7 + F10.7)/2 solar EUV radiation index as a scatter
plot. We used again filtered (ap < 15 nT), height-scaled to the respective refer-
ence height, and averaged low-latitude (< ±30◦) data for these analyses. The
straight red line represents a linear regression of all these data points over the full
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EUV S/C Daytime Nighttime Reference
index (model) coeff. const r coeff. const r

F10.7 CHAMP 0.08 -5.31 0.72 0.05 -3.45 0.72 Liu et al. [2005], Kp = 0-2

F10.7 CHAMP 0.051 -3.035 0.921 0.027 -1.805 0.902 400 km, ap < 15 nT
NRLMSISE-00 0.066 -3.754 0.929 0.035 -2.243 0.935 400 km, same as CHAMP

JB-2008 0.062 -3.505 0.909 0.032 -2.112 0.905 400 km, same as CHAMP

GRACE-A 0.016 -0.983 0.894 0.006 -0.413 0.875 475 km, ap < 15 nT
GRACE-B 0.016 -0.972 0.891 0.006 -0.400 0.870 475 km, ap < 15 nT

NRLMSISE-00 0.019 -1.137 0.928 0.009 -0.571 0.928 475 km, same as GRACE-A
NRLMSISE-00 0.019 -1.133 0.926 0.008 -0.567 0.928 475 km, same as GRACE-B

JB-2008 0.016 -0.873 0.851 0.007 -0.425 0.844 475 km, same as GRACE-A

P10.7 CHAMP 0.057 -3.647 0.949 0.030 -2.119 0.927 400 km, ap < 15 nT
NRLMSISE-00 0.073 -4.552 0.960 0.038 -2.625 0.958 400 km, same as CHAMP

JB-2008 0.068 -4.194 0.933 0.035 -2.460 0.927 400 km, same as CHAMP

GRACE-A 0.019 -1.259 0.917 0.007 -0.520 0.898 475 km, ap < 15 nT
GRACE-B 0.019 -1.243 0.913 0.007 -0.504 0.893 475 km, ap < 15 nT

NRLMSISE-00 0.022 -1.462 0.951 0.010 -0.707 0.945 475 km, same as GRACE-A
NRLMSISE-00 0.022 -1.457 0.951 0.010 -0.702 0.946 475 km, same as GRACE-B

JB-2008 0.019 -1.131 0.866 0.008 -0.533 0.862 475 km, same as GRACE-A

Table 11.2 Approximative linear relationships between the measured thermospheric mass density
values ρ at the given reference height levels (indicated in the last column) and the solar
EUV flux variations. These comprise the linear slope (“coeff.”) and the constant (“const”)
term of the least-square approximation with a correlation coefficient “r” for both daytime
(columns 3–5) and nighttime (columns 6–8) conditions. The data were filtered for low
geomagnetic conditions (ap < 15 nT) and they represent low latitudes (< ±30◦) only for
the years 2002–2006. Here, ρ is measured in [10−12 kg m−3] and the solar fluxes are
estimated with their proxies F10.7 and P10.7 = (F10.7 + F10.7)/2 in the usual units of the
solar EUV index. The latter dependencies are illustrated in Figure 11.16 for CHAMP and
GRACE-A (GRACE-B is similar to GRACE-A in this respect). The first data line is taken
from the cited paper. They used CHAMP data from the accelerometer data set of the
high solar activity year 2002, filtered for different geomagnetic activity conditions; the
numbers here are for quiet geomagnetic conditions only (Kp=0-2).

range of solar activity levels. The corresponding numbers for the least-square
approximations are shown in the lower bottom right of each plot and are sum-
marized in Table 11.2 for all S/C during both daytime and nighttime intervals as
well as for both F10.7 and P10.7 indices.

The Figures 11.13–11.14 reveal a quite strong linear relationship between the
mass densities and the solar EUV flux indices with correlation coefficients close
to 0.9 or higher. The correlations are slightly better for the composite index P10.7
than for the daily value F10.7 (see Table 11.2). For solar EUV fluxes above about
P10.7 >∼ 200 in case of CHAMP and P10.7 >∼ 150 in case of GRACE, the data
scatter shows some indications of possibly larger slopes both during daytime and
nighttime.

The daytime slopes are a factor of 2.0 larger than the nighttime ones in case
of CHAMP and by a factor of about 2.5 in case of the GRACE satellites. The
difference of the slopes between the different satellite missions which operate at
different heights is even larger. It is of the order of factor 3.0 for daytime condi-
tions and factor 4.0 for nighttime (see Table 11.2).
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In the daytime plots of the two GRACE satellites (Figure 11.14, left panel,
GRACE-B is similar, but not shown here), there are indications of a splitting into
two separate branches of the distribution with different slopes. This behaviour is
probably due to a different seasonal coverage during the ascending and descend-
ing orbits, because of the interference between local time and seasonal variations
for the GRACE satellites.

The scaling of the thermospheric density values to a common solar activity
level of P10.7 = 130 will be done subsequently according to the following relation:

ρobs
130 = ρobs

P10.7
130 · coef f + const
P10.7 · coef f + const

(11.5)

It will be used, e.g., in section 11.1.5 for the generation of Figures 11.19–11.20.

11.1.4 Local Time dependence of the mass density ratio

In this section we will first consider again the dependencies of the day/night
mass density ratio on the solar EUV flux proxy P10.7, which was mentioned al-
ready in section 11.1.2 with regard to the upper panels of Figures 11.6–11.8.

Figure 11.16 shows scatter plots of the day/night mass density ratio drawn
versus the P10.7 index for both ascending (blue) and descending (red data points)
orbital wings for the CHAMP and GRACE-A S/C (GRACE-B is similar and there-
fore not shown here). The data points selected represent quiet geomagnetic con-
ditions (ap < 15 nT) and low latitude (< ±30◦) averages of height-corrected mass
density ratios. There are no significant differences in the distribution of these data
points between the ascending and descending orbits.

The pattern of the distributions for CHAMP on the one side and the GRACE
satellites on the other (Figure 11.16) are quite similar, but the latter density ratio
values show systematically higher values, i.e., on average about 2.3 for CHAMP
versus 3.3 for GRACE. The scatter of the data points is large for low solar ac-
tivity levels and becomes smaller with increasing P10.7 index values (the same
principal distribution is obtained for the F10.7 proxy of solar EUV flux intensities
– not shown here). This trend was already seen in Figures 11.6–11.8 as tempo-
ral change of the ratio variances during the solar cycle decline. The causes for
this solar EUV flux dependency is not clear. It seems to have a geophysical back-
ground rather than errors in the data processing. This phenomenon needs further
studies, maybe first of all by global theoretical physical-numerical simulations.

Figures 11.17–11.18 illustrate the local time variation of the day/night mass
density ratio for all three satellites, respectively. Again, the scatter plot with the
two different colours represent ascending (blue) and descending (red) orbits sepa-
rately. The four panels of the Figures stand for the four different seasons, sampled
over the years 2002-2006 and sorted accordingly in time intervals of ∼91 days
around the equinoxes (left panels) and solstices (right).

The day/night mass density ratios are obtained under the same selection cri-
teria as in the previous Figure 11.16, i.e., they represent quiet geomagnetic con-
ditions (ap < 15 nT) and low latitude (< ±30◦) averages of the height-corrected
mass density ratios. This time there are some differences in the distribution of
these data points between the ascending and descending orbits in case of the
GRACE satellites (Figure 11.18, GRACE-B is similar, not shown here). This is due
to the slow precession rate of GRACE; the local time coverage during each season
is not equally distributed between ascending (blue) and descending (red) orbital
wings.
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Figure 11.16 The day/night mass density ratio is drawn here versus the solar EUV activity index P10.7
for both ascending (blue dots) and descending (red dots) dayside orbits of the years
2002–2006. The data are filtered for relatively quiet geomagnetic conditions (ap <
15 nT). The average densities of the two opposite (in LT) orbit parts are obtained
between ±30◦ geographic latitide. The reference height for CHAMP is 400 km (upper
panel) and 475 km for GRACE-A (lower panel).
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Figure 11.17 This plot shows the local time dependence of the day/night mass density ratio separately
for the four seasons and indicating both ascending (blue dots) and descending (red dots)
dayside orbits. Five years (2002-2006) of averaged low-latitude (±30◦) CHAMP data are
used which were converted to the common reference height of 400 km.

Apart from that separation of different populations in the GRACE data, there
are no significant differences between the different seasons. During all seasons,
there is a very clear diurnal trend of increasing mass density ratios with local
time. The ratio maximizes in all cases during the afternoon hours and in some
cases as, e.g., the March equinox of the CHAMP data (Figure 11.17, upper left
panel) the scatter of the data points increases also with local time. It should be
kept in mind, that the calculated ratios result from measurements of one and the
same orbits which are almost exactly 12 hrs apart in local time. The afternoon
maximum results therefore from the interplay between the minimum densities in
the early morning hours and high densities in the aftenoon hours. The smaller
morning ratios are the result of increasing densities during the morning hours
over still higher densities in the pre-midnight hours.

11.1.5 Seasonal mass density variations

Finally we consider the seasonal variations of the thermosperic mass density as
obtained from accelerometer data of CHAMP (Figure 11.19) and GRACE (Fig-
ure 11.20, GRACE-B is similar – see Table 11.3) in the result of the calibration ef-
forts and force model processings of our project. The density data are shown sep-
arately for daytime (upper panels with green data points) and nighttime (lower
panel, blue data points) conditions. They are height-corrected according to equa-
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Figure 11.18 The same mass density ratio dependence versus LT for the four seasons separately as
in Figure 11.17, but for the GRACE-A. The reference height is 475 km.

tion 11.3 and adjusted to a common solar activity level according to equation 11.5
with a reference of P10.7 = 130.

The continuous red curves in Figures 11.19 and 11.20 show the fitting of the
data points with respect to sinusoidal annual and semi-annual terms according
to:

ρ(t) = const + a1 cos(2π/365 · t + φ1) + a2 cos(4π/365 · t + φ2) (11.6)

Here, t stands for “Day Of Year” (DOY) and ρ is measured in [10−12 kg m−3]. The
phases φ1 and φ2 are measured in [rad]. The number values of the fitting are
summarized in Table 11.3 for all three satellites (as plotted in Figures 11.19 and
11.20). The dashed red line in Figure 11.19 shows similar results of a presentation
of H. Lühr, S. Müller, and S. Rentz (private communication), given at the COSPAR
meeting in Montrèal in July this year. They used also CHAMP data (with a dif-
ferent, previous calibration) of the years 2002–2005; the numerical values of their
fitting is also listed in Table 11.3, first line. Their constant term is systematically
larger, but the sinusoidal variations are about the same.

The fitting reveals a clear seasonal, semi-annual variation with maxima at the
equinoxes, in addition to an annual variation with a minimum around the June
solstice. The daytime and nighttime variations are about in phase with the dif-
ference in magnitude of ≈2.3 (CHAMP) and ≈3.3 (GRACE) that corresponds to
the average mass density ratios according to the discussion in the previous sec-
tion 11.1.4.



11.2 Thermospheric cross-track wind 223

Figure 11.19 Seasonal variation of the thermospheric density for daytime (upper panel) and nighttime
conditions (lower panel). The CHAMP measurements are scaled to both a common
height level (400 km) and a common solar activity level of P10.7 = 130 according to (11.5)
and the linear regression coefficient which was found in Figure 11.13. The data set
comprises five years (2002-2006) and is based on the “DENS DIRECT” calculations
with the Sentman panel force model and α = 0.8 during geomagnetically quiet
conditions (ap < 15 nT). The red dashed line shows a least-square fitting of the annual
and semi-annual variations as obtained in a work of H. Lühr, S. Müller, and S. Rentz that
was presented at the 37th COSPAR meeting in Montrèal recently and is based on
CHAMP data for the years 2002-2005. The full red line show the corresponding
least-square fit for the present data set (see Table 11.3). Finally, the full dark green lines
show the corresponding least-square fits for the NRLMSISE-00 model runs, using the
same data points in space and time as the original CHAMP observations. The fit values
are also listed in Table 11.3.

The scatter of the data points around the fitted curves are generally largest
during the equinoctial maxima; some extreme outliers as, e.g., in the lower, night-
time panel of the CHAMP observations in Figure 11.19 around DOY≈270, are
obviously due to the extreme storm events.

11.2 Thermospheric cross-track wind

11.2.1 The low-latitude zonal thermospheric wind

The Earth’s thermosphere is heated primarily due to the absorption of solar ex-
treme ultraviolet (EUV) radiation by the atmospheric constituents. In a most sim-
plistic view one would expect an uprise of the neutral air within the upper at-
mosphere close to the subsolar point, a divergent flow (wind) around the globe,
somehow influenced by the action of the Coriolis and centrifugal forces, resulting
in a converging flow at the nightside. At low latitudes, this would mean, that we
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Figure 11.20 The same seasonal variation of thermospheric density as in Figure 11.19, but now for
GRACE-A, referenced to an altitude of 475 km together with the fitted annual and
semi-annual variations (red curve, see Table 11.3).

Daytime Nighttime
S/C const a1 φ1 a2 φ2 const a1 φ1 a2 φ2

CHAMP(�) 5.561 0.783 -6.666 -0.7032 6.066 2.721 0.4483 -0.4159 -0.369 -0.1633

CHAMP 3.855 0.810 -6.526 -0.589 6.119 1.994 0.496 -0.128 -0.338 -0.052
NRLMSISE-00 5.144 0.868 -6.239 -0.785 5.889 2.571 0.527 0.162 -0.445 -0.484
JB-2008 4.808 0.957 -6.648 -0.788 5.949 2.339 0.479 -0.082 -0.343 -0.327

GRACE-A 1.238 0.324 -6.642 -0.131 6.312 0.475 0.156 -0.496 -0.100 0.610
GRACE-B 1.240 0.325 -6.624 -0.123 6.307 0.467 0.154 -0.479 -0.086 0.704
NRLMSISE-00(A) 1.525 0.367 -6.446 -0.104 6.466 0.692 0.243 -0.511 -0.147 1.007
NRLMSISE-00(B) 1.523 0.364 -6.443 -0.106 6.439 0.687 0.237 -0.496 -0.139 0.990
JB-2008(A) 1.310 0.340 -6.599 -0.117 5.908 0.499 0.154 -0.481 -0.049 0.944

Table 11.3 Annual variations of the scaled mass density measurements at low latitudes < ±30◦ for
both daytime hours (columns 2–6, and shown in Figures 11.19 and 11.20, upper panel)
and nighttime hours (columns 7–11 and the Figure’s lower panels). The scaling is done
with respect to a common height level (400 km for CHAMP and 475 km for the GRACE
satellites) as well as with respect to a common solar activity reference level of
P10.7 = 130. The fitting is done with respect to annual and semi-annual variation terms:
ρ(DOY) =const+a1 cos(2π/365 · DOY + φ1) + a2 cos(4π/365 · DOY + φ2), where ρ is
measured in [10−12 kg m−3] and DOY is ‘day of year’ [in days]. The first data line (�) is
deduced from CHAMP observations of the years 2002–2005, as presented at the 37th
COSPAR meeting in Montrèal by Lühr et al. (private communication). Additionally,
empirical models runs for NRLMSISE-00 and JB-2008 at CHAMP locations were
performed.
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observe an eastward wind in the afternoon to midnight sector and a westward
wind after midnight on the dawn side prior to midday. It is known for a long
time since shortly after the advent of the space era (see, e.g., Jacchia [1971a; Bauer
[1973]) that the global thermospheric density maximum is time shifted with re-
spect to the subsolar point by about two hours and the temperature and pressure
maxima are even further shifted.

The thermal balance in the thermosphere is governed by the heat conduc-
tion equation that comprises various heating sources and losses as well as the
heat transport by thermal conduction, which is a function of the neutral tem-
perature itself, thermal advection and convection terms. The main heat loss is
due to emissions in the infrared (IR). Radiative loss by IR occurs when atmo-
spheric constituents are present which have transition levels in the infrared range
of the spectrum as it is the case for atomic oxygen in the terrestrial thermosphere
[Bauer, 1973]. The solution of the time-dependent heat balance equation leads to
a time variation of the thermospheric temperature, characterized by the so-called
exospheric temperature T∞, having a maximum which occurs several hours later
than that of the maximum EUV heat input (midday), due to the thermal inertia
of the atmosphere.

The solution of the heat balance equation with realistic inputs leads to a T∞
maximum at about 17:00 LT (see, e.g., Figure 2.5 in Bauer and Lammer [2004]). The
thermospheric density maximum, on the other hand, occurs around 14:00 LT as is
known from satellite drag observations since the early days of the space era. Con-
sequently, a temperature maximum was inferred for the same time from atmo-
spheric model considerations [Jacchia and Slowey, 1968]. This problem has been
termed the diurnal phase anomaly between atmospheric density and tempera-
ture by Chandra and Stubbe [1970]. The thermospheric pressure bulge as the main
driver of the low- to mid-latitude winds, finally, should be found somewhere in
between the density and temperature maxima, as both components contribute to
this quantity.

Additionally, at high latitudes and in particular during geomagnetic dis-
turbed periods, other heating sources become important as collisions between
charged particles and neutral constituents, the so-called Joule heating, and direct
and indirect heating by solar wind influences as energetic particle precipitations
in the auroral zone that are mediated through the magnetosphere. The high-
latitude wind circulation will be dealt with further below in Section 11.2.4.

Figure 11.21 shows the CHAMP cross-track wind determinations obtained
from the calibration results CH PN R03. Here, we use the data product
“DENSWIND ITERATIVE2 SENTMAN ALPHA0.8” and calculated averaged
zonal wind velocities between ±30◦ geographic latitude both for ascending (blue
points) and descending (red) orbits independently. Each data point of this scatter
plot represents one passage of the low latitude region near the geographic equa-
tor. The lower panel of Figure 11.21 uses the same data points as plotted in the
upper panel, but now it shows the local time (LT) variation of the geographic
eastward zonal wind velocity for both ascending and descending orbits.

Here, the diurnal variation of both ascending (blue) and descending (red dots)
low latitude orbital averages of the zonal wind determinations show a congruent
and reasonable behaviour with a westward directed wind from shortly prior to
sunrise until about 15:30 LT, and eastward wind during the late afternoon and
nighttime hours. The amplitudes show a quasi-sinusoidal variation in the range
of ≈ ±150m/s.
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Figure 11.21 Scatter plot of the eastward cross-track zonal wind velocities at low geographic latitudes,
averaged between ±30◦, for ascending (blue points) and descending (red) orbits. The
upper panel shows orbit by orbit the variation versus MJD for the full year 2003; in the
lower panel the same values are plotted versus Local Time, projected into geographic
eastward direction. Here, we use the calibration runs labeled CH PN R03 with the
product “DENSWIND ITERATIVE2 SENTMAN ALPHA0.8”.

Figure 11.22 shows the same scatter plots as Figure 11.21, but now for
the GRACE, obtained from the analog data products of GA PN R03 with the
DENSWIND ITERATIVE2 SENTMAN ALPHA0.8 runs. These wind determina-
tions are more difficult because of the smaller signal strength at the higher alti-
tudes of about 500 km. Further, the calibration has certainly a larger influence on
the wind results than on the density (drag) estimations. It is clear, that the R03
calibrations for the GRACE satellites are not yet optimal; the average behaviour
of the scatter curves look still quite messy at this stage. This concerns in partic-
ular the nighttime and sunrise/sunset intervals, which show a large scatter and
frequent sign changes. The daytime interval between about 07 LT and 15 LT is
more reasonable with maximum amplitudes of 200m/s of westward wind dur-
ing prenoon and a wind reversal to eastward wind at about 14 LT. The GRACE
orbit modelling and calibration certainly needs still some improvement.

11.2.2 The afternoon wind reversal - an independent check

Figure 11.23 shows the comparison of the low-latitude wind estimations (PN R03
calibration) for CHAMP in 2003 with the corresponding values obtained from
the most advanced empirical wind model HWM-07 [Drob et al., 2008], includ-
ing the upper thermospheric storm-induced disturbance winds as modelled in
the DWM07 model [Emmert et al., 2008b], which is considered here as an in-
tegral part of the HWM-07. The upper panel of Figure 11.23 is a repetition of
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Figure 11.22 The same scatter plot of the averaged y-component zonal wind velocities at low
geographic latitudes as in Figure 11.21, but now for both GRACE-A (GRACE-B shows a
similar behaviour). Here, we use the same calibration approach as in the previous
Figure 11.21, namely GA/GB PN R03 data with the product
“DENSWIND ITERATIVE2 SENTMAN ALPHA0.8”

the lower panel in Figure 11.21, while the lower panel shows the direct compar-
ison of hourly averages with the state-of-the-art empirical thermospheric wind
model. The model values are sampled in the same manner as hourly averages of
the orbit-by-orbit averages at the same positions along the orbit trajectory and for
the same geophysical conditions as the corresponding data set of the CHAMP or-
bits, separated into ascending (black curves) and descending (green) low-latitude
equator crossings. The average variances are indicated by the vertical bars for
each individual hour and each curve, where the width of the bar corresponds to
±1σ.

The correspondence between the ascending and descending curves on the one
hand, and the derived low-latitude diurnal wind variations with the HWM-07
model variations is quite impressive already, although some noticeable differ-
ences are evident. Corresponding plots for other yearly overviews of the CHAMP
results can be found below in Section 11.1.3 (Figures 11.26 to 11.29). The different
yearly plots are mainly different with regard to the width of the scatter, but the
diurnal variation and its differences with respect to HWM07 are about the same
for all plots (to slightly different degrees). The main differences of the R03 zonal
wind results to the HWM07 “climatological” modelling can be summarized as
follows:

the dusk transition through zero is about 17:30 LT for HWM07, but generally
about two hours earlier in our R03 data set;

there is the general tendency for ”more eastward” wind amplitudes of the R03
CHAMP data in the afternoon to nighttime hours (≈14–22 LT) and
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Figure 11.23 Comparison of the diurnal variation of eastward zonal wind velocities at low geographic
latitudes, averaged between ±30◦, with corresponding values obtained from the
empirical neutral wind model HWM-07 [Drob et al., 2008; Emmert et al., 2008b]. The
upper panel shows the same scatter plot of the averaged eastward zonal wind velocities
for the year 2003, separated into ascending (blue points) and descending (red) orbits, as
shown in the lower panel of Figure 11.21. The lower panel shows hourly averages for
both the CHAMP zonal wind velocities and the HWM-07 model data, obtained at the
same locations in space and time along the S/C path, separately for ascending (black
curves) and descending (green) orbits. The (1-σ) variances are indicated by the vertical
bars for each individual hour and each curve.

a less obvious tendency for ”more westward” wind amplitudes in the prenoon
hours (from about sunrise 05 LT to ≈11 LT), but not for each year;

the steeper early morning (≈05 LT) wind reversal coincides quite well for
CHAMP and HWM-07 results.

The afternoon to midnight differences (possible overestimation of the R03
CHAMP results with respect to the HWM-07 results) is generally present for each
year, while the prenoon effect is more rarely seen (e.g., in 2002: 07-10 LT, in 2005:
05-09 LT, and in 2007: 05-11 LT).

The prenoon differences seem to be related to another effect: one can have the
impression that periods of larger scatter (larger variance) are not simply a larger
Gaussian (symmetric) scatter, but they are mostly connected with a shift of the
mean values to one side preferably.

The opposite prenoon-to-afternoon differences between R03 CHAMP data
and HWM-07 model values seem to be related to the solar illumination of the S/C;
there seems to be a slightly larger force away from the sun in the CHAMP data.
But this overshoot is stronger for the afternoon to nighttime side compared with
the prenoon effects - and it seems to extend even into the dark, non-illuminated
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Figure 11.24 Schematic illustration of the dayside F-region dynamo over the magnetic dip-equator
driven by thermospheric neutral winds. Meridional current systems with opposite sense
are set up in the noon and dusk sector (from Lühr and Maus [2006], Figure 2).

periods near midnight. Could this difference be related to an error in the estima-
tion of the IR backscatter effects of the S/C panel modelling?

The significant difference between the west-to-east wind reversal times of
about two hours between the (preliminary) R03 CHAMP estimations and the
HWM-07 model results is a challenging item. There is an interesting opportu-
nity for an independent check of the wind reversal time, which results from the
F-region dynamo theory, that was originally proposed by Rishbeth [1971a] and
further outlined in the paper of Rishbeth [1971b]. The dayside F-region dynamo
causes a closed meridional current system within the upper atmosphere in the
ionospheric E- and F-layers as shown schematically in Figure 11.24, which is
taken from Lühr and Maus [2006], Figure 2.

The F-region dynamo is driven by the thermospheric zonal wind component.
The current system then consists of field-aligned loop currents between the E-
and F-region, a Pedersen closure current in the E-region of low- to mid-latitudes,
and a vertical current above the geomagnetic dip-equator. The latter causes a
magnetic disturbance field, which is measured in the azimuthal direction (S/C
y-component) by means of the flux gate magnetometer (FGM) on board CHAMP
during traversing this current sheet. Other current systems of that region, like
the Equatorial Electrojet (EEJ), the pressure-gradient or the gravity driven cur-
rents, are manifested in different components and/or in the magnitude of the
geomagnetic disturbance vector.

The FGM measurements onboard the S/C provide therefore an unique and
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Figure 11.25 Local Time variation of the vertical current density (mA/m) at about 400 km altitude
driven by the F-region dynamo. These are long-term averages as derived from CHAMP
FGM measurements of the years 2001 to 2005 (Lühr et al. [Dec 2008], Figure 2.7).

independent opportunity to check the thermospheric zonal wind orientation in
a statistical average sense. Figure 11.25, adapted from Lühr et al. [Dec 2008], Fig-
ure 2.7, shows the local time variation of the typical current density, that is driven
by the dayside F region dynamo, as observed by CHAMP, averaged over the
years 2001 to 2005. The current density shows clear peaks of opposite sign at noon
and near sunset local time. This is indicative for a change in zonal wind direction
from westward during daytime to eastward during evening/nighttime hours.
Toward nighttime hours, the current fades slowly away, probably because the
ionospheric conductivity becomes progressively smaller there [Lühr and Maus,
2006].

The zero transition on average should mark the transition from a westward di-
rected thermospheric zonal wind around noon to an eastward wind prior to sun-
set. According to this long-term average, this wind reversal occurs at ≈15:30 LT,
which coincides quite well with the preliminary findings of our R03 calibration
CHAMP data, as shown for several yearly averages of the diurnal zonal wind
variation in Figure 11.23 and later in Figures 11.26 to 11.29.

11.2.3 Solar activity dependence

Solar activity dependences of the thermospheric wind determinations are obvi-
ous, when looking at the scatter plots of Figures 11.26 for high solar activity in
2002, Figures 11.23 and 11.27 for moderate activity in 2003/2004 and finally Fig-
ures 11.28 and 11.29 for low solar activity in 2005/2007. The lower densities for
declining solar activity (and at higher altitudes as for the GRACE data) are un-
favourable for the wind derivation. The scatter of the data increases steadily with
declining solar activity. On the other hand, the amplitudes and phases of the
yearly averages do not seem to show obvious differences, at least they cannot be
noticed at a first glance. A detailed analysis has to be done with the full data set
when good calibrations are available throughout.
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Figure 11.26 Same diurnal variation of the zonal (Eastward) CHAMP wind velocities as shown in
Figure 11.23 in comparison with the HWM-07 model, but for the year of high solar
activity 2002.

Figure 11.27 Same diurnal variation of the zonal (Eastward) CHAMP wind velocities as shown in
Figure 11.23 in comparison with the HWM-07 model, but for moderate solar activity in
2004.
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Figure 11.28 Same diurnal variation of the zonal (Eastward) CHAMP wind velocities as shown in
Figure 11.23 in comparison with the HWM-07 model, but for low solar activity in 2005.

Figure 11.29 Same diurnal variation of the zonal (Eastward) CHAMP wind velocities as shown in
Figure 11.23 in comparison with the HWM-07 model, but for low solar activity in 2007.
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Slight differences in the local-time behaviour, which can be noticed for in-
stance around prenoon hours, are most likely a seasonal effect. Each annual mean
diurnal zonal wind variation curve is composed from different intervals of the
year, i.e. there are different mixtures of local time and seasonal variations, which
are unresolvable by this simple statistical method used here.

Further, there seems to be a daytime modulation with a secondary minimum
near the local noon, mainly seen in the HWM-07 model data, and hardly seen
(if it is even a real effect) in the R03 CHAMP data. The exact position of this
secondary minimum might depend on season. The differences in local-time be-
haviour of this minimum might be related to larger ion drag during periods of
higher plasma density near noon-time at low latitudes, but this is only a likely
suspicion, disregarding the complexity of the whole dynamic system.

11.2.4 High-Latitude thermospheric wind pattern

At high latitudes the thermospheric wind is governed more directly by the geo-
magnetic co-ordinate system. To state it more precisely, the neutral air parcels
are subjected to forces which obey both geographic coordinates, like the Coriolis
and the centrifugal forces as well as the dayside heating source by EUV radia-
tion, and geomagnetic coordinates as, e.g., high-latitude particle precipitaions,
Joule heating, and electrodynamic forces. The strong geomagnetic control of the
high-latitude thermosphere dynamics has been shown since the early satellite ob-
servations of thermospheric neutral air motion (e.g., Hays et al. [1984], Killeen et al.
[1986], and Richmond et al. [2003]).

The larger displacement of the geographic and geomagnetic poles in the South
in comparison with the North Hemisphere might cause some differences between
the hemispheres in the high-latitude thermospheric circulation pattern and their
variances as discussed in the paper of Förster et al. [2008].

Figure 11.30 shows the preliminary average thermospheric wind circulation
results of the R03 calibration for CHAMP data of the year 2003 without sort-
ing them for any solar wind and IMF dependence. The full-vector patterns are
derived for both the North (upper panel) and South Hemisphere (lower panel)
from the cross-track wind component measurements by assembling them in a
statistical approach to get the full horizontal wind pattern over the high-latitude
circumpolar regions in orthogonal Solar Magnetic (SM) coordinates.

For a particular point in space we combine measurements from different or-
bits that cross this point at various distinct time moments which are distributed
over the whole time interval of measurements in 2003. The reconstruction of the
full horizontal wind vector at this point is done with a Singular Value Decompo-
sition (SVD) method which combines the n individual component measurements
Vyi of a given bin with their known directions�ki in the horizontal plane to a best-
fit wind vector �V estimation at the bin location that is obtained by minimizing δf
in:

n

∑
i=1

�
Vyi −�ki�V

�2
= δf (11.7)

This vector estimation is done for each bin of the 2-D grid independently. The
method is explained in more detail in the paper of Förster et al. [2008], where it
was applied to the same CHAMP data interval of the year 2003. But a different
set of wind estimates had been used there, based on a simplified method for their
derivation [Liu et al., 2006].
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Figure 11.30 Thermospheric wind circulation pattern obtained from the cross-track accelerometer
measurements of CHAMP (R03 calibration, see text) during the year 2003 for both North
(upper panel) and South Hemisphere (lower panel), averaged over all solar wind and
IMF conditions (cf. Förster et al. [2008], Figure 1). The wind direction is shown by small
vectors at each bin’s position within the MLT/magnetic latitude dials with an outer border
at 60◦. The blue/yellow lines indicate the magnitude with the scale given at the lower
right; the number of data points in each bin is colour-coded with the scale at the lower
left.
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In Figure 11.30, the average wind direction is shown by small blue vectors
with the origin in the dots at the bin’s position within the MLT versus magnetic
latitude dials; their lengths indicate the magnitude. A scale is given on the lower
right side of the plot. The number of data points in each bin is colour-coded in the
dots, with respect to the scale at the lower left. The outer border of the circular
plots is at 60◦ magnetic latitude and the numbers at the outer border indicate the
magnetic local time (MLT) with high noon at the top and the dawn and dusk at
the right and left side, respectively.

Both dial plots in Figure 11.30 show the neutral thermospheric air circulation
at the S/C orbital height level of about 400 km across the high-latitude circum-
polar regions. The patterns are dominated by a cross-polar bulk flow from the
dayside afternoon to the nightside, which is partly driven by the dayside EUV
heating from the solar radiation. The flow velocities are strongest within the po-
lar cap region at magnetic latitudes >≈ 80◦ and the cross-polar circulation is
modified by auroral and polar energy input and electrodynamic forces, which
are driven by the solar wind - magnetopause coupling processes, in particular
due to the magnetic reconnection with the IMF.

At the duskside, a large circular vortex motion can be recognized, while on
the dawnside a smaller deflection of the laminar stream takes place. Beside the
solar wind and IMF drivers, the interplay of thermodynamic and electrodynamic
processes as well as of the Coriolis and centrifugal forces causes these dawn-dusk
differences of typical large-scale high-latitude circulation patterns.

Similar patterns of the yearly average high-latitude thermospheric wind cir-
culation of the year 2003 have been obtained in the paper of Förster et al. [2008],
Figure 1, as mentioned above already. The strong IMF control of the high-latitude
circulation pattern, in particular its dependence on the IMF By and Bz compo-
nents, has been demonstrated there and can be revealed also with the R03 cali-
bration data set (not shown here). It confirms earlier findings (as, e.g., those of
the AE-C and DE satellites in the early 80-ies [Hays et al., 1984] [Killeen et al.,
1986]), but puts it now on a much broader statistical base and allows more de-
tailed insights into the high-latitude coupling processes between the neutral and
the plasma components.

11.2.5 The attitude calibration manoeuvre in June 2004

An attitude calibration manoeuvre was performed with the CHAMP satellite dur-
ing the period 21-29 June 2004. The purpose of this campaign was to determine
the attitude control characteristic, when small angular offsets are commanded
[Lühr and Falck, 2004]. Here, we will inspect the various slight offsets from the
nominal attitude to learn, whether they have any apparent influence on the re-
sults of our data retrieval of density and cross-wind estimations.

The two attitude components of interest - the pitch and the yaw - were tested;
a bias in roll will have no effect on the drag. In a first series, set-points were varied
in the pitch direction. This angle was changed from +2◦ in steps of one degree
down to −2◦. Each angular offset was applied for about 12 hours continuously.
For reference CHAMP was flying between subsequent periods of biased attitude
for about 12 hours in the nominal attitude mode. The same sequence of angular
offsets were applied to the yaw direction during a subsequent series (cf. the Table
in Figure 11.33).

The switching of the set-points was always performed at an ascending equa-
tor crossing, which occured during this campaign on the night side (∼03:20 LT).
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Figure 11.31 Overview of some CHAMP measurements along the orbit during a 20-day interval in
June 2004, which comprises the attitude calibration campaign of June 21-29, 2004
[Lühr and Falck, 2004]. The panels show (from top to bottom) the density estimation, the
cross-wind speed in the S/C y-component, the angle of attack α [deg] and the sideslip
angle β [deg]. The pitch angle manoeuvres, which can be noticed in the third panel,
appear to be somehow exaggerated with respect to the intended campaign values (cf.
Table in Figure 11.33 and text); the yaw angle manoeuvres are hardly seen in the
sideslip angle variations (fourth panel).
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Figure 11.32 Geomagnetic and solar conditions during the same 20-day intervall in June 2004 as
shown in Figure 11.31 with the Kp values (upper panel) and the F10.7 values with the
daily variations (full line) and the 3-months averages (dot-dashed) in the lower panel.

Figure 11.33 Time-tagged command sequence for the attitude calibration campaign of June 21-29,
2004 (from Lühr and Falck [2004], Table 1).



238 Geophysical Interpretation

Figure 11.34 Cross-track wind along the S/C y coordinate for all full CHAMP orbits versus UT during a
12-day intervall in June 2004 which comprises the attitude calibration manoeuvre period.
At low latitudes, positive values correspond to an eastward directed thermospheric wind
component. Steplike pitch angle variations are indicated by a red colour line; the yaw
angle manoeuvres are shown as a green line. The precise timings are listed in the Table
of Figure 11.33.

Therefore both the offset and aligned attitude intervals were sampled always over
integer numbers of orbit intervals. To avoid confusion with possible regional in-
fluences on the attitude behaviour, the nominal attitude mode has always been
run during the first half of an UT-day, and the biased mode during the second
half [Lühr and Falck, 2004].

The results of the estimated density, cross-track wind, and the angles of
attack and side-slip (with respect to the bulk air flow around the S/C) for
a 20-day interval in June/July 2004 that comprises the attitude manoeuvres
are shown in Figure 11.31, which was downloaded from the project web
page. Here, we use the same data product and calibration run as before -
the “Denswind iterative Sentman” method applied to the panel model with an
alpha-parameter of 0.8 and using the “R03” calibration.

At first glance, there seems to be no correlation of the density and cross-track
wind estimations with the attitude offset periods. The third panel shows clearly
the pitch angle offsets of the campaign, which are larger than the offset position
values as listed in the Table of Figure 11.33. They attain values up to ±4◦ or even
slightly more for the periods with ±2◦ offset in pitch angle and up to ±3◦ for the
±1◦ offsets. The reason for this deviation is the overreaction of the attitude to the
bias in pitch. Corresponding plots of the deflection angles about the roll, pitch,
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Figure 11.35 Cross-track wind along the S/C y coordinate for all full CHAMP orbits versus UT during a
12-day intervall in June 2004 which comprises the attitude calibration manoeuvre period.
At low latitudes, positive values correspond to an eastward directed thermospheric wind
component. Steplike yaw angle variations are indicated by a cyan colour line in the
upper panel; the pitch angle manoeuvres are shown as a red line in the lower panel. The
precise timings are listed in the Table of Figure 11.33.

and yaw axes, which are shown for all the intervals within the documentation of
the experiments [Lühr and Falck, 2004], clearly show that frequent thruster activity
is required in order to keep the S/C in this unstable attitude control band.

The biases of the yaw deflections (fourth panel of Figure 11.31) behave differ-
ently. These deflection angles are hardly visible - except of slight dents toward
more negative values on the second half of June 25 and 26 and toward more pos-
itive values on June 28 - due to the large variability of the sideslip angle, which
indicates the regularly varying co-rotation wind (along the polar circular orbit)
and the larger wind amplitudes at high latitudes. Surprisingly, these yaw excur-
sions go into the opposite direction of the commanded yaw offsets. For an un-
known reason, CHAMP shows a stable behaviour for deflections about the yaw
axis. Therefore the S/C tends to compensate for the imposed yaw biases with
deflections in the opposite direction.

The geomagnetic and solar conditions as shown in Figure 11.32 were fairly
quiet throughout the whole interval, except of a moderate disturbance on the last
day of the campaign. The smooth variations of the density measurements with
a slight increase on June 29 confirm this quiet-time behaviour. Both density and
cross-track wind estimations show however a variation with a predominantly
diurnal mode, i.e. the sampling along the various orbits which are spaced from
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Figure 11.36 Cross-track wind along the S/C y coordinate for all full CHAMP orbits during a 20-day
intervall including the attitude calibration campaign as shown in Figure 11.31, but now
drawn as false-colour plot over UT (or the Modified Julian Day, MJD) and the argument
of latitude of the S/C [deg] along its near-circular orbit. Equator crossings are at 0◦
(ascending orbit at ∼03:20 LT) and 180◦ (descending at ∼15:20 LT); passages close to
the North and South pole occur at 90◦and 270◦ respectively.

orbit-to-orbit by about 24◦ in longitude once per day around the whole globe,
reveal an UT- or azimuthal variation with a periodicity of global scale.

Figure 11.34 shows the variation of the cross-track wind measurements along
the CHAMP orbits during a 12-day interval which comprises the attitude calibra-
tion manoeuvre days. Overlaid on this are the steplike pitch angle (in red) and
yaw angle (green lines) experiment times. Again, any obvious correlation be-
tween the cross-track wind estimations of this R03 calibration run and the neutral
wind variation is not discernible. The large wind amplitudes on June 21 (DOY
1633) with a relativly sharp increase toward positive values (eastward wind at
low latitudes for ascending orbits and westward for descending), which were at
first glance suspected to be somehow artificial, finally appeared to be obviously
of natural origin, as the closer inspection of various parameters of the whole cal-
culation chain revealed. The sharp increase starts prior to midnight and the same
is true for the decline at the end of this day, so that any relation to the calibration
procedure (which is done on a daily basis) can be ruled out.

The direct comparison of measurements for ascending and descending or-
bits at low geographic latitudes for measurements both during the pitch angle
manoeuvre (in red) and during the reference interval (in blue) as shown in Fig-
ure 11.35 seems to be of low value because of the dominating diurnal (global)



11.2 Thermospheric cross-track wind 241

oscillation mode. Such low-latitude comparisons were done for all manoeuvre
intervals and for different reference intervals, including a 24-hour shift for the
first and last interval (not shown here), but they give no hint on any non-regular
behaviour of the processing scheme.

But Figure 11.35 shows another phenomenon, which deserves clarification:
the peak-like increase of the eastward wind along the orbital track close to 30◦
north with an amplitude of about 500 m/s above the background zonal wind.

To elucidate its origin, Figure 11.36 shows a global plot of the cross-track ther-
mospheric wind measurements along the CHAMP orbit for the whole 20-day
interval of June/July 2004 as in Figure 11.31. This colour plot shows the cross-
track wind magnitude over UT (MJD 2000) and the argument of latitude, which
is measured from the ascending node along the orbit in degrees of the circular or-
bit. The passages close to the North- and South pole take place near 90◦ and 270◦,
respectively, while the equator crossing of the descending orbital part is located
at 180◦.

The peak-like cross-track wind increase is seen in this colour plot as a trace at
low- to mid-latitudes in the ascending part of the orbit (20◦ to 40◦ argument of
latitude), which was on the early morning side (∼03:30 LT). Another trace can be
noticed close to the South pole passage at ∼260◦. These traces are located near
the sun’s terminator line along the S/C orbit, where the solar zenith angle is in
the range of 108◦ – 110◦. This is obviously either an incomplete solar illumina-
tion correction or an overshoot of this correction. In the case of this interval in
June 2004 on the early morning (ascending) part of the orbit, this has a width
of about 3◦ or 330 km of the orbit, which translates in about 43 sec of incorrect
timing of the solar eclipse.

With respect to the CHAMP attitude calibration manoeuvre of June 2004,
however, no obvious influences of the offset in S/C attitude could be found in
the calculation results of density and cross-track wind.





Chapter 12
Simulations for Swarm

In this Chapter, the data relevant for density and wind retrieval from the future
Swarm constellation is simulated and analyzed. The goals of these analyses are
as follows:

To determine the accuracy at which the Swarm accelerometers can be cali-
brated, if using the same techniques used for CHAMP and GRACE and when
making use of data from the constellation of three identical satellites;

To investigate the expected accuracy of the Swarm density and wind data
products.

The last item, the accuracy of density and wind data products, depends partly
on the strength of the acceleration signal, and therefore on the satellite altitude
and the level of solar activity. Therefore, orbit, attitude and accelerometer data
for the entire mission was generated for analysis.

For the first item, the investigation of calibration accuracy, simulated GPS
tracking data are required as well. The calibration accuracy likely also depends
on the signal strength and constellation geometry, which change over time. How-
ever, doing the calibration simulation over a very long time period is not feasible,
and therefore only a single day has been selected. The selected day was chosen to
be near the beginning of the mission, and to contain a geomagnetic storm during
part of the day, in order to make an interesting and representative test case.

12.1 Producing simulated measurements

Each of the types of simulated data will be discussed in some detail in the next
subsections: The initial, long-term orbit data in Section 12.1.1, attitude quater-
nions in Section 12.1.2, accelerometer data in 12.1.3 and finally, the GPS tracking
data in Section 12.1.4.

12.1.1 Simulated orbit data

The starting point for the simulated orbit data is the constellation #4 from the
report on the Swarm magnetic field inversion analysis [Olsen et al., 2007].

The orbital data that was generated for this report was obtained from its au-
thors, but it was found that the velocity component in these files was initially not
physically correct, due to a bug in the code used for the orbit generation [Olsen,
personal communication, 2008]. Eventually, this bug was fixed and new orbit
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Figure 12.1 Time series for the simulated orbits of Swarm A and Swarm C of beta prime, which is
the angle between the orbital plane and the sun-satellite vector.

files were generated, but in the meantime, it was decided that in order to pro-
ceed, it was required to independently propagate the orbits from the specified
initial conditions, using the GEODYN software [Rowlands et al., 1995].

In the simulation, a start date and time of July 30, 1998 at 00:00:00 UTC is
chosen, which is approximately one solar cycle before the expected launch date.
Because of this simulated launch date, the measured solar and geomagnetic ac-
tivity of the previous solar cycle can be used as a simulation for the next one.

Force models

The EIGEN-CG03C gravity field [Förste et al., 2005b] model was used for the orbit
computations in GEODYN. The MSIS-86 model was used for the atmospheric
density, and a cannonball representation with a CD = 2.29, a CR = 1.5, area
A = 0.95 m2 and mass m = 500 kg were used. The value of CD was chosen to
conform with the ballistic coefficient of B = 230 kg/m2 used by Olsen et al. [2007],
even though this value is likely much lower than what is realistic for a satellite
shaped such as Swarm. A value in this range was chosen by Olsen et al. [2007]
based on orbital analyses of Swarm with empirical atmospheric density models,
such as MSIS. This lower than physical value of CD is obtained in such an analysis,
because of the likely overestimation of density by the model. Since the same or a
similar density model is used in the orbit propagation for our analysis, we have
stuck to roughly the same values for the satellite model.

Orbital elements

At the start epoch, all three satellites are assumed to have been launched into
orbits with an eccentricity of 0, and an argument of perigee of 0◦. Swarm A and
Swarm B are at an initial altitude of about 450 km, while Swarm C is 80 km higher,
at 530 km, leading to semi-major axis values of 6821.2 and 6901.2 km, respectively.
The inclination for Swarm A and B is 87.4◦, while for Swarm C it is 88.0 ◦.

The lower pair is flying close together, with a mean anomaly at epoch of 0◦
for both satellites and the right-ascension of the ascending node at 0◦ for Swarm
A and -1.4◦ (or 358.6◦) for Swarm B.

The initial right ascension at the ascending node of the higher satellite, Swarm
C, is 0◦, so that at the start of the mission, it is orbiting in nearly the same orbital
plane as the lower pair. However, due to the different altitudes, the satellites
experience different orbital drifts, causing a slowly changing angle between the
orbital planes. The variation in the beta prime angle (the angle between the orbit
plane and the sun-satellite vector) is shown in Figure 12.1. The figure shows that
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Figure 12.2 Evolution of the altitude of Swarm A/B (bottom curve) and Swarm C (top curve) in the
simulated orbits.

at the end of the mission, the drift is nearly 180◦. At the beginning and end of the
mission, the satellites will therefore provide a sampling of the atmosphere which
is most suitable for studying variations with altitude, since they will slice the
atmosphere at roughly the same local solar time. Halfway through the mission
the sampling will be more suitable for studying variations with local solar time.

Manoeuvres

The angular offset between the orbital planes of Swarm A and B of 1.4◦ is ex-
pected to be maintained using manoeuvres, for the duration of the mission. The
maximum time difference between these two satellites when crossing the equator
is specified at 10 seconds. Since the distance between those satellites remains so
small, only one of them, Swarm A, is simulated for the entire mission duration.
The orbit of Swarm B is only generated for the single day that was selected for
the analysis of calibration parameter estimation.

The orbit of Swarm A includes the orbit raising manoeuvres at the times that
are given by Olsen et al. [2007]: Increases of 15 km were made on April 1, 2001
and September 1, 2001. Additional boosts of 12 km were provided on November
15, 2001 and April 1, 2002. The evolution of the orbital altitude range covered by
the satellites is plotted in Figure 12.2.

In this simulation, the perigee altitude of Swarm A get below 200 km for the
first time in mid-October, 2002, after which the computation is stopped. Swarm C
is then still at an altitude of around 525 km, having decayed no more than about
25 km.
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Figure 12.3 Orientation of the spacecraft body-fixed frame and of the orbit-fixed frame (along-track,
cross-track and radial). The orientation of the orbit-fixed axes is shown for the nominal
attitude, with all Euler angles at zero. Compare with the orientation of the axes of
CHAMP and GRACE in Figure 4.9.

Truth orbits for accelerometer calibration tests

The above mentioned orbit generation is run for the entire duration of the simu-
lated mission, from July 1998 to October 2002. For the accelerometer calibration
tests, an additional set of orbits is generated for just the days around July 30, 1999,
which is the selected test day for this investigation. For these much shorter orbit
arcs, the setup is as described above, with the following exceptions:

The initial state vectors for Swarm A and C are simply obtained from the
above-mentioned long-term orbit generation, for the epoch in question.

An additional run for Swarm B is added, for which the state is identical to
Swarm A, except for a shift of -1.4◦ in the right ascension of the ascending
node.

The simple cannonball non-gravitational force models are switched off, and
are replaced with the simulated accelerometer data (see Section 12.1.3).

The simulated attitude quaternions (see Section 12.1.2) are used, so that the
accelerometer data, which is given in the satellite body-fixed frame, can be
converted to the inertial frame for integration.

12.1.2 Simulated attitude quaternions

The simulated attitude quaternions for the Swarm satellites are based on those for
CHAMP. Figure 12.3 shows the nominal orientation of the body-fixed frame with
respect to nadir and the inertial velocity vector. The orientation of the satellite is
the same as for CHAMP (see Figure 4.9), when taking into account that CHAMP
flies with its boom in the forward direction, while Swarm has its boom pointed
backwards, in the opposite direction of the flight direction.

The CHAMP attitude deadband is about 2 degrees around each axis, while
for Swarm this number will be 4 degrees [Bock, personal communication, 2008].
The starting point for this simulation are the Euler angles between the CHAMP
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Figure 12.4 The coloured areas, assigned to the surfaces in the Swarm satellite drawings. These
coloured areas were measured in the Photoshop Extended CS3 software, in order to
generate the approximate panel area data for a preliminary panelized satellite model.

body-fixed frame and the orbit-fixed frame, in the CH:EULER INTERPOLATED
product (see Section 4.6.3).

These Euler angles are multiplied by two and copied with different time off-
sets of 1825 days (roughly 5 years), 1855 days and 1885 days for Swarm A, B
and C, respectively. The time offsets are used first of all to make the CHAMP
data overlap with the Swarm simulation period. Additional offsets for the three
satellites are introduced to make it seem that the satellites are steered in attitude
independently.

The simulated Swarm trajectories are used to convert the resulting Euler an-
gles back to quaternions, which are compatible with the Swarm orbit and with
the software used in the further processing.

12.1.3 Simulated accelerometer measurements

The simulated accelerometer observations were generated using the orbits and
quaternions described above, in combination with a panel model of the satellite
geometry and the algorithms that were written for the CHAMP and GRACE data
processing, as described in the Task 2 report. The steps will be described below.

Swarm panel model

A preliminary panel model for Swarm was generated, using a quick-and-dirty
approach, by making use of drawings of the outer surfaces, provided by ESA
[Ralf Bock, personal communication, 2008]. The PDF files of the drawings were
opened in Adobe Photoshop Extended CS3, in which they were rasterized. The
measurements function of this software allows one to assign a physical dimen-
sion (in mm, for example) to the size of a pixel, after which different areas in the
drawing can be measured by making selections. Figure 12.4 shows coloured areas
which were measured in this way.

The resulting panel model is provided in Table 12.1. The optical properties
of the panel materials were copied from the equivalent panels in the CHAMP
and GRACE models. This panel is suitable for simulations, but it is needless
to say that a more accurate model should be provided for the real Swarm data
processing in the future, based on drawings of the completed satellite design,
and optical properties provided by the manufacturer and/or obtained in a test
facility. A model can then also be build using the ANGARA software, either for
replacement, validation or fine-tuning of a panel model.
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Outward normal Visible refl. IR refl.

i Description Area (m2) XSBF YSBF ZSBF spec. diff. spec. diff. Material

1 Front 0.95 1.0000 0.0000 0.0000 0.40 0.26 0.23 0.15 SiOx/Kapton
2 Back 0.36 -1.0000 0.0000 0.0000 0.40 0.26 0.23 0.15 SiOx/Kapton
3 Left 1.42 0.0000 -1.0000 0.0000 0.40 0.26 0.23 0.15 SiOx/Kapton
4 Right 1.42 0.0000 1.0000 0.0000 0.40 0.26 0.23 0.15 SiOx/Kapton
5 Top 0.83 0.0000 0.0000 -1.0000 0.05 0.30 0.03 0.16 Si glass
6 Bottom 1.60 0.0000 0.0000 1.0000 0.68 0.20 0.19 0.06 Teflon
7 Bottom/back 3.40 -0.1381 0.0000 0.9904 0.40 0.26 0.23 0.15 SiOx/Kapton
8 Left SA 3.40 0.0000 -0.5878 -0.8090 0.05 0.30 0.03 0.16 Si glass
9 Right SA 3.40 0.0000 0.5878 -0.8090 0.05 0.30 0.03 0.16 Si glass

10 Left SA inside 0.97 0.0000 0.5878 0.8090 0.40 0.26 0.23 0.15 SiOx/Kapton
11 Right SA inside 0.97 0.0000 -0.5878 0.8090 0.40 0.26 0.23 0.15 SiOx/Kapton
12 Boom top 0.29 -0.2334 0.0000 -0.9724 0.40 0.26 0.23 0.15 SiOx/Kapton
13 Boom bottom 0.29 0.2334 0.0000 0.9724 0.40 0.26 0.23 0.15 SiOx/Kapton

Table 12.1 The Swarm preliminary panel model properties. This model is for simulation purposes
only, and not intended for use with real data. Materials and optical properties are taken
from CHAMP and GRACE sources and most likely will not apply directly to Swarm.

Generating accelerometer data

The Swarm simulated accelerometer data are generated using the software writ-
ten earlier for the CHAMP and GRACE data processing.

The following steps are followed:

The solar and Earth radiation pressure accelerations are calculated in the satel-
lite body-fixed frame, based on the simulated orbit and quaternions, making
use of the panel model.

The simulated orbit data product, generated with GEODYN (see Sec-
tion 12.1.1) is converted to longitude, latitude and altitude.

The simulated density is provided by the NRLMSISE-00 model.

The simulated wind speeds are derived from the HWM-93 model.

The HWM-93 winds are converted to the satellite body-fixed frame.

The relative velocities due to the orbital velocity and atmosphere corotation
are calculated in the satellite body-fixed frame.

The panel model is used in conjunction with the relative velocity components,
and the composition from the NRLMSISE-00 model, to generate the aerody-
namic force coefficient vectors.

The aerodynamic forces are calculated from the force coefficient vectors and
the modelled densities and relative velocity components.

The aerodynamic and radiation pressure forces are summed, to arrive at the
total non-gravitational accelerations.

For the investigation of accelerometer calibration, Guassian noise is applied
to the accelerations, and biases and scale factors are applied as well.

Figures 12.6 and 12.7 show the daily mean, minimum and maximum acceler-
ations on the Swarm satellites for the simulated duration of the mission. More
detailed views of the acceleration signal in the X- and Y-directions for the first
year for Swarm A are plotted in Figures 12.8 and 12.9, as examples. The stripy
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Figure 12.5 10-day mean values (black lines), and range between minimum and maximum values
(shaded areas) of NRLMSISE-00 densities along the Swarm A and Swarm C orbits,
plotted against a logarithmic Y-axis scale.
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Figure 12.6 Daily mean values (black lines), and range between minimum and maximum values
(shaded areas) of the simulated non-gravitational accelerations for Swarm A and Swarm
C, in the SBF X-direction.
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Figure 12.7 Daily mean values (black lines), and range between minimum and maximum values
(shaded areas) of the simulated non-gravitational accelerations for Swarm A and Swarm
C, in the SBF Y-direction.
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Figure 12.8 Simulated non-gravitational accelerations for Swarm A, in the SBF X-direction, during
the first year of the simulation.
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Figure 12.9 Simulated non-gravitational accelerations for Swarm A, in the SBF Y-direction, during
the first year of the simulation.

Satellite a (m) e i (deg) Ω (deg) ω (deg) M (deg)

Swarm1 6791735.4 0.00072 87.40 217.35 122.78 345.13
Swarm2 6791735.7 0.00072 87.40 215.95 122.52 345.39
Swarm3 6911651.5 0.00175 88.01 257.05 65.83 148.74

Table 12.2 Osculating Kepler elements for the three Swarm satellites (30 July 1999, 0:00:00).

pattern, with a period of several days, that is visible in the detailed Figure for
the Y-axis accelerations, is likely due to the periodicity of the attitude data that
was used as an input. Since the attitude data are copied from CHAMP, it has a
different periodicity than the orbital periodicity of the simulated Swarm satellite.

12.1.4 Simulated GPS tracking data

The simulated GPS tracking observations consist of one-way Satellite-to-Satellite
Tracking (SST) range measurements between the GPS and Swarm satellites, and
of one-way range measurements between the GPS satellites and a network of
ground stations. The time interval of the observations is 10 s. An elevation cut-off
of 0 deg was used for the SST observations and 10 deg for the observations take by
the ground stations. The network of ground stations consists of a selection of 50
existing IGS stations (Figure 12.10) for which the station coordinates were taken
from ITRF2000 [Altamimi et al., 2002]. The orbital motion of the GPS satellites
was taken from the final IGS GPS ephemeris solution [Dow et al., 2005]. For the
selected day, 30 July 1999, a total of 27 GPS satellites was operational. The initial
conditions for the Swarm satellite orbits are displayed in Table 12.1.4



252 Simulations for Swarm

Figure 12.10 Network of GPS ground stations

Furthermore, the model of the real world included dynamic force models. The
static gravity field model consisted of the EIGEN-CG03C [Förste et al., 2005a],
truncated at degree and order 35. For the ocean tides, the PGS7751e model was
used, which includes resonances from CHAMP orbital analysis [Lemoine et al.,
2003]. More details about the real world model are displayed in Table 12.3. In
addition, more background information about the simulation software system
can be found in [Van den IJssel and Visser, 2003, 2004] and also [Visser and Van den
IJssel, 2000].

12.2 Accelerometer calibration - simulated configurations

The estimation of accelerometer calibration parameters (i.e. biases and scale fac-
tors) by precise orbit determination (POD) has been tested extensively with real
data from the CHAMP and GRACE missions [Reigber et al., 1999; Tapley et al.,
2004]. In addition, the concept of estimating non-gravitational accelerations by
POD has been investigated as well showing that this approach is capable of re-
solving the non-gravitational accelerations at long wavelengths, typically with
periods of 15 min or spatial resolution > 6000 km [IJssel and Visser, 2007].

This Chapter starts with a brief overview of the methods used in the simula-
tion study (Section 12.2.1). For the selected day, 30 July 1999, an assessment was
made of the possibilities for single- and multi-satellite accelerometer calibration
and estimation of non-gravitational accelerations. The simulations are based on
the same tools and methods outlined in [Van den IJssel and Visser, 2003, 2004]. The
tools were extended with the possibility to do multi-satellite analysis (see Sec-
tion 12.2.1). More details about the incorporation of error sources can be found in
Section 12.2.2. Finally, results are described and discussed in Sections 12.2.3 and
12.2.4.
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Dynamic models

Gravity model EIGEN-CG03C [Förste et al., 2005a]
Tidal gravity Wahr solid earth tides; background ocean tides:

PGS7751e
Third body attraction Sun, Moon, Mercury, Venus, Mars, Jupiter,

Saturn, Neptune, according to JPL DE200
ephemeris

Reference frame

Polar motion Earth orientation and length of day from IERS
EOP 90 C 04 solution

Coordinate system J2000; precession IAU 1976 (Lieske model); nuta-
tion IAU 1980 (Wahr model)

Station coordinates ITRF2000 solution of selected ground stations
[Altamimi et al., 2002]

Measurement models

Speed of light c = 299792.458 km s−1

Tropospheric corrections model according to A. Niell [Niell, 1996]

Satellite models

Swarm Mass: 500 kg; Cross-sectional area (perpendicu-
lar to flight direction): 0.95 m2

GPS Relevant models depending on satellite type
Ephemeris from final IGS solution [Dow et al.,
2005]

Table 12.3 Modelling the real world

12.2.1 Methodology

The following sections contain a brief description of the methods used in the sim-
ulations to estimate accelerometer calibration parameters and non-gravitational
accelerations. For more details is referred to the Task 1-3 reports of this study.

Single-satellite

The method of estimating accelerometer calibration parameters for the GOCE ac-
celerometers is based on a precise orbit determination [Montenbruck and Gill,
2000] in which these calibration parameters are introduced as additional un-
knowns. The method is the same as typically used for deriving the observation
and least-squares normal equations for CHAMP and GRACE accelerometer cali-
bration parameters [Bruinsma and Biancale, 2003; Bruinsma et al., 2004; Visser and
Van den IJssel, 2003].

First, use will be made of this standard method of estimating accelerometer
biases and scale factors by POD. Accelerometer observations are modelled as:

ai,cor = SFi × ai,obs + bi (12.1)
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Figure 12.11 Space-borne differential GPS for two Low Earth Orbiting (LEO) satellites.

where ai,obs represents the observation for axis i (i = x, y, z), ai,cor represents the
corrected observation, and SFi and bi represent the scale factor and bias, respec-
tively.

Second, time series of non-gravitational accelerations are estimated by means
of GPS-based POD as outlined in detail in e.g. [Van den IJssel and Visser, 2003,
2004; IJssel and Visser, 2007]. The single-satellite methods are based on the analysis
of tripled-differenced GPS observations, thereby avoiding the need to estimate
carrier-phase ambiguities and clock parameters. Use is made of the NASA/GSFC
GEODYN software to compute the observation and normal equations [Rowlands
et al., 1995].

Multi-satellite

In addition to the single-satellite methods, a dual-satellite method has been
implemented which is based on so-called space-borne differential GPS (Fig-
ure 12.11), where double differences are formed between two GPS satellites and
two Swarm satellites. For such a geometry, it has been proved that a successful
ambiguity resolution can be done [Kroes et al., 2005] strengthening the geometric
information content of the GPS tracking data.

The converged parameter solutions from the single-satellite methods are used
as start values for one additional iteration allowing to estimate corrections based
on the ambiguity fixed double differences. The observation equations for undif-
ferenced GPS observations are taken from the last iteration of the single-satellite
runs. The double-differencing, accumulation into normal equations and genera-
tion of new parameter solutions are done by a separate software utility in which
correlations between double differences have been taken into account. In addi-
tion, redundant double differences were eliminated using the Gramm-Schmidt
orthonormalization procedure [Golub and Van Loan, 1996].
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Satellite mean RMS about mean

X Y Z X Y Z

10-sec interval

Swarm1 -514.66 47.84 -5.80 159.12 30.02 16.51
Swarm2 -516.84 58.20 -5.65 161.32 36.33 15.80
Swarm3 -108.99 29.43 -3.06 44.56 15.16 11.31

Swarm1-2 -2.18 10.36 0.15 12.96 32.62 21.01
Swarm1-3 405.67 -18.41 2.75 144.66 22.64 22.68
Swarm2-3 407.84 -28.77 2.60 146.48 30.18 20.65

15-min averaged

Swarm1 -514.63 47.84 -5.80 149.99 26.97 14.89
Swarm2 -516.77 58.21 -5.66 151.28 32.97 14.95
Swarm3 -108.98 29.42 -3.05 42.39 13.21 9.90

Swarm1-2 -2.14 10.38 0.14 11.07 29.75 19.24
Swarm1-3 405.64 -18.41 2.75 135.63 18.95 20.44
Swarm2-3 407.78 -28.79 2.61 136.51 25.39 19.26

Table 12.4 Simulated non-gravitational accelerations for 30 July 1999, 0:15 - 5:45 (values in nm/s2).
Both single- and differential dual-satellite values have been included.

12.2.2 Simulation of error sources

The effect of the following error sources on the accuracy of estimated accelerom-
eter calibration parameters and non-gravitational accelerations is assessed:
1) Sensor errors;
2) Earth’s gravity field and tide model error;
3) GPS related errors.

Ad 1. For the accelerometer calibration runs, accelerometer and star tracker noise
has been modelled and included. Moreoever, accelerometer observations have
been corrupted by non-zero biases and scale factors unequal to 1. For reference,
the signal magnitude of the simulated non-gravitational accelerations is dis-
played for all three Swarm satellites in Table 12.4. Also, the signal magnitudes
for the differential accelerations is displayed (Swarm1-2 = Swarm2 - Swarm1,
etc.). The time interval of the simulated accelerations is equal to 10 s. The
values averaged over time intervals of 15 min haven been included as well for
comparison with estimated non-gravitational accelerations (see Section 12.2.4).

Ad 2. Predictions for GRACE are used to corrupt the gravity field model that
will be used in the POD, in other words a realistic ”clone” is made of the a
priori gravity field model used to simulate the original satellite orbit and GPS
observations. In fact, gravity field coefficient errors are commensurate with the
claimed precision of the GGM02C model [Tapley et al., 2005].

In the simulation of the original satellite orbit and GPS observations, use is
made of a tide model that includes resonances estimated from CHAMP tracking
data. This tide model, referred to as PGS7751e [Lemoine et al., 2003], was kindly
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Gravity field EIGEN-CG03C clone according to GGM02C coefficient
errors

Tides EGM96 vs. PGS7751e
Station coordinates 0.5 cm Gaussian with zero mean for all station coordi-

nates; Helmert parameter errors: translations around a
few mm, rotations around 0.01 mas, and scale factor of
0.4 ppb [Altamimi et al., 2007]

Observation noise∗ 2 mm @ 0.1 Hz Gaussian with zero mean for for iono-
spheric free undifferenced observations

Star tracker 20 arcsec Gaussian with zero mean for all axes
Troposphere 0.5% of standard atmosphere for GPS observations to

ground station network
GPS ephemeris error 1-cpr with RMS average of 5 cm amplitude for each axis
Antenna offset around a few mm for each axis
Accelerometer 3 nm/s2 at 10.0 sec Gaussian with zero mean plus biases

ranging between -2400 to +800 nm/s2 and scale factors
ranging between 0.85 and 0.98

Table 12.5 Error sources

provided by the Goddard Space Flight Center and can be considered an update
to the model that was estimated together with the EGM96 gravity field model
[Lemoine et al., 1998]. To study the effect of tide model error, POD experiments
will be conducted where the EGM96 tide model is used as reference instead of
the true model PGS7751e.

Ad 3. The following error sources are taken into account:

ephemeris errors of the GPS satellites;

GPS SST carrier phase observation noise;

ground station coordinate errors (*);

reference frame errors (*);

atmospheric propagation delay errors (*).

The error sources marked with (*) are included because use will be made of differ-
enced GPS observations and thus observations by ground stations are included.

Realistic levels for these error sources have been defined and simulated (Ta-
ble 12.5) based on state-of-the-art instrument performances and processing tech-
niques. Their effect on the accuracy of estimated parameters will be assessed.

12.2.3 Accelerometer calibration parameters

Nominally, only the following parameters are estimated for each satellite:

Begin position and velocity (3+3=6 coefficients);

Accelerometer bias and scale factors for X, Y and Z azis (2x3=6 coefficients).

In addition, a few cases were investigated where also one set of along-track and
cross-track 1 cycle-per-orbital-revolution (cpr) empirical accelerations were esti-
mated as well (4 additional parameters). The arc length is equal to one day for all
cases.
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Satellite Observation type Number

Single-satellite

Swarm1 triple differences 970158
Swarm2 triple differences 968400
Swarm3 triple differences 979110

Multi-satellite

Swarm 1-2 double differences 77217
Swarm 1-3 double differences 44140
Swarm 2-3 double differences 43797

Table 12.6 Number of double and triple differences

It has to be noted that the values for the biases and scale factors that are in-
cluded in the Tables (represented by SFi,r and bi,r) in the following sections are
obtained from the values as defined by Equation 12.1 in the following way:

SFi,r = 1/SFi

bi,r = − bi/SFi (12.2)

This choice was made to allow a direct comparison for the cases where the ac-
celerometer observations were corrupted by scale factors unequal to 1 and biases
unequal to zero (Table 12.5). In principle, when an accelerometer suffers from a
scale factor which is unequal to one, the scale factor estimated in the POD is ide-
ally equal to the inverse of this scale factor (and likewise the bias as indicated by
Equation 12.2).

Single-satellite

The GPS space segment and global network of ground stations guarantee that
at every time instance many triple differences can be formed (in general around
10 independent triple differences or more) resulting in a continuous and homo-
geneous accumulation of observations from which the selected orbital and ac-
celerometer calibration parameters are to be estimated (Table 12.6). No data gaps
were simulated, which is not unrealistic given the very reliable performance of
modern space-borne GPS receivers.

Table 12.7. It can already be concluded that the accelerometer biases and scale
factors can be determined best for the X axis (predominantly along-track direc-
tion): the formal errors are an order of magnitude smaller compared to those for
the Y axis (cross-track direction) and Z axis (radial direction). In addition, the
calibration by POD is anticipated to be less precise for Swarm3, which is flying
at a higher altitude and thus experiences smaller non-gravitational accelerations
(Table 12.4).

The formal errors for the estimated accelerometer calibration parameters, as
derived from the inverse of the normal matrix, are displayed in

The actually estimated biases and scale factors are included in Tables 12.8-12.9
for several error sources. It can be seen that the errors of the estimated biases and
scale factors are relatively small in case of GPS observation noise, tropospheric
correction errors, GPS ephemeris error, station coordinate errors and reference
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Satellite bias Scale factor

X Y Z X Y Z

Swarm1 82.62 1316.01 1444.66 55.58 1797.97 9556.77
Swarm2 40.26 2134.43 831.86 91.18 1861.52 6270.31
Swarm3 130.37 2078.96 1062.46 430.80 6788.10 5539.34

Table 12.7 Formal errors for estimated biases (pm/s2) and scale factors (part per million) for 24-hr
arc (30 July 1999 0:00:00 - 31 July 1999 0:00:00) using single-satellite precise orbit
determinations from triple differences. The values are scaled by assuming a
triple-difference noise of 0.6 mm/s.

frame errors. For the X and Y axes, also star tracker noise and GPS antenna off-
set errors hardly affect the estimated biases and scale factors, whereas already
a noticeable effect can be seen for the Z axis (up to 0.024 error in scale factor),
which is consistent with its relatively large formal error (Table 12.7). The level
of simulated dynamic model errors causes small errors for the X axis accelerom-
eter calibration parameters, whereas errors up to 0.16 for the Y axis scale factor
for Swarm3 (highest flying satellite) and -0.043 for the Z axis scale factor can be
observed (Table 12.9). The dominant error source appears to be the simulated
tide model error, which might be too pessimistic given the fact that an old model
based on the production of the EGM96 gravity field model in 1996 was used as
reference.

When corrupting the accelerometer observations by biases and scale factors,
these parameters can be reconstructed very well by POD in the presence of GPS
observation noise as only error source (second part of Table 12.9): the error in
terms of biases is very low for the X axis (< 1 nm/s2) and up to 5-10 nm/s2 for
the Y- and Z axes, the error in terms of scale factor is of the order of 0.001 for
the X and Y axes, and 0.02 for the Z axis. When all error sources are included,
only the scale factors for the X axis can be determined well (error smaller than
0.01), whereas the error for the Y and Z axes ranges up to 0.19, especially for the
Y axis and for the higher flying Swarm3 satellite. In general, biases for the X axis
can be determined with high accuracy, whereas the biases for the other two axes
have errors up to about 40 nm/s2. An additional computation was done where
empirical 1-cpr accelerations in the along-track and cross-track direction were co-
estimated to absorb dynamic modelling errors. It was found that especially for
the Y and Z axes this resulted in much bigger errors for the scale factors and
therefore this approach was no longer pursued.

Multi-satellite

The GPS tracking geometry and the fact that the lower Swarm pair flies in tan-
dem leads to a stable double-difference observation geometry. At each instance,
a minimum number of 5 and maximum number of 12 independent double dif-
ferences can be formed (Figure 12.12,left). For combinations of one lower satellite
(Swarm1 or Swarm2) and the higher satellite (Swarm3), instances occur where
no double differences can be formed (Figure 12.12, middle and right). The max-
imum number was found to be equal to 11. The distribution in time changes
significantly, which is due to the difference in orbital velocity and thus rotation
rate around the earth for Swarm1/Swarm2 and Swarm3.
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Satellite bias Scale factor

X Y Z X Y Z

GPS observation noise

Swarm1 -0.02 -0.04 -0.32 1.000 1.000 1.003
Swarm2 -0.01 0.24 0.18 1.000 1.000 1.003
Swarm3 -0.02 -0.59 0.05 1.000 1.001 1.000

Star tracker noise

Swarm1 -0.14 -6.12 -2.76 1.000 0.999 1.015
Swarm2 0.28 5.12 1.87 1.000 1.001 0.988
Swarm3 0.37 4.58 2.35 1.001 1.001 0.989

Tropospheric correction error

Swarm1 -0.01 0.41 -0.20 1.000 1.000 0.999
Swarm2 -0.00 0.52 -0.05 1.000 1.000 0.999
Swarm3 0.01 0.02 0.06 1.000 0.999 0.999

GPS ephemeris error

Swarm1 -0.01 0.96 -0.43 1.000 0.999 0.997
Swarm2 0.02 -0.12 -0.67 1.000 0.999 0.996
Swarm3 -0.07 -0.84 -0.41 1.000 1.001 0.999

GPS antenna offset error

Swarm1 -0.35 -0.82 -6.57 1.000 1.000 1.024
Swarm2 -0.03 1.86 -1.73 1.000 0.999 0.996
Swarm3 0.26 0.53 2.82 1.001 0.999 0.995

Helmert parameters error

Swarm1 0.00 -0.03 0.02 1.000 1.000 1.000
Swarm2 0.00 -0.11 0.04 1.000 1.000 1.000
Swarm3 0.00 0.04 0.01 1.000 1.000 1.000

Random station coordinate errors

Swarm1 0.00 0.03 -0.00 1.000 1.0000 1.000
Swarm2 -0.00 0.08 -0.01 1.000 1.000 1.000
Swarm3 -0.00 0.00 -0.01 1.000 1.000 1.000

Table 12.8 Estimated biases (nm/s2) and scale factors for 24-hr arc (30 July 1999 0:00:00 - 31 July
1999 0:00:00) using single-satellite precise orbit determinations from triple differences.
Effect of individual error sources (Table 12.5). Part I.
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Satellite bias Scale factor

X Y Z X Y Z

Gravity field model error

Swarm1 -0.7352 -12.3677 -8.7790 0.9996 1.0112 0.9571
Swarm2 0.1148 -17.4676 -5.8256 1.0009 1.0029 1.0121
Swarm3 0.2206 4.5954 -0.1151 1.0008 1.0481 1.0083

Tide model error

Swarm1 -0.4548 -8.3925 -14.2801 1.0006 1.0418 0.9981
Swarm2 -0.1706 -0.9546 -11.2242 1.0007 1.0359 1.0398
Swarm3 -0.6199 -33.4045 0.3863 0.9996 1.1577 0.9760

Cases below include accelerometer errors

True values

Swarm1 500.00 -2000.00 -300.00 0.920 0.900 0.950
Swarm2 -1500.00 -2400.00 800.00 0.910 0.980 0.920
Swarm3 350.00 -2300.00 -600.00 0.830 0.870 0.850

Accelerometer observation errors

Swarm1 499.04 -1999.23 -305.88 0.919 0.898 0.922
Swarm2 -1500.71 -2410.52 795.26 0.909 0.977 0.938
Swarm3 350.38 -2289.91 -592.82 0.828 0.869 0.870

All error sources

Swarm1 497.48 -2023.59 -336.47 0.919 0.945 0.912
Swarm2 -1500.53 -2421.87 778.67 0.911 1.013 0.970
Swarm3 350.52 -2309.70 -588.64 0.830 1.064 0.840

All error sources: 1-cpr along-/cross-track emp. acc.

Swarm1 496.87 -2033.05 -356.98 0.919 0.934 1.282
Swarm2 -1499.47 -2423.40 786.52 0.913 0.962 0.818
Swarm3 350.11 -1914.17 -580.90 0.827 -6.670 0.986

Table 12.9 Estimated biases (nm/s2) and scale factors for 24-hr arc (30 July 1999 0:00:00 - 31 July
1999 0:00:00) using single-satellite precise orbit determinations from triple differences.
Effect of individual error sources (Table 12.5). Part II.
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Figure 12.12 Number of GPS double differences for the Swarm pairs 1&2 (left), 1&3 (middle) and 2&3
(right). Time since 30 July 1999, 0:00.

Satellite bias Scale factor

2-satellite double differences

X Y Z X Y Z

Swarm1 15.24 33.27 35.52 26.34 208.01 177.36
Swarm2 14.99 28.50 23.24 25.37 138.39 112.39

2-satellite double differences

Swarm1 3.89 47.10 68.51 2.20 113.89 223.88
Swarm3 3.14 43.42 32.44 9.07 456.46 172.03

2-satellite double differences

Swarm2 1.36 48.31 30.26 2.23 126.76 184.79
Swarm3 3.07 42.28 32.92 8.95 499.72 195.38

3-satellite double differences

Swarm1 1.34 16.98 23.13 1.26 63.94 115.50
Swarm2 0.77 18.41 14.29 1.43 68.31 68.46
Swarm3 1.93 28.62 19.29 5.93 309.71 98.38

Table 12.10 Formal errors for estimated biases (pm/s2) and scale factors (part per million) for 24-hr
arc (30 July 1999 0:00:00 - 31 July 1999 0:00:00) using multi-satellite precise orbit
determinations from double differences. The values are scaled by assuming a
double-difference noise of 4 mm.

The formal errors for the estimated accelerometer calibration parameters, as
derived from the inverse of the normal matrix, are displayed in Table 12.10.
The formal errors are significantly lower than for the single-satellite method (Ta-
ble 12.7). It has to be noted that the weight of 4 mm for double differences used
for scaling the normal matrix is consistent with a weight of 0.6 mm/s (4 ×

√
2 /

∆t, where ∆t is the observation time interval) for triple differences used to weight
the normal matrices for the single-satellite cases. Thus conceptually the double
difference method seems to be able to produce more precise accelerometer cali-
bration parameters. It has to be realized that this would be true in case of Gaus-
sian observation errors with zero mean only, but is not sure in case of systematic
errors.

The actually estimated biases and scale factors are included in Tables 12.11-
12.12 for GPS observation noise and all error sources combined, respectively. It



262 Simulations for Swarm

Satellite bias Scale factor

X Y Z X Y Z

Single-satellite triple differences

Swarm1 -0.0216 -0.0390 -0.3241 1.0000 1.0001 1.0026
Swarm2 -0.0100 0.2377 0.1845 1.0000 1.0000 1.0030
Swarm3 -0.0160 -0.5883 0.0535 1.0000 1.0006 0.9998

2-satellite double differences

Swarm1 -0.0210 0.0161 0.0500 1.0000 0.9999 0.9997
Swarm2 -0.0228 0.0419 -0.0103 1.0000 1.0000 0.9999

2-satellite double differences

Swarm1 0.0035 0.0746 0.0555 1.0000 0.9999 1.0001
Swarm3 -0.0030 -0.0425 -0.0286 1.0000 1.0007 1.0000

2-sat double differences

Swarm2 0.0017 0.1474 0.0570 1.0000 0.9998 0.9995
Swarm3 -0.0086 0.0134 -0.1087 1.0000 0.9997 0.9999

3-satellite double differences

Swarm1 -0.0004 0.0191 0.0070 1.0000 0.9999 0.9999
Swarm2 -0.0009 0.0111 -0.0064 1.0000 0.9999 1.0001
Swarm3 -0.0033 -0.0225 -0.0348 1.0000 1.0004 1.0002

Table 12.11 Estimated biases (nm/s2) and scale factors for 24-hr arc (30 July 1999 0:00:00 - 31 July
1999 0:00:00). Effect of GPS observation noise (Table 12.5). The single-satellite results
are included for reference.

can be observed that in general the errors of estimated biases and scale factors are
indeed lower when using the method based on double differences. When all error
sources are included and all double difference combinations are taken (i.e. all
three satellites included), results indicate that some improvement can be obtained
(Table 12.12). However, more and longer-period simulations are required to draw
final conclusions.

12.2.4 Non-gravitational accelerations

Time series of non-gravitational accelerations have been estimated as well, us-
ing the single-satellite approach as outlined in [Van den IJssel and Visser, 2003,
2004; IJssel and Visser, 2007] and the multi-satellite approach as outlined in Sec-
tion 12.2.1. Piece-wise linear accelerations along the accelerometer X, Y and Z
axes were estimated with a time interval of 15 min. These accelerations were then
compared with the true non-gravitational accelerations, where the latter were av-
eraged over the 15 min intervals to have a consistent comparison. Nominally,
6-hr arcs were used on order to limit the computational burden (a few 24-hr arc
computations were done as well leading to similar statistics, Table 12.13).

Statistics of the comparisons between true and estimated non-gravitational
accelerations are included in Table 12.13 for the absolute single-satellite accel-
erations, and in Table 12.14 for the pair-wise differential accelerations (compare
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Satellite bias Scale factor

X Y Z X Y Z

True values

Swarm1 500.00 -2000.00 -300.00 0.920 0.900 0.950
Swarm2 -1500.00 -2400.00 800.00 0.910 0.980 0.920
Swarm3 350.00 -2300.00 -600.00 0.830 0.870 0.850

Single-satellite triple differences

Swarm1 497.48 -2023.59 -336.47 0.919 0.945 0.912
Swarm2 -1500.53 -2421.87 778.67 0.911 1.013 0.970
Swarm3 350.52 -2309.70 -588.64 0.830 1.064 0.840

2-satellite double differences

Swarm1 500.35 -1998.84 -309.81 0.921 0.897 0.973
Swarm2 -1499.01 -2373.47 795.49 0.912 0.987 0.910

2-satellite double differences

Swarm1 499.44 -2047.18 -278.59 0.917 0.898 0.892
Swarm3 346.68 -2327.82 -616.05 0.818 0.780 0.752

2-satellite double differences

Swarm2 -1502.04 -2406.59 741.14 0.911 1.020 1.122
Swarm3 350.13 -2312.48 -579.63 0.825 1.005 1.010

3-satellite double differences

Swarm1 498.35 -1995.95 -313.60 0.919 0.9065 0.921
Swarm2 -1500.90 -2385.33 787.20 0.910 0.9766 0.932
Swarm3 348.42 -2314.25 -602.54 0.822 0.8262 0.838

Table 12.12 Estimated biases (nm/s2) and scale factors for 24-hr arc (30 July 1999 0:00:00 - 31 July
1999 0:00:00). All error sources included (Table 12.5).

also with Table 12.4). The estimated and true values are also displayed in Fig-
ure 12.13 for the error-free case. It has to be noted that the first and last 15-min
time intervals were always ignored in the comparisons, since the estimated non-
gravitational accelerations are relatively unreliable for the ends of the arc. It can
be observed that even for the error-free case, recovery errors in terms of RMS
about mean (indicated by STD) are made of about 30/7/45 nm/s2 for the X/Y/Z
axes for the lower flying satellite pair (Swarm1 and Swarm2) and 6/5/8 nm/s2

for the X/Y/Z axes for the higher flying satellite (Swarm3). It can thus be con-
cluded that even when no observation or other errors are present in the GPS, star
tracker and accelerometer observations, and force models, recovery errors are
made. This is due to the fact that the accelerations are estimated at a time interval
of 15 min, whereas the real non-gravitational acceleration that the satellites expe-
rience change all the time (at 10 sec interval in the simulations). This leads to a
so-called model error of the size indicated in Table 12.13. For Swarm3, this model
error is much smaller which is in agreement with the much smaller signal varia-
tion for this higher flying satellite. A striking result are the biases that appear for
the Y axis (predominantly cross-track direction). This result is however consis-
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Satellite case method axis mean STD mean STD
estimate estimate

Swarm1∗ error-free TD X -0.33 30.48 -615.95 165.13
Swarm1∗ error-free TD Y 17.21 9.07 38.30 45.05
Swarm1∗ error-free TD Z -4.84 38.86 2.85 35.40
Swarm1∗ all errors TD X -1.51 30.59 -614.78 165.28
Swarm1∗ all errors TD Y 15.93 15.19 39.58 44.46
Swarm1∗ all errors TD Z -24.71 39.82 22.72 36.60

Swarm1 error-free TD X 0.84 29.39 -515.47 129.87
Swarm1 error-free DD 123 X 1.05 28.79 -515.68 130.09
Swarm2 error-free TD X 0.25 28.80 -517.02 132.31
Swarm2 error-free DD 123 X 0.51 28.82 -517.28 131.86
Swarm3 error-free TD X 0.42 5.69 -109.40 38.65
Swarm3 error-free DD 123 X 0.49 5.62 -109.48 39.11

Swarm1 error-free TD Y 22.47 7.71 25.37 26.81
Swarm1 error-free DD 123 Y 19.95 7.23 27.89 26.31
Swarm2 error-free TD Y 23.32 9.05 34.89 30.77
Swarm2 error-free DD 123 Y 19.61 7.99 38.60 30.89
Swarm3 error-free TD Y 9.23 2.17 20.19 12.41
Swarm3 error-free DD 123 Y 8.27 4.51 21.15 11.75

Swarm1 error-free TD Z -2.22 47.33 -3.57 40.76
Swarm1 error-free DD 123 Z -2.15 45.26 -3.64 38.92
Swarm2 error-free TD Z -2.02 44.89 -3.63 50.70
Swarm2 error-free DD 123 Z -2.13 44.49 -3.53 50.22
Swarm3 error-free TD Z 0.20 8.11 -3.25 15.28
Swarm3 error-free DD 123 Z -0.11 7.88 -2.94 15.39

Swarm1 all errors TD X -1.25 30.46 -513.38 128.52
Swarm2 all errors TD X -1.28 29.54 -515.49 131.32
Swarm3 all errors TD X 2.19 10.56 -111.17 41.22

Swarm1 all errors TD Y 25.92 23.47 21.92 33.93
Swarm2 all errors TD Y 29.49 21.63 28.73 36.49
Swarm3 all errors TD Y 3.48 17.99 25.95 21.72

Swarm1 all errors TD Z -27.62 48.38 21.82 43.09
Swarm2 all errors TD Z -20.68 45.59 15.02 50.53
Swarm3 all errors TD Z 15.22 25.80 -18.27 25.82
∗: 24-hr arc 30 July 1999, 0:15 - 23:45
STD: RMS about mean
TD: single-satellite POD using triple-differenced GPS observations
DD 123: 3-satellite POD using double-differenced GPS observations

Table 12.13 Differences between GPS-based empirical accelerations for 15-min intervals and 15-min
averaged true non-gravitational accelerations (values in nm/s2). The results hold for a
6-hr arc: 30 July 1999, 0:15 - 5:45 (first and last 15 min ignored).



12.2 Accelerometer calibration - simulated configurations 265

Figure 12.13 Non-gravitational accelerations (15 min interval) for Swarm1, Swarm2 and Swarm3 (left
to right columns, respectively) obtained by single-satellite POD using triple differences.
No error sources. Time since 30 July 1999, 0:00.

tent with the relatively high formal errors that are predicted for the estimation of
the Y axis accelerometer bias (Table 12.10). Estimated radial accelerations are not
significant for the lower Swarm pair: the error is much bigger than the signal (Ta-
ble 12.4). For the higher flying Swarm3 satellite, it seems that significant values
can be obtained to some extent (see also Figure 12.13).

In all cases, the double difference method does not seem to lead to significant
improvements. Also, the model error seems to be dominant over all other mod-
elled error sources: the recovery errors do not change much for the ”all errors”
cases included in Table 12.13.

Finally, statistics of the comparisons between true and estimated non-
gravitational differential accelerations for Swarm pairs are included in Ta-
ble 12.14. Again, it can be observed that results do not alter significantly when
using the double difference method. For the lower pair (Swarm1-2), the RMS
about mean of the recovery error is below 10 nm/s2 for the X and Y axes, and
around 12 nm/s2 for the Z axis (also in the presence of all error sources). It thus
appears that the largest recovery error of the non-gravitational accelerations is
common-mode for the lower pair Swarm1 and Swarm2, suggesting that differ-
ential accelerometry can be done to a significant extent for this lower pair. For
the other pairs (Swarm1-3 and Swarm2-3), results indicate that there are hardly
common-mode errors that would cancel, which can be anticipated given the dif-
ferent orbits and altitudes (see also Figure 12.14).
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Satellite case method axis mean STD mean STD
estimate estimate

Swarm1-2 error-free TD X -0.59 4.00 -1.55 9.81
Swarm1-2 error-free DD 123 X -0.54 3.25 -1.60 10.06
Swarm1-3 error-free TD X -0.43 28.24 406.07 116.44
Swarm1-3 error-free DD 123 X -0.55 27.48 406.20 116.77
Swarm2-3 error-free TD X 0.17 28.01 407.62 118.36
Swarm2-3 error-free DD 123 X -0.01 27.74 407.80 117.94

Swarm1-2 error-free TD Y 0.85 4.99 9.52 27.29
Swarm1-2 error-free DD 123 Y -0.33 4.65 10.71 27.70
Swarm1-3 error-free TD Y -13.24 8.30 -5.17 17.17
Swarm1-3 error-free DD 123 Y -11.68 9.53 -6.74 17.00
Swarm2-3 error-free TD Y -14.09 9.05 -14.70 23.15
Swarm2-3 error-free DD 123 Y -11.34 9.43 -17.45 23.55

Swarm1-2 error-free TD Z 0.20 7.16 -0.06 14.52
Swarm1-2 error-free DD 123 Z 0.03 5.78 0.11 16.49
Swarm1-3 error-free TD Z 2.42 45.01 0.33 37.95
Swarm1-3 error-free DD 123 Z 2.05 43.86 0.70 37.21
Swarm2-3 error-free TD Z 2.22 42.21 0.39 47.60
Swarm2-3 error-free DD 123 Z 2.02 42.73 0.59 48.14

Swarm1-2 all errors TD X -0.03 5.57 -2.11 11.17
Swarm1-3 all errors TD X 3.44 30.27 402.20 118.58
Swarm2-3 all errors TD X 3.47 29.53 404.32 120.78

Swarm1-2 all errors TD Y 3.57 8.45 6.81 28.59
Swarm1-3 all errors TD Y -22.44 32.56 4.03 39.70
Swarm2-3 all errors TD Y -26.01 32.32 -2.78 39.66

Swarm1-2 all errors TD Z 6.94 12.31 -6.80 14.11
Swarm1-3 all errors TD Z 42.84 53.37 -40.09 45.39
Swarm2-3 all errors TD Z 35.90 48.72 -33.29 50.95

STD: RMS about mean
TD: single-satellite POD using triple-differenced GPS observations
DD 123: 3-satellite POD using double-differenced GPS observations

Table 12.14 Differences between GPS-based empirical accelerations for 15-min intervals and 15-min
averaged true non-gravitational accelerations (values in nm/s2). The results hold for a
6-hr arc: 30 July 1999, 0:15 - 5:45 (first and last 15 min ignored) and for differential
accelerations. The two right most columns provide statistics for the estimated
accelerations themselves.



12.3 Density and wind determination - simulated constellation 267

Figure 12.14 Differences between empirical accelerations (15 min interval) for Swarm 1 and 2 (left),
Swarm 1 and 3 (centre) and Swarm 2 and 3 (right) obtained by single-satellite POD
using triple differences. No error sources. Time since 30 July 1999, 0:00.

12.2.5 Conclusions

A detailed simulation study has been carried out to assess the possibility of esti-
mating accelerometer calibration parameters and non-gravitational accelerations
for all three Swarm satellites. In addition to standard single-satellite methods,
also a multi-satellite method based on space-borne differential GPS was tested.

Concerning the determination of accelerometer calibration parameters, results
indicate that some improvement can be made by the double difference method,
but more simulations are required to draw final conclusions.

The method of estimating non-gravitational accelerations was tested as well.
Results indicate that especially for the X and Y axes, a large part of the signal
variation can be picked up, which is in agreement with results based on analysis
of real CHAMP and GRACE data [IJssel and Visser, 2007]. For the Z axis, results
indicate that hardly a recovery is possible. For the lower Swarm pair, it was
found that recovery errors are predominantly common-mode and it is indicated
that differential accelerations can be obtained with a much better precision, also
for the Z axis.

12.3 Density and wind determination - simulated constellation

The simulated Swarm orbits, quaternions and accelerometer data are used to sim-
ulate the density and wind retrieval. Of course, the simulated input data, such as
the NRLMSISE-00 densities and HWM-93 crosswind speed, are recovered from
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Wind speed Density

Swarm A Swarm C Swarm A Swarm C

Correlation coefficient r 0.99894 0.99909 0.99997 0.99987
Mean of data/model ratio µ∗ 0.99971 1.00059
Std. of data/model ratio σ∗ 1.00375 1.00375

Table 12.15 Statistics of the error-free benchmark test over the time period from July 1, 1998 to July
1, 1999. Every sixth measurement (spaced at 60 seconds) was sampled, both from the
input models (NRLMSISE-00 and HWM-93), and the result of the iterative density and
wind determination algorithm. For the wind, only the Y-component of the spacecraft
body-fixed frame was compared.

this processing, when no error sources are introduced. In this way the processing
algorithms can be validated, which is done in Section 12.3.1.

It is much more interesting however, to investigate the effect of external error
sources in the input data on the density and wind results. Although the magni-
tude of the input error sources have to be estimated, such an error analysis will
give some insight in the achievable density and wind accuracy, how it depends on
different circumstances, and which areas offer the most room for improvement.
Such an error analysis will be the main topic of the subsequent Sections of this
Chapter.

12.3.1 Error-free benchmark

To start off, the results of the iterative density and wind determination algorithm
are compared with the models used as inputs in the simulation. If the algorithm
works as intended, the output data of the algorithm will be nearly identical to
the input data from the models. However, there are a couple of reasons why this
might not be exactly so:

An iterative approach, with a finite convergence limit, is used for the wind
derivation (see Section 8.4.3).

The wind can only be estimated in a single direction (see also Section 8.4.3,
about the assumptions made in the wind derivation).

The computational precision is limited.

It is therefore interesting to make an error-free comparison. The results of this
comparison are summarized in Table 12.15. Note that the wind comparison was
only made in the spacecraft Y-direction, for convenience. The algorithm estimates
a 3D wind vector, which represents the wind component perpendicular to the
local satellite velocity with respect to the co-rotating atmosphere, projected on
the spacecraft XY-plane (again, see Section 8.4.3 for details).

Nevertheless, the Table shows that the correlation coefficients are very close
to one, for the density result even more so than for the wind result, as can be ex-
pected. No significant differences can be seen in these results between Swarm A
and Swarm C. These results indicate that the algorithm works as expected, and
that the influence of the above-listed possible algorithm-related and computa-
tional errors is very small.
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12.3.2 Error analysis approach

The error analysis approach as outlined in Bevington and Robinson [2003] is
adopted. This approach considers a computer function named CALCULATE,
which returns the final result x when called with arguments corresponding to the
input parameters u, v, w, . . . :

x = CALCULATE(u, v, w, . . . ) (12.3)

The variations of x with the input variables u, v, w, . . . are then computed by mak-
ing successive calls to the function:

dxu = CALCULATE(u + du, v, w, . . . )− x
dxv = CALCULATE(u, v + dv, w, . . . )− x

dxw = CALCULATE(u, v, w + dw, . . . )− x
etc . . .

(12.4)

Under the assumption that correlations between the input errors are small, the
total contribution of the uncertainties is then equal to the root sum squared of the
individual variations:

dx =
�

dx2
u + dx2

v + dx2
w + . . . (12.5)

The DENSWIND ITERATIVE2 algorithm, as outlined in Chapter 8, is adopted
for this purpose, resulting in the DENSWIND ITER3 function, which takes the
place of CALCULATE above. The input parameters u, v, w, . . . include the ac-
celerometer measurements, relative velocity components and various outputs of
the non-gravitational force modelling. The output x in this case consists of the
density and crosswind speed.

12.3.3 Error sources

The error sources in the accelerometer density and wind processing can be sub-
divided in three major groups: Instrument error, relative velocity error and force
model error. Each of these categories can be split into a number of possible error
sources:

Accelerometer instrument error

– Measurement noise
– Calibration bias
– Calibration scale factor

Relative velocity error

– Orbit velocity
– Atmospheric corotation velocity
– Wind velocity

Satellite force model error

– General
∗ Satellite panel area
∗ Satellite mass

– Radiation pressure
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Cat Error source CHAMP GRACE Swarm-A Swarm-C Units

Acc. Accelerometer noise, X 3 0.1 3 3 nm/s2

instr. Accelerometer noise, Y 3 1.0 3 3 nm/s2

Accelerometer bias, X 1 1 1 1 nm/s2

Accelerometer bias, Y 5 5 5 5 nm/s2

Accelerometer scale, X 0.05 0.05 0.05 0.05 –
Accelerometer scale, Y 0.10 0.10 0.10 0.10 –

Relative Relative velocity bias, X 100.0 100.0 100.0 100.0 m/s
velocity Relative velocity bias, Y 100.0 100.0 100.0 100.0 m/s

Relative velocity bias, Z 50.0 50.0 50.0 50.0 m/s
Wind model 50 50 50 50 % of model

Force Satellite model area/mass 8 4 8 8 % of model
models Atmospheric temperature 20 20 20 20 % of model

Helium concentration 5 5 5 5 % of model
Accommodation coefficient 0.10 0.10 0.10 0.10 –
Radiation pressure 8 5 8 8 % of model
Eclipse transition timing 100 100 100 100 % of model

Table 12.16 List of error magnitudes in the input values for the density and wind derivation algorithm.

∗ Optical properties of satellite panels
∗ Eclipse transitions
∗ Albedo and infrared radiation distribution over the Earth

– Aerodynamic interaction
∗ Energy accommodation coefficient
∗ Atmospheric temperature
∗ Atmospheric composition

Note that the accelerometer and relative velocity inputs are vector quantities.
They contain components in each of the three satellite body-fixed directions. Not
all these error sources will contribute significantly to the density and wind error.
For example, the algorithm uses only the X- and Y-components of the accelerom-
eter measurements and disregards the Z (radial) direction of this measurement.
The noise and calibration in that direction is therefore not of importance. In ad-
dition, the modelled radiation pressure accelerations in the Z-direction has no
influence either. The relative velocity in the Z-direction is an exception though,
since it changes the aerodynamic interaction with the satellite shape, resulting in
different forces for the other two directions as well. Therefore, an error in this
input parameter, due to an unmodelled vertical wind, for example, can result in
an error in the recovery of density and cross-track wind.

Table 12.16 lists the error sources and their magnitudes that were used for this
part of the study. Most of the errors are assumed to be the same for all satel-
lites, except for the noise levels, and the satellite model and optical properties.
These latter items are assumed to be more accurately known for GRACE, with its
relatively simple geometry, compared to CHAMP and Swarm.

There are various considerations that should be kept in mind when interpret-
ing the results in the rest of this chapter. First of all, the accelerometer noise levels
quoted here were taken from the instrument specifications (Chapter 3 can be con-
sulted for CHAMP and GRACE, and information from [Bock, personal commu-
nication, 2008] was used for Swarm). The use of normal-points (time-averaged
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measurements), which can result in a reduced noise level in exchange for limit-
ing the temporal resolution, has not been taken into consideration here.

Most of the other values for the error sources are based on rather crude guess-
work, based on the experience gained during the course of the project. Most of
these items are compound values, which are far-removed from actual measure-
ment errors. They are based instead on complex calculations and models. Unfor-
tunately, the empirical models used, such as those for the temperature, composi-
tion and radiation pressure, do not provide statistical uncertainties as outputs.

Another caveat that should be added here is that some of the error sources are
tightly linked in reality, but are considered as independent error sources in equa-
tion 12.5. One example is the accelerometer calibration, where the biases and
scale factors are highly correlated when estimated from the GPS tracking. A sim-
ilar issue is the link between the aerodynamic model, wind model and Y-axis ac-
celerometer calibration. With the R03 calibration parameters, the Y-axis bias and
scale factor are determined by comparing the accelerometer signal with the force
models, in which the accommodation coefficient of the aerodynamic model is an
important parameter. An error in this parameter will lead to an error in the Y-axis
calibration. However, both these errors have a large constant component, which
will tend to cancel each other. Considering these as independent error sources
could therefore result in an overly pessimistic total error. In a future version of
the analysis, perhaps the Y-axis calibration should be considered an additional
output of the algorithm, instead of an independent input. This could add consid-
erable complexity and computation time to the algorithm, and has therefore not
been implemented yet.

12.3.4 Density error results

The statistics of the density errors, split out over the various error contributions
are summarized in Table 12.17. The entire data set, from July 1997 until the end
of 2002, was used for generating these statistics. The minimum, maximum and
mean columns are especially interesting for this evaluation. In the minimum col-
umn, it can be seen that there is no single density measurement with a near zero
error, because of the inherent uncertainty in the satellite geometry and gas-surface
interaction. The minimum relative density errors for Swarm A and Swarm C are
therefore the same, at 11.2% of the signal. The mean and maximum relative den-
sity errors are a lot higher for Swarm C than for Swarm A, however, because of
the lower drag signal, which causes errors in the acceleration measurement and
modelling to have a larger effect.

For the wind-derivation, the minimum errors are a lot smaller, and the maxi-
mum errors a lot larger than for the density-derivation. This indicates that there
are special circumstances under which the wind determination is very accurate,
and other circumstances under which it is not possible to get good results. The
favourable conditions include a large drag signal (with respect to noise and cal-
ibration errors), and a favourable orbit geometry with respect to solar radiation
pressure accelerations, with the Sun vector preferably in the orbital plane, so that
they do not affect the Y-axis acceleration very much.

The maximum errors in both density and wind speed, and for both missions,
are dominated by the eclipse transition timing error. Fortunately, this error occurs
only for a small fraction of the measurements, which can be edited out.

Figure 12.15 shows the RSS of all the density error contributions, compared
with the total density signal for Swarm A and Swarm C (Swarm B is omitted,
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Swarm A Swarm C

Error source min max mean RMS Std. min max mean RMS Std.

Accelerometer noise, X 0.0 9.6 0.5 0.7 0.6 0.0 29.7 2.6 3.4 2.2
Accelerometer noise, Y 0.0 7.1 0.2 0.3 0.3 0.0 21.1 0.9 1.5 1.2
Accelerometer bias, X 0.0 3.2 0.2 0.2 0.2 0.0 9.8 0.9 1.1 0.7
Accelerometer bias, Y 0.0 11.7 0.3 0.6 0.5 0.0 30.6 1.6 2.6 2.1
Accelerometer scale, X 0.0 6.4 5.2 5.2 0.2 0.0 6.3 5.2 5.2 0.2
Accelerometer scale, Y 0.0 10.0 0.4 0.5 0.4 0.0 10.0 0.4 0.5 0.4

Relative velocity bias, X 0.0 2.8 2.7 2.7 0.0 0.0 2.9 2.7 2.7 0.0
Relative velocity bias, Y 0.0 1.1 0.1 0.2 0.1 0.0 1.3 0.1 0.2 0.0
Relative velocity bias, Z 0.0 1.2 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0
Wind model 0.0 7.1 0.9 1.2 0.8 0.0 8.0 0.6 0.9 0.6

Satellite model area/mass 8.0 8.0 8.0 8.0 0.0 8.0 8.0 8.0 8.0 0.0
Atmospheric temperature 0.1 3.5 2.8 2.9 0.3 0.0 4.0 3.0 3.0 0.3
Helium concentration 4.8 7.3 6.4 6.4 0.2 4.8 7.3 6.3 6.3 0.2
Accommodation coefficient 2.9 11.7 9.4 9.5 1.0 2.7 10.5 9.1 9.1 0.9
Radiation pressure 0.0 6.6 0.2 0.3 0.3 0.0 28.7 1.0 2.0 1.6
Eclipse transition timing 0.0 60.6 0.2 0.1 1.4 0.0 87.9 0.6 3.8 3.8

RSS of all contributions 11.2 63.0 15.5 15.5 0.9 11.2 90.4 16.2 16.5 2.9

Table 12.17 Statistics of the density error magnitudes as a percentage of the density signal, per error
source, for Swarm A and Swarm C. Note that the entire simulated mission has been
used and no editing has been performed, except for the removal of the data around the
Swarm A orbit-raising manoeuvres.

Swarm A Swarm C

Error source min max mean RMS Std. min max mean RMS Std.

Accelerometer noise, X 0 78 2 3 2 0 323 10 16 13
Accelerometer noise, Y 0 525 24 37 28 0 1628 114 162 115
Accelerometer bias, X 0 25 1 1 1 0 86 3 5 4
Accelerometer bias, Y 0 890 38 60 46 0 2778 193 279 201
Accelerometer scale, X 0 91 17 21 12 0 98 17 22 13
Accelerometer scale, Y 0 230 34 42 25 0 249 35 44 27

Relative velocity bias, X 0 8 1 1 1 0 7 1 1 1
Relative velocity bias, Y 0 1 0 0 0 0 1 0 0 0
Relative velocity bias, Z 0 1 0 0 0 0 1 0 0 0
Wind model 0 10 0 1 1 0 11 0 1 0

Satellite model area/mass 0 0 0 0 0 0 0 0 0 0
Atmospheric temperature 0 9 1 1 1 0 9 1 1 1
Helium concentration 0 5 0 0 0 0 4 0 0 0
Accommodation coefficient 0 201 45 57 34 0 215 46 58 35
Radiation pressure 0 321 13 25 21 0 1991 79 142 118
Eclipse transition timing 0 5966 10 93 92 0 11710 42 323 320

RSS of all contributions 1 6023 95 140 103 7 11863 300 484 380

Table 12.18 Statistics of the wind error magnitudes, per error source, for Swarm A and Swarm C.
Values are in m/s. Note that the entire simulated mission was used, and no editing has
been performed, except for the removal of the data around the Swarm A orbit-raising
manoeuvres.
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Figure 12.15 RSS of all density error contributions (red line), compared with the density signal (blue
line), for Swarm A (top) and Swarm C (bottom).

because it is assumed to show similar performance to Swarm A). It is apparent
that the error is at a level of about 10%-20% of the signal in both cases, even
though the density at the altitude of Swarm C is about four times lower than for
Swarm A.

Figure 12.16 shows the individually computed density error contributions
from the accelerometer instrument sources. It is clear that the uncertainty in the
scale factor of the accelerometer X-direction forms the largest contributor from
that category. The other contributors are minor in comparison for both satellites,
but especially for Swarm A. Swarm C has a much higher density error contribu-
tion from the accelerometer noise and bias, due to its lower signal strength.

The density error due to relative velocity error is shown in Figure 12.17. As ex-
pected, the in-track wind, predominantly in the X-direction, has by far the largest
influence. The wind error is also modelled by scaling the HWM-93 output. This
results in a pattern with more peaks in the density error, as the HWM-93 in-track
wind varies over the orbit. The highest peaks are as large or larger than the 100
m/s in-track wind bias.

The equivalent plots for the force model contributions (Figure 12.18), shows
that several factors, all of them related to the drag coefficient, form large contribu-
tions. The error due to the uncertainty in the energy accommodation coefficient
is largest for Swarm A, nearly twice as large as the scale factor error. Next is the
error in the satellite area/mass ratio. A possible error in the atmospheric compo-
sition (the presence of Helium, which changes the drag coefficient) is almost as
large. At a slightly lower level is the error due to the uncertainty in the thermo-
spheric temperature, which also affects the drag coefficient calculation. Because
of their relation to the drag coefficient, these density errors are all scaled to the
signal strength, in this case the total density.

The radiation pressure error sources hardly affects the density determination
for Swarm A at this point in time. There are no eclipse transitions for the selected
day for this satellite. For Swarm C though, these errors are present in the form
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Figure 12.16 Density error due to accelerometer error sources for Swarm A (top) and Swarm C
(bottom).
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Figure 12.17 Density error due to relative velocity error sources for Swarm A (top) and Swarm C
(bottom).
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Figure 12.18 Density error due to force model error sources for Swarm A (top) and Swarm C (bottom).

of sharp spikes at the eclipse transitions, due to a possible inaccurate timing of
these transitions by the model. There is also a much lower, nearly negligible,
contribution for the full period when the satellite is in sunlight. The error is zero
during the eclipses themselves.

The above figures showed the results for just a single day. In Figure 12.19, the
long-term evolution of the total RSS density error is plotted. Each dot represents
the RSS error for a single measurement, which has been sampled every 6 minutes.
Since the major error contributors are related to the drag coefficient, the error for
the majority of points is around a fixed percentage of the total density. The dots
at higher errors are mostly at eclipse transitions, due to the eclipse timing error
source.

12.3.5 Wind error results

The RSS of all the wind error contributions for both Swarm A and Swarm C are
plotted in Figure 12.20. For Swarm C, the error is much larger than for Swarm
A, due to the higher altitude and lower drag. During the eclipse transitions, the
wind error reaches physically unpossible wind speed values of 2–3 km/s.

The statistics of the wind errors, split out over the various error contributions,
and taken over the entire dataset, are summarized in Table 12.18.

Figure 12.21 shows the individual contributions of the errors due to the in-
strument and force models. Although many sources have significant contribu-
tions, the largest ones are the bias and scale of the accelerometer Y-component,
and the radiation pressure and accommodation coefficient. Note that an error in
the satellite’s area to mass ratio has no influence on the wind determination, and
wind errors due to uncertainties in the thermospheric temperature and composi-
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Figure 12.19 Long-term evolution of the relative density error (RSS of all contributions) for Swarm A
(top) and Swarm C (bottom).

tion are negligible. Errors in the in-track wind also have a very small effect on the
crosswind determination.

From the discussion above, it will be clear that the altitude and the level of so-
lar activity will play a major role in the success of wind retrieval from the Swarm
satellites. This is illustrated in the long-term RSS wind error plots of Figure 12.22.
The best chance at good wind retrieval results will likely be during high solar ac-
tivity, and during the final months before re-entry of the lower pair, when at their
low altitudes, the drag signal will become very large, and radiation pressure re-
lated errors will become negligible. Figure 12.22 shows that for Swarm C, sensible
crosswind determination at the start of the mission will be very challenging, as
most data points will have an uncertainty of at least a few hundred and up to a
few thousand meters per second.

12.3.6 Conclusions

The major sources of error for density determination and for wind determination
are quite different. For the density, the factors relating to the aerodynamic model
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Figure 12.20 RSS of all wind error contributions (red line), compared with the wind signal (blue line),
for Swarm A (top) and Swarm C (bottom).

(geometry and drag coefficient) are the most important, while for the wind, the
Y-axis accelerometer calibration and solar radiation pressure are dominant. The
accommodation coefficient has a large influence on both. Further research into
finding the optimal accommodation coefficient values is therefore recommended.

Because of the fact that the density error is dominated by error sources that
are multiplicative in nature, the resulting RSS error expressed as a percentage of
the density signal is quite constant at around 15–16%. Occasional upward spikes
occur for the high altitude Swarm C satellite at low solar activity, around eclipse
transitions, when radiation pressure modelling errors can be exceptionally large.

It is more complicated to put a single number on the wind derivation error,
because it depends on so many external factors, which continually change during
the mission.
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Figure 12.21 Wind errors for Swarm A due to accelerometer error sources (top), relative velocity error
sources (middle) and force model error sources (bottom).
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Figure 12.22 Long-term evolution of the wind error (RSS of all contributions) for Swarm A (top) and
Swarm C (bottom).





Chapter 13
Other thermosphere missions

This Chapter contains an overview of other dedicated thermosphere missions, in
Section 13.1 and missions with an important spin-off possibility for thermosphere
research, in Section 13.2. In Section 13.3, several aspects of the Atmospheric Ex-
plorer missions, that flew in the 1970s, are reviewed. These missions carried in-
strumentation that could be of use for a future dedicated accelerometer-carrying
thermosphere mission, as discussed in the conclusions of this Chapter, in Section
13.4

13.1 Other recent, current and future dedicated thermosphere
missions

13.1.1 Starshine

The three Starshine student satellites were launched in May 1999, December 2001
and September 2001, respectively (Starshine-3 was launched before Starshine-2).
These passive satellites flew in approximately circular orbits with low inclina-
tions. The small, spherical satellites, covered with mirrors to aid optical observa-
tion from the ground, were designed to educate students about atmospheric drag
on satellites. Students were involved both in the building of the satellite and in
the recording of visual observations when the satellites were in orbit. The effects
of drag on their orbits was later also analyzed using Two-Line Element data by
Lean et al. [2006], using the method of Picone et al. [2005].

13.1.2 TIMED

The NASA TIMED satellite was launched in December 2001 into an orbit at ap-
proximately 615 km altitude. TIMED stands for Thermosphere Ionosphere Meso-
sphere Energetics and Dynamics, and is primarily aimed at the scientific inves-
tigation by remote sensing of the region of the atmosphere between 60 and 180
km above the surface. This is just below that of the satellite drag measurements
investigated in this study. One of the instruments on TIMED is the Global Ul-
traviolet Imager (GUVI), which measures the far ultraviolet (FUV) glow of the
thermosphere on the dayside limb. From this data, the total mass density can
be inferred, which has been compared with satellite drag data by Emmert et al.
[2006].
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13.1.3 ANDE-RR

The Naval Research Lab ANDE (Atmospheric Neutral Density Experiment) and
ANDE-RR (ANDE Risk Reduction) missions consists of multiple spherical mi-
crosatellites. The two satellites of the ANDE-RR mission [Nicholas et al., 2007],
named MAA (Mock ANDE Active) and FCal (Fence Calibration), were launched
from the Space Shuttle Discovery payload bay in December 2006, and were de-
signed to test various technologies, including a novel technique for deployment
from the Shuttle, for use on the later ANDE mission itself.

The ANDE mission [Thomas, 2008], to be launched in 2009, will consist of
an active and a passive spherical satellite, each of which will contain laser retro-
reflector arrays, gyroscopes and accelerometers. In addition, the active sphere
will include, among others, a GPS receiver and a wind and temperature spec-
trometer (WATS), to compute total density and validate drag coefficient models.

13.1.4 DANDE

The DANDE satellite (Drag and Atmospheric Neutral Density Explorer), an inno-
vative student project at the University of Colorado [Pilinski, 2008], is designed
to measure total density, atmospheric composition and horizontal winds in the
region of 100-350 km altitude. The small spherical satellite, covered with solar
panels, will carry a wind and temperature spectrometer (WTS) and an array of
six low-cost accelerometers, from which the deceleration due to drag will be mea-
sured as the satellite spins.

13.1.5 ADMS/TacSat-2

TacSat-2, an experimental satellite build by the Air Force Research Lab, and
launched in December 2006 in an orbit at approximately 420 km altitude, car-
ries the Atmospheric Density Mass Spectrometer (ADMS), which measures the
composition and total neutral density along its flight path [Wise, personal com-
munication, 2007].

13.2 Missions with a spin-off possibility for thermosphere
research

13.2.1 GOCE

The GOCE satellite (Gravity field and steady-state Ocean Circulation Explorer)
was launched in March 2009 [Drinkwater et al., 2003, 2007]. It is the first satellite
that carries a gravity gradiometer, an instrument that consists of six highly accu-
rate accelerometers (with a noise level of 10−12 ms−2 Hz−1/2), arranged in pairs
of two along each axis. This instrument allows the accurate recovery of the static
gravity field and geoid. To obtain a high sensitivity to the short wavelengths in
the Earth’s gravity field, the satellite flies in an unusually low circular orbit, at
approximately 250–290 km altitude. To maintain this orbit under the influence
of the high drag forces, the satellite uses an ion thruster, which acts in the flight
direction. The mission is designed so that its orbit can be maintained for an ex-
pected duration of about 20–30 months, depending on the level of solar activity,
and the chosen altitude profile.
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The observable of interest for the GOCE mission objectives is the gravity gra-
dient, which is determined by differencing the measurements of each accelerom-
eter pair. The common mode of all accelerometers contains the signal due to the
non-gravitational forces. In this case, this includes the continuous acceleration
due to the ion thruster assembly.

If the GOCE data are to be used for thermospheric investigations, the ac-
celerometer processing procedures of this report have to be supplemented with
the processing of the ion thruster activation data. This additional complexity is
likely to be well worth the required investigation, since GOCE could offer an un-
precedented density and wind data set at very low satellite altitudes, which can
be well compared with contemporaneous CHAMP and GRACE data. This re-
gion of the thermosphere is especially interesting for research involving re-entry
analysis of space objects.

13.2.2 Microscope

The objective of the CNES Microscope satellite [Touboul et al., 2001], scheduled to
be launched in 2011, is to test the validity of the equivalence principle from Ein-
stein’s general theory of relativity. The microsatellite will carry a drag free control
system, making use of two differential accelerometers, capable of measuring the
non-gravitational forces to an accuracy better than 10−12 ms−2. These forces will
be compensated by electrical actuators in all three directions. It will be in an orbit
at approximately 700 km altitude. Besides the data processing issues concerning
the drag free control system that were discussed above for GOCE, the derivation
of accurate thermospheric density data from this mission will also require a very
high level of accuracy for the radiation pressure modelling, because of the low
drag signal at the high altitude. If such a data processing proves successful how-
ever, the mission could provide very interesting higher-altitude density data, in a
timeframe overlapping the Swarm measurements.

13.3 The Atmospheric Explorers

Chapter 6 showed the dependence of the aerodynamic models on atmospheric
temperature and composition. These quantities are not measured by the current,
and currently proposed accelerometer missions. Besides their usefulness for a
more accurate accelerometer data processing, leading to more accurate density
and wind speed results, such measurements are of great interest for the solar-
terrestrial physics and thermospheric modelling community by themselves as
well.

It is therefore recommended that the accelerometer instrumentation of future
satellites for air density and atmospheric wind investigations, such as a possible
Swarm successor mission, should be supplemented with additional instrumenta-
tion packages. The Atmospheric Explorers (AE) C to E of NASA ( [Burgess and
Torr, 1987]), flown in the 1970s, can serve as a typical reference. These satellites
and their instrumentation are therefore described in somewhat more detail below.

Figure 13.1 shows the orbit and orientation of these satellites. Table 13.1 pro-
vides additional information.

One important instrument of the AE-C was the accommodation sphere, which
on one side had an ideal orifice opening to the external flow and on the other
side a connection to a mass spectrometer allowing partial pressure measurement.
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2. The Atmosphere Explorers AE as example 
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Fig.  1 Atmosphere Explorer C with orientation during typical orbit  

AE-C  geometry as modelled with the HTG Ramses system is shown in the next Figure 2 

Figure 13.1 Atmosphere Explorer AE-C, with orientation during a typical orbit.

Geometry of AE-C and reference data Dimension

Height 1.1435 m
Diameter of polyheder enclsing cylinder 1.3350 m
Reference area (projected area in X direction) 1.5242 m2

Reference length 1.3350 m
Moment reference (Xm, Ym, Zm) 0.0 m, 0.0 m, 0.5715 m
Total mass 665 kg + 66.5 kg

Orbit and attitude data

Apogee height 3000–4500 km, initial
Perigee height 130–160 km
Inclination 68◦
Attitude Flight direction normal to z-axis
Adjustable spin rate 0, or 1–10 rpm

Launch dates

AE-C December 13, 1973
AE-D October 6, 1975
AE-E November 20, 1975

Table 13.1 Reference information on the Atmospheric Explorer C, D and E missions.
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Figure 3 shows a principal sketch of  AE-C with this instrumentation including a detail of the ideal 
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Flight direction 

Cross section of  Atmospheric Explorer C  with accommodation sphere 

and mass spectrometer working as rotating ‘Patterson probe’  
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Figure 13.2 Cross section of Atmospheric Explorer C with accommodation sphere and mass
spectrometer working as a rotating Patterson probe.

With this instrumentation, the AE-C could be operated like a rotating ideal Patter-
son probe. The original pioneering development work on free molecular probes
was conducted by G.N. Patterson at the University of Toronto (e.g. [Patterson,
1956]), and since then this naming is used for the rotating type probe. Additional
descriptions are given by Chue [1975] and Koppenwallner [1984, 1986], who used
the probes during testing in ground facilities.

Figure 13.2 shows a principal sketch of AE-C with this instrumentation, in-
cluding a detail of the ideal orifice with accommodation sphere and mass spec-
trometer.

In the Atmospheric Explorer, a sharp edged ideal orifice was realized, which
guarantees transmission probabilities of P = 1 for the probe entering and the
probe re-emitted particle fluxes. The mass spectrometer was set to measure the
molecular nitrogen partial pressure p2 at a temperature T2, which equals the wall
temperature Tw of the accommodation sphere.

The free molecular probe function

The free molecular probe function is derived with the balance condition of the
incident and reemitted particle fluxes and is given by the following exact relation:
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in which R is the absolute gas constant and M the molecular mass on which the
mass spectrometer is set. Depending on the mass spectrometer setting, one can
determine the following quantities of the species i in the undisturbed atmosphere,
with the rotating probe:

Molecular speed ratio S

Atmospheric temperature T
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Density ρ

In the following, the basic evaluation procedure is shortly explained.

Determination of species specific molecular speed ratio S and temperature T

If one selects the measurements at θ = 0◦ and θ = 90◦ and assumes S > 5,
equation (13.1) reduces to an extremely simple relation for the molecular speed
ratio S1 of the specific gas component.
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As the satellite’s orbital velocity V1 is known, one can easily determine the free
stream temperature T1 of the selected gas component.
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Determination of species specific density

If one selects only the pressure measurement at θ = 0◦, the free stream density ρ1
of a selected species can be derived by the following relation:

ρ1V1 =
1√
π
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2 R
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13.4 Conclusions

Free molecular probes combined with neutral gas mass spectrometers offer an
excellent possibility for diagnostics of the upper atmosphere. They can provide
information on composition, temperature and density. Rotating probes need only
one mass spectrometer as the sensing instrument and have therefore the follow-
ing advantages:

The zero offset can continuously be determined by the orifice position in the
wake.

Temperature measurements require the ratio of two measured pressure val-
ues, which requires only a linear characteristic of the sensor. It is therefore
insensitive to the sensor signal slope value.

The ‘rotating probe’ can either be realized by a rotating spacecraft, as was done
with the Atmosphere Explorers, or by a specially designed probe mounted on
stabilized spacecraft, similar to CHAMP, GRACE and Swarm. In this case, also a
direct measurement of the side wind is possible.



Chapter 14
Conclusions and

recommendations

The main conclusion from this work is that the accelerometer instruments on
CHAMP, GRACE and the future Swarm satellites provide invaluable data on
the thermosphere, in the form of mass density and crosswind speeds. In this
final chapter, this conclusion will be elaborated on, and recommendations will be
given, both for improvements to the current and planned missions, as well as for
future missions.

14.1 Conclusions on density and wind processing results

14.1.1 Density processing conclusions

The density-derivation from accelerometer data is quite straightforward, and this
procedure has already been extensively used in literature. However, this study
shows that the error estimates made previously in literature (e.g Bruinsma and
Biancale [2003], Sutton et al. [2007]) were often still too optimistic. These previous
studies often used inappropriate simplifications in the aerodynamic modelling
[Koppenwallner, 2008], further reducing the accuracy of the results. The uncer-
tainty in the gas-surface interaction, the imprecise knowledge of the exact space-
craft geometry and the instrument calibration uncertainty can introduce signifi-
cant systematic errors, which have often been overlooked in the past. The error
analysis for Swarm made for this study, which is equally applicable to CHAMP
and GRACE, shows an estimate of the RSS error of the density measurement of
about 15%.

Despite these systematic errors and uncertainties, the density data resulting
from this study are very useful for thermospheric modelling, and will continue
to be useful for a long time. The current thermospheric density models also suf-
fer from systematic errors, due to similar errors in the calibration and process-
ing of the underlying data, as well as an omission of geophysical phenomena,
such as long-term change [Laštovička et al., 2006], which have only recently been
accurately measured. A statistical comparison of data and models, presented in
Chapter 9, resulted in log-normal (multiplicative) mean offsets of the data/model
ratios deviating up to around 30% and log-normal standard deviations between
about 15% and 30% for CHAMP and between about 24% and 45% for GRACE.

These model errors are of the same or greater order of magnitude as those in
the accelerometer-derived data. It will be a challenge for the next couple of years
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to try and reconcile the different density data sets and models, in a physically co-
herent manner. The availability of more precision data in general, and especially
data sets from several instruments flying at the same time, and data sets span-
ning longer sequences of the solar cycle, will be very helpful for meeting that
challenge.

Moreover, the current and future accelerometer missions provide a level of
temporal and spatial detail on density variations in the thermsophere, that are
currently beyond the capabilities of global models to capture. This brings about
another opportunity for research, into the fine structures of thermospheric den-
sity changes, such as the response to geomagnetic storms, gravity waves, etc.

These data and models find their usefulness in studies of the physics of the
upper atmosphere, and its interaction with the ionosphere, magnetosphere and
the Sun, but also in practical applications involving orbit determination and pre-
diction, such as re-entry and debris avoidance operations of spacecraft, and pre-
cise orbit determination for altimeter and interferometric SAR missions [Doornbos
et al., 2002, 2007].

14.1.2 Crosswind processing conclusions

The wind-derivation from accelerometer data is not as straightforward as the
density derivation. A new iterative wind-derivation algorithm was developed
for this study, which can be independent of the orientation of the instrument’s
principal axes with respect to the flight direction. The validity of this algorithm
was tested by making use of the CHAMP slew manoeuvres and sideways-flying
periods. Previously published algorithms for wind determination from CHAMP
data, which assumed the wind to be in the spacecraft body-fixed Y-direction [Sut-
ton et al., 2007] and considered only the drag, but not the lift and sideways forces
[Liu et al., 2006], would lead to unrealistic results under such conditions.

Unfortunately, the calibration of the cross-track axis of the accelerometer in-
strument could not be performed independently of a priori models. Therefore,
the resulting wind speeds from CHAMP are also not completely independent
of these models. The precise dependence of the wind results on these models
remains to be fully investigated. It is also not straightforward to express the es-
timated accuracy of these measurements in a single number, since it is highly
dependent on many external conditions. The Swarm simulations, presented in
Chapter 12 led to mean and standard deviations of the wind speed error of the
order of 100 m/s for Swarm A, and of the order of 300–400 m/s for Swarm C, over
the course of the entire mission. This difference in the simulated performance for
the lower-flying Swarm A and higher-flying Swarm C satellites is mirrored in the
observed performance of the current wind data from the CHAMP and GRACE
missions, respectively.

The current dataset of CHAMP-derived crosswind speeds at high to medium
solar activity seems well within the statistical uncertainty of the current empirical
models and shows many similarities with results from physical models. This
promises very good opportunities for further research.

At low solar activity, and especially at the higher altitude of the GRACE and
future Swarm C satellites, accurate crosswind determination will likely remain
much more challenging. Because of the low aerodynamic acceleration signal un-
der those conditions, errors in the calibration, the aerodynamic modelling and
especially the radiation pressure modelling will have a dominant effect.
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14.1.3 Outlook regarding the current and future accelerometer missions

The thermospheric research community is fortunate that the CHAMP and
GRACE missions have shown such a good longevity. Nevertheless, the CHAMP
satellite is currently at such a low altitude that it will likely decay and burn up in
the atmosphere within a year of the start of the expected rise in EUV heating of
the atmosphere, towards the next solar maximum.

The data at the lower altitudes which it will soon pass through will be espe-
cially interesting for thermospheric studies. The signal strength at those altitudes
will be strong enough for a more accurate determination of crosswind. In addi-
tion, the last part of its mission will perhaps give the opportunity to study waves
and tides propagating up from the lower parts of the atmosphere.

This final mission phase for CHAMP will hopefully coincide with observa-
tions by the GOCE mission. The feasibility of processing GOCE observations, un-
der its drag-free control [Canuto et al., 2002], for thermospheric density and wind
purposes remains to be investigated. If successful however, there will likely be a
synergy between the CHAMP and GOCE observations, that could be very useful
for purposes of calibration and scientific interpretation of the observations.

The twin GRACE satellites are currently still at such a high altitude, that they
might be able to survive at least a few years of the expected next solar maximum
period. If the GRACE mission is kept operational, and their instruments keep
functioning, they will keep providing valuable data for thermospheric density
studies, in addition to their designed duty of the recovery of gravity field vari-
ations. At a certain point, the drag will become high enough so that sensible
crosswind measurements can also be derived from GRACE data, as has already
been demonstrated now for CHAMP.

If the GRACE mission stays operational long enough, there can also be a very
valuable synergy with ESA’s Swarm mission. The Swarm constellation approach
will ensure the possibility to study density variations with altitude, as well as
variations with local solar time. The proximity of the two lower satellites in the
Swarm constellation, and the similar design of the three satellites, will also have
obvious benefits for the calibration of the resulting data sets. The timing of the
Swarm mission with respect to the next solar cycle is also of great interest, since
no comparable data are currently available over an ascending phase of the solar
cycle.

14.2 Recommendations

During the work on this project, several issues were encountered which more or
less stood in the way of an optimal use of the instruments for density and cross-
wind determination purposes. This is no real surprise, since the main objectives
of the missions do not include this goal, so these things were probably never
considered as part of the design criteria. Nevertheless, these issues can contain
important lessons, either for future work on the current missions, or for the de-
sign and implementation of future missions, which is why they are listed in this
Section.

14.2.1 Consistency of the CHAMP and GRACE data sets

In Chapter 9 it was seen that, depending on the type of processing, the density
data from both CHAMP and GRACE have significant biases with respect to mod-
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els used as a reference. These biases are of course due to errors in the models (the
models were based on miscalibrated historical density data, did not model long-
term change, etc.) and errors in the CHAMP and GRACE data processing (un-
certainties in the accelerometer calibration, choice of accommodation coefficient,
satellite area, etc.).

In order for these datasets to be used in modelling activities, researchers cur-
rently just multiply them with a scale factor, to bring them in line with their a-
priori model (see e.g. Bowman et al. [2008a]). Although this was a valid approach
to quickly solve a problem at hand, this is clearly just a stop-gap solution, which
prevents development of a full understanding of key issues in current thermo-
sphere models and data. It is therefore recommended that:

Further investigations are made into the factors that play a role in creat-
ing the observed discrepancy between the CHAMP and GRACE density
data sets.

And, secondly:

Look for and identify possible changes in the processing of CHAMP
and GRACE data, to make the two data sets more consistent, so that
they can be used without the need for a-priori scaling when applied as
input to future models.

Such possible changes could entail, for example, improvements or adjustments
in the satellite panel models, the use of composition-varying accommodation co-
efficients, and others.

Such an investigation is clearly applicable to Swarm as well. It will be inter-
esting to see whether the upper and lower Swarm satellites will also show such
inconsistent results. If it turns out that the inconsistency mainly has to do with
the modelling of the satellite shape and size, and not so much with environmen-
tal aspects due to the difference in altitude, it is expected that it will be much
reduced for Swarm.

14.2.2 Data from the GOCE satellite

As mentioned in the introduction to this report (see Chapter 1), the GOCE mission
has been outside the scope of this project. The GOCE satellite, launched on March
17, 2009 (just a few weeks before the time of writing), flies its mission at altitudes
of about 250–290 km. To maintain this low altitude, and observe the gradients
in the gravity field, the satellite is under drag-free control. The effects of drag,
as measured by the satellite’s gradiometer (consisting of six accelerometers), are
counter-acted by an ion-propulsion system. This complicates the application of
the processing chain described in this report. In essence, the accelerometers on
GOCE will record a near-zero drag acceleration, and the signal on the thermo-
spheric density should be derived mainly from the thruster acceleration that is
applied. The movement of the satellite is not controlled in the cross-track and
radial directions, so the accelerometer axes in these directions should be able to
provide information on the wind speed.

The very low altitude of the GOCE satellite, and the simultaenous availability
of its data with that from CHAMP and GRACE, still make it a very interesting
mission for use in thermospheric studies. This leads to the following recommen-
dation:
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To support the study of thermospheric density and crosswind data using
the GOCE mission, by making the necessary data sets (accelerometer(s),
ion thruster, star camera, GPS tracking, housekeeping) available to in-
vestigators.

14.2.3 GSI modelling and input parameters

This proposal is closely related to the previous one. The atmospheric research
groups currently rely on very simple gas surface interaction models like the
Schamberg model or the diffuse reflection model with variable energy accom-
modation coefficient. These models have been introduced more than 60 years
ago. In the meantime many different, more physical models have been intro-
duced and partially tested on their consistency. The actual success of this effort
was however very limited. The scientific community working in Rarefied Gas
Dynamics (RGD) has, since 1956, organized 26 biannual conferences, where GSI
is regularly covered in special sessions. The 26 published RGD proceedings con-
tain extremely valuable information on the development of GSI modelling and
testing. The following two activities are therefore proposed. First:

Perform a critical review of Gas Surface Interaction modelling.

This should include a review of experimental Gas Surface Interaction:

Molecular beam experiments with scattering diagnostics

Ground experiments on direct energy and momentum exchange.

Observation in orbital environment.

And secondly:

Set up a harmonized proposal for a GSI reference model to be used for
air density and crosswind derivation from accelerometers. This model
shall incorporate a limited set of experimental input parameters, which
can only be varied within a physically realistic span.

14.2.4 Thruster activation periods in the accelerometer data

The current problem of thruster activation periods in the accelerometer data is
best illustrated by separately discussing the situations for CHAMP and GRACE.

The situation for CHAMP: Removal of thruster activations

In the CHAMP Level 2 accelerometer data, attitude thruster activation periods
have been removed from the data. In general, only the orbit manoeuvre thrust-
ing activations can be found in the data (if data for the day of the manoeuvre is
available). The editing of this data likely takes place in an initial processing step.
The attitude thruster activations typically take only a fraction of a second. The
affected measurement points can therefore easily be removed from the high-rate
data. Enough valid points will then remain for the computation of the lower rate
(0.1 Hz in the case of CHAMP) Level 2 data.

In principle, this editing is very much desirable for the density and crosswind
determination, since accelerations due to thruster activations can otherwise be
misinterpreted as density or wind variations. However, for the accelerometer cal-
ibration using GPS data, the removal of these accelerations is not desirable. The
thruster activations can have a real effect on the orbital dynamics, as measured
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by both the GPS receiver and the accelerometer, so removal of the thruster acti-
vation times will result in difficulties reconciling the two measurement types in
the orbit processing for calibration, resulting in calibration errors. The influence
of this effect has not yet been studied.

Note that even attitude thrusters, which are usually fired in equal but opposite
pairs, can cause linear accelerations, on top of the desired angular accelerations,
because of slight differences between the thrusters of each pair. This can not be
thorughly checked with the currently available data for CHAMP, but it is clearly
observed in the GRACE data (see Section 4.7.3).

However, as only recently discovered by Park (H Lühr, personal communica-
tion), there is perhaps some leakage of at least one of the thrusters, which can
be observed as regular spikes of approximately 200 m/s in the crosswind speed,
for a duration of about 40 seconds. This effect on CHAMP is currently under
investigation, but clearly such effects have to be avoided for future missions.

The situation for GRACE: Data filtering/smoothing

For the GRACE Level 1B accelerometer (ACCDAT) data, the situation is different.
The attitude thruster activations have not been edited. The activation times are
available in a separate Level 1B product (THRDAT). This seems like a good solu-
tion, because the unedited data can then be used for the accelerometer calibration,
and the user can combine the two products to edit out the thruster activations,
before applying the density and crosswind derivation algorithms. In reality how-
ever, the ACCDAT data has had a smoothing filter applied, which ensures that
the very short-duration thruster activation accelerations have been smeared out
over tens of seconds. It is therefore necessary to edit out much more data (up to
around 30% of the total) than would otherwise have been the case.

Recommendations

This leads to the following recommendations:

To request, for the benefit of scientific research of the thermosphere,
that CHAMP and GRACE accelerometer data and/or auxiliary data are
(re)processed and made available in a format that is suitable for both
accelerometer calibration (with thruster activations included) and den-
sity and wind retrieval (by removing or enabling the removal of thruster
activations).

and:

To set up from the start a similar approach for the processing of the
Swarm accelerometer data.

A simple, and probably cost-effective way for the responsible agencies/institutes
to support these recommendations is to just make available the existing high-
rate, unfiltered Level 1 accelerometer data, and leave the details of the further
processing to the users of this data.

There is a good chance that such a modification to the data processing of
CHAMP and GRACE is beneficial to the primary mission goals of these satellites
as well. A better understanding of the accelerometer data and modelling of the in-
strument behaviour and calibration should in principle result in improved grav-
ity field products. In fact, the current cross-track calibration of CHAMP based on
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force models is definitely more consistent with physical reality, than the calibra-
tion from the POD, and could perhaps already aid in better gravity field solutions.

14.2.5 Improved modelling of radiation pressure and eclipses

In Chapters 8 and 11, it was shown that residual radiation pressure signals are
clearly visible around the eclipse transitions, both in the accelerations and in the
derived crosswind data (see e.g. Figures 8.8 and 11.36). The current eclipse model
is based on a spherical, not ellipsoidal Earth, and utilizes algorithms for comput-
ing atmospheric absorption and refraction that have never been validated or ad-
justed with real data. As a result, there are timing errors in the eclipse transition,
of the order of tens of seconds to minutes, which clearly show up in the 10-second
spaced data. This situation leads to the following recommendation:

The modelling of eclipse transitions and their effect on the radiation
pressure acceleration should be further studied, with the aid of ac-
celerometer (and possibly other) data.

Such an investigation could start with the current literature (e.g. Vokrouhlický
et al. [1996] and Adhya et al. [2004]), but should lead to clearly defined algorithms
and parameters for implementation in accelerometer processing software. Such
improved algorithms will also be beneficial for precise orbit determination pur-
poses of other satellites, especially those at higher altitudes, such as navigation
satellite systems, for which the eclipse transitions take a longer time and could
have a larger effect on the orbit accuracy.

14.2.6 Measurements of the atmospheric state

Chapter 6 showed the dependence of the aerodynamic models on atmospheric
temperature and composition. These quantities are not measured by the current,
and currently proposed accelerometer missions. This leads to the following rec-
ommendation:

The accelerometer instrumentation of future satellites for air density
and atmospheric wind investigations should be supplemented with ad-
ditional instrumentation packages.

The Atmospheric Explorers (AE) of NASA, flown in the 1970s, can serve as a
typical reference.

Typical additional instruments could be:

Free molecular probes for molecular speed ratio S determination.

Neutral particle mass spectrometer

These probes should work as molecular air data system and thus allow:

Direct air density determination

Mean molecular speed ratio determination

Mean molecular mass determination

With a neutral particle mass spectrometer, molecular composition could be deter-
mined as well. A separate instrument that could measure the wind speed could
also aid in improving the accuracy of the density measurement by the accelerom-
eter.
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14.2.7 Design of the satellite exterior and attitude control

The current and planned low-orbiting accelerometer-carrying satellite missions,
including CHAMP, GRACE, GOCE and Swarm, have primary mission goals that
are different from the determination of density and winds. For CHAMP, GRACE
and GOCE that is the determination of the gravity field, for which the non-
gravitational forces are a major error source. For CHAMP and Swarm, the Earth’s
magnetic field is a major focus of the mission. This requires sensitive instruments
that are placed on booms, away from the magnetically and electrically active parts
of the satellite, which could disturb such measurements.

These primary mission goals are reflected in the design of these satellites.
They are all generally long, slender objects, which are oriented so that their frontal
area, exposed to the atmosphere, is minimal. In addition, they each have ap-
pendages in the form of antennae, instrument probes, solar array fins, etc.

Unfortunately, these design aspects are very much detrimental for the pur-
pose of density and crosswind determination. The long, slender shapes decrease
the drag compared to more compact shapes (providing a given volume of the
spacecraft), and therefore the sensitivity to the signal of interest for the determi-
nation of density and crosswind. In addition, due to the large areas parallel to the
flow, the slender shape adds to the sensitivity of the aerodynamic model to the
unknown temperature, composition and accommodation coefficient.

The presence of booms, antennae and other appendages add complexity to the
shape, and therefore they add uncertainty in the modelling of the aerodynamics
and radiation pressure. Even though sophisticated software packages such as
ANGARA can be used to represent the satellite at arbitrary detail, the work on
the CHAMP and GRACE models has shown that uncertainties in area of 4-7% can
easily occur. Such errors might be due only to the limited accuracy of the available
drawings of complexly shaped appendages, or the limited manpower to translate
such drawings into computer models. The appendages can cause shadowing of
parts of the satellite by other parts, which leads to additional complexity of the
computer calculations for aerodynamic and radiation pressure, and more strict
requirements on the accuracy of the knowledge of the satellite attitude, in the
data processing.

Finally, the limited range of the yaw-, pitch- and roll-angles for attitude con-
trol of the current and planned satellites inhibits the accurate determination of
the accelerometer bias and scale factor for those accelerometer axes that are not
in the flight direction. This is partly because the acceleration signal in the flight-
direction is often much larger than in the other two directions, due to the effect of
drag. But more importantly, due to the orbital energy-changing nature of accel-
erations in the flight-direction, such accelerations will be much easier to observe
using the GPS tracking data.

The above considerations lead to the following recommendation:

The external satellite design and attitude control design for future ac-
celerometer missions with density and wind investigation objectives
should be performed with these objectives in mind.

This will likely result in satellites for which the external design is:

Is of more compact shape.

Has a larger area to mass ratio.

Preferably does not have appendages or booms.
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In addition, regarding the attitude control, the satellite:

Is not, or is more loosely attitude-controlled, or is controlled in such a way to
optimize the calibration of all accelerometer axes.

With regard to this last point, such a modified attitude control should result in
having each of the accelerometer axes (in turn) be more or less aligned along the
satellite flight direction, at intervals that allow the detection of changes in the
calibration.

It is recollected that for CHAMP and GRACE, adequately accurate informa-
tion on the spacecraft exterior geometry and surface properties were not part of
the documentation available to the normal users of the satellite’s data. Acknowl-
edgements are in order for those colleagues who helped obtain this information
for use within the project. With the goal to make this easier in the future, this
leads to another recommendation:

The spacecraft exterior must be seen as an essential part of the non-
gravitational acceleration measurement system. Therefore, informa-
tion on the detailed geometry of the spacecraft exterior (including ap-
pendages, such as antennae, exterior instruments, star camera baffles,
etc.), and the surface properties (material, reflectivity properties, etc.)
should be made available as part of the standard documentation for
users of data products of satellites equipped with accelerometers.

This recommendation can easily be extended to all other satellites aimed at in-
vestigations of the thermosphere and satellite drag, or for which the modelling of
radiation pressure and/or drag for precise orbit determination is of importance
for the mission goals.
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