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Abstract

After the detection of many anomalies in the Swarm accelerometer data, an
alternative method has been developed to determine thermospheric densities
for the three-satellite mission. Using a precise orbit determination approach,
non-gravitational and aerodynamic-only accelerations are estimated from the
high-quality Swarm GPS data. The GPS-derived non-gravitational accel-
erations serve as a baseline for the correction of the Swarm-C along-track
accelerometer data. The aerodynamic accelerations are converted directly
into thermospheric densities for all Swarm satellites, albeit at a much lower
temporal resolution than the accelerometers would have been able to deliver.
The resulting density and acceleration data sets are part of the European
Space Agency Level 2 Swarm products.

To improve the Swarm densities, two modifications have recently been
added to our original processing scheme. They consist of a more refined han-
dling of radiation pressure accelerations and the use of a high-fidelity satel-
lite geometry and improved aerodynamic model. These modifications lead to
a better agreement between estimated Swarm densities and NRLMSISE-00
model densities. The GPS-derived Swarm densities show variations due to
solar and geomagnetic activity, as well as seasonal, latitudinal and diurnal
variations. For low solar activity, however, the aerodynamic signal experi-
enced by the Swarm satellites is very small, and therefore it is more difficult to
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accurately resolve latitudinal density variability using GPS data, especially
for the higher-flying Swarm-B satellite. Therefore, mean orbit densities are
also included in the Swarm density product.

Keywords: Swarm; GPS; thermosphere density

1. Introduction

The European Space Agency (ESA) Swarm mission was launched on 22
November 2013 to measure the dynamics of the Earth’s magnetic field and
its interaction with the Earth system (Friis-Christensen et al., 2008). A
secondary mission objective of Swarm is to derive information about the
thermospheric density and winds (Visser et al., 2013). With three identical
satellites flying in near-polar low Earth orbits, the Swarm mission can deliver
very useful information about the thermosphere. The top part of figure 1
shows the evolution of the orbit altitude of the Swarm satellites over time.
Swarm-B flies at a relatively high altitude of about 510 km, while the other
two satellites fly side-by-side at a lower initial altitude of 480 km, and are
therefore more affected by atmospheric drag. The bottom part of figure 1
shows that the orientation of the orbit planes of the upper satellite and lower
pair were equal at the start of the mission, but have slowly drifted apart
over time, which significantly increases the coverage of local solar times.
This extensive coverage of altitudes and local times will be of benefit for the
improvement of thermosphere density models when Swarm density data are
assimilated.

To obtain thermospheric density and wind information, the scientific pay-
load of the Swarm satellites includes electrostatic accelerometers (Fedosov
and Peřestý, 2011). Located at the center of mass of the satellite, such instru-
ments are able to measure very precisely the non-gravitational accelerations
acting on the satellite. These measurements can be used for thermospheric
density retrieval, as has been shown by the earlier CHAMP, GRACE and
GOCE missions (Bruinsma et al., 2004; Sutton et al., 2007; Doornbos et al.,
2010; March et al., 2019a). Unfortunately, the Swarm accelerometers are suf-
fering from many issues that affect the quality of their observations. Siemes
et al. (2016) have shown that the Swarm accelerometers are perturbed by a
number of anomalies, including spikes, sudden changes in the accelerometer
bias, and large temperature-induced bias variations. This significantly affects
their usefulness for density retrieval.
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Figure 1: Evolution of the Swarm satellite orbits, with daily average altitude above the
GRS80 reference ellipsoid (top), and local time at equator crossings (bottom).

In addition to accelerometers, all Swarm satellites are equipped with high-
quality Global Positioning System (GPS) receivers, which are developed by
RUAG Space (Zangerl et al., 2014). These receivers have eight channels
available for dual-frequency tracking and operate with almost continuous
data availability. Initially, the Swarm GPS data rate was set to 0.1 Hz, but
on 15 July 2014 this has been increased to 1 Hz. Several other modifications
have also been uploaded to the on board GPS receivers, to further increase
their performance. These consist of changes in the GPS antenna Field of
View (FoV), in order to increase the tracking performance, as well as several
tracking loop modifications, in order to improve the robustness of the receiver
to ionospheric scintillation (Van den IJssel et al., 2016).

The Swarm GPS observations are used for precise positioning and time
tagging of the magnetic and electric field instrument measurements, as well as
for the determination of the Earth’s gravity field and the slant total electron
content (Van den IJssel et al., 2015; Teixeira da Encarnação et al., 2016).
In addition, because of the many anomalies in the accelerometer data, an
alternative approach has been developed, where the non-gravitational ac-
celerations experienced by the satellites are derived from the high-quality
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GPS data, instead of directly measured by the accelerometers. These es-
timated accelerations are used to correct and augment the accelerometer
observations, which are currently available for Swarm-C only. These merged
GPS-accelerometer accelerations are used to generate high resolution ther-
mospheric densities for this satellite (Siemes et al., 2016). In addition, the
GPS-derived accelerations are used to generate GPS-only thermospheric den-
sities. These densities do not have the high temporal resolution that can be
obtained with an accelerometer, but they are available for all three satellites.

In recent years, several authors have shown that thermospheric density
data can be derived from precise GPS tracking data of satellites in low Earth
orbit. Kuang et al. (2014) use a GPS-based precise orbit determination to
estimate accelerations due to drag. These accelerations consist of a long-
period correction to a nominal drag model as well as short-period corrections
from estimated residual accelerations with a 5 minute update time. The
resulting drag accelerations are converted to densities using a constant drag
coefficient that is obtained from a best fit with a nominal drag model. They
have applied their method to data from several satellites and demonstrate
that it can provide useful neutral density measurements for satellite altitudes
up to 715 km, with a precision and resolution that is lower than obtained
from on board accelerometers.

McLaughlin et al. (2013) use a method that eliminates the more com-
plex handling of GPS data observations. Instead they use precise satellite
orbits as pseudo-observations in an orbit determination scheme to estimate
corrections to a baseline density model. Using a sequential filtering scheme,
corrections to both the density and the ballistic coefficient are estimated
simultaneously. They show that the estimated density is sensitive to the
selected nominal ballistic coefficient, and this might lead to a bias in the
estimated density. Calabia and Jin (2017) do not make use of an orbit
determination approach, instead they derive non-gravitational accelerations
from the numerical differentiation of reduced-dynamic precise orbit veloci-
ties. They have validated their approach with GRACE accelerometer data
and show that their orbit-derived densities are within 10% compared to the
more accurate accelerometer-derived densities.

This paper presents an alternative method to derive density data from
GPS tracking data, which is applied to data from the Swarm satellites. Sec-
tion 2 describes the strategy that is used to estimate thermospheric densities
from the Swarm GPS observations. Two modifications in this strategy which
have been implemented recently will be explained in detail. They consist of
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a more refined handling of the solar and Earth radiation pressure modelling,
which is especially important for the current solar minimum conditions, as
well as an improved modelling of the satellite geometry and the gas-surface
interactions. In section 3, the resulting GPS-derived densities for the entire
mission are presented and the impact of the recent modifications on their
accuracy is assessed. Finally, the paper concludes with a short summary of
the results and gives recommendations for further improvements.

2. Processing strategy

The processing strategy that is implemented to derive thermospheric den-
sities from the Swarm GPS observations consists of two steps. In the first
step, explained in section 2.1, non-gravitational accelerations are estimated
in a GPS-based precise orbit determination. In the second step, explained in
section 2.2, these accelerations are converted into thermospheric densities.

2.1. Non-gravitational acceleration retrieval from GPS data

This section describes the Precise Orbit Determination (POD) strategy
that is used to convert the range and phase information in the Swarm GPS
measurements into non-gravitational accelerations. This strategy is based
on an extended Kalman filter approach, which is implemented in the GPS
High-precision Orbit determination Software Tools (GHOST) developed by
the Deutsches Zentrum für Luft- und Raumfahrt (DLR) (Wermuth et al.,
2010). The applied Kalman filter implementation makes use of a forward and
backward run, and a final smoother run delivers the optimal combination of
these two runs (Montenbruck et al., 2005). This approach has already been
successfully used for the estimation of non-gravitational accelerations from
the GPS data of the GOCE satellite during its reentry phase (Visser and
Van den IJssel, 2016).

Table 1 lists the details of the processing standards used for the estimation
of non-gravitational accelerations. An undifferenced POD approach is used,
in which the GPS orbits and clocks are kept fixed to the final values com-
puted by the Center for Orbit Determination in Europa (CODE) (Dach et al.,
2009, 2018). To eliminate the first-order ionospheric effect, the ionosphere-
free linear combination of GPS code and carrier phase measurements at two
frequencies is used. For the GPS transmitter satellites, absolute antenna
phase offsets and corrections are taken into account according to the Inter-
national GNSS Service (IGS) standards (Schmid et al., 2016), while for the
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Swarm satellites, an inflight calibration map has been applied (Van den IJs-
sel et al., 2016). The attitude of the Swarm satellites is constructed from the
on board star tracker observations.

The gravitational force models include GOCO03s for the global Earth
gravity field (Mayer-Gürr et al., 2012), FES2004 for ocean tides (Lyard et al.,
2006), IERS2003 conventions for solid Earth and pole tides (McCarthy and
Petit, 2004) and 3rd body perturbations by the Sun and Moon. In the nominal
approach, no force models are included for non-gravitational accelerations.
Instead, smooth empirical accelerations with an update interval equal to the
GPS data rate (0.1 or 1 Hz) are used to capture the total non-gravitational
signal. These accelerations are modeled as Gauss-Markov processes defined
by a steady-state variance σa, process noise σp and correlation time τ . The
tuning of these parameters was obtained by a careful trial-and-error process
based on several quality indicators, such as consistency in orbit overlaps in
terms of estimated accelerations and position solution, as well as consistency
with the Swarm precise science orbits and satellite laser ranging observations.

In along-track direction, where the satellites encounter the largest non-
gravitational signal, relatively large values are used for these parameter values
(σa = 300 nm/s2, σp = 10 nm/s2, τ = 5610 s). Although the orbital position
is most sensitive to perturbing accelerations in the along-track direction, a
long correlation time of about one orbit is selected for these accelerations,
because it was noticed that for short correlation times, the estimated acceler-
ations do not show a proper amplitude. This was also visible in the GRACE
results presented in Montenbruck et al. (2005). In the other orbit directions,
smaller values are used (radial: σa = 10 nm/s2, σp = 5 nm/s2, τ = 360 s,
cross-track: σa = 10 nm/s2, σp = 5 nm/s2, τ = 60 s). In addition to these em-
pirical accelerations, the estimated parameters also include the initial state,
epoch-wise GPS receiver clock offsets and carrier-phase float ambiguities per
observation tracking pass. To avoid a possible degraded orbit quality at the
edges of the orbit arc, the orbits are computed using 30 h batches, with 6 h
overlaps between consecutive orbits. Only the center daily 24 h part of the
arc is used for density retrieval.

To obtain the aerodynamic accelerations which are used to determine ther-
mospheric densities, the accelerations due to solar and Earth radiation pres-
sure have to be subtracted from the estimated total non-gravitational acceler-
ations. In the nominal approach, these radiation pressure accelerations have
been computed and subtracted in post-processing, using force models, which
have been evaluated along the Swarm orbits. An overview of these mod-
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Table 1: Processing standards for total non-gravitational acceleration retrieval in black.
For the retrieval of aerodynamic accelerations the standards indicated in blue are also
included.

Model Description
GPS measurement model

GPS tracking data undifferenced ionosphere-free code &
phase observations

GPS ephemeris CODE final GPS orbits & 5 s clocks
GPS antenna phase model igs08.atx (up to Jan 2017) & igs14.atx
Receiver antenna phase model inflight calibration map

Gravitational forces
Earth gravity GOCO03s (150x150)
Solar Earth & Pole tides IERS2003 conventions
Ocean tides FES2004 (30x30)
Luni-solar gravity analytical ephemerides

Non-gravitational forces
Solar radiation conical Earth shadow model
Earth radiation CERES Earth radiation model

Satellite model
Mass satellite mass history data
Surface model 15-panel macro model

Reference frame
Earth orientation CODE final ERP
Satellite attitude star tracker data

Estimation
Methodology extended Kalman filter
Arc length 30 hours
Estimated parameters initial state & epoch-wise clock offsets

float carrier phase ambiguities
3D empirical accelerations
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els is also listed in table 1. For solar radiation pressure, a conical shadow
model with umbra/penumbra transitions is used, while an approach accord-
ing to Knocke et al. (1988) is used to model the Earth radiation pressure. A
polynomial approximation of the Clouds and Earth’s Radiant Energy System
(CERES) data is used to determine the Earth’s emmissivity and reflectivity.
The Swarm satellite surface is modelled by a 15-panel macro model, with
for each panel accompanying properties for absorbed, diffusely reflected, and
specularly reflected photons in the visual and infrared regime based on data
from the satellite manufacturer (Siemes, 2019). For surfaces covered with
multi-layer insulation, which includes all panels except for the solar arrays,
spontaneous re-emission of absorbed radiation is taken into account accord-
ing to Cerri et al. (2010). A similar modelling of solar and Earth radiation
pressure for the Swarm satellites was also applied in Montenbruck et al.
(2018).

The estimated non-gravitational accelerations from the Kalman filter ap-
proach are relatively smooth, while the modelled radiation pressure acceler-
ations can contain sharp jumps at e.g. eclipse transitions. In order to not
introduce artifacts, a smoothing also needs to be applied to the modelled ra-
diation pressure accelerations, before they are subtracted in post-processing.
The incompatibility of this smoothing introduces an error, which is negligible
when the aerodynamic signal is very large. Figure 2 shows that this is indeed
the case in the early phase of the Swarm mission. However, for the current
solar minimum conditions, both aerodynamic and radiation pressure accel-
erations are of similar magnitude, especially for the higher-flying Swarm-B
satellite. In this case, it is very important to reduce all possible error sources
in the modelling of the radiation pressure accelerations.

Therefore, in addition to our original processing chain, a second POD
processing chain was recently implemented, in which aerodynamic accelera-
tions are estimated directly from the GPS observations. In this chain, the
accurate modelling of the solar and Earth radiation pressure accelerations
is included in the POD and empirical accelerations estimate the remaining
aerodynamic-only accelerations. This approach has the benefit that the ra-
diation pressure models are included at full resolution, and removes errors
due to incompatibilities in smoothing. It is expected that this will also ben-
efit the assessment of future improvements to the Swarm radiation pressure
modelling, as errors in the radiation pressure satellite model geometry and
optical properties are no longer convoluted with smoothing errors. Note
that the original processing chain for the retrieval of total non-gravitational

8

http://tracker-software.com/product/pdf-xchange-editor
http://tracker-software.com/product/pdf-xchange-editor


Figure 2: Time series of modelled aerodynamic and solar radiation pressure accelerations
for Swarm-C (left) and Swarm-B (right).

accelerations is maintained, as they are necessary to correct and augment
the accelerometer observations. A different approach to derive total non-
gravitational accelerations experienced by satellites is presented in Bezděk
et al. (2018) and Vielberg et al. (2018). Their approach is based on the nu-
merical differentiation of kinematic orbits and uses the Savitzky-Golay filter
to reduce the impact of noise. However, these accelerations have only been
used to calibrate the accelerometer observations of the GRACE and Swarm
missions, and have not been used to derive thermospheric densities directly.

To assess the performance of the radiation pressure models, a dynamic
POD test was performed where these models are included, together with a
state-of-the art aerodynamic model. For this test, the NRLMSISE-00 at-
mospheric density model was selected (Picone et al., 2002), and Sentman’s
formulation was used for the computation of the drag and lift forces over all
panels of the satellite macro model (Sentman, 1961a,b). Instead of empirical
accelerations, a global scale factor was estimated for both the solar radiation
modelling (fR) and aerodynamic modelling (fD). No reliable scale factor can
be estimated for the Earth radiation modelling (Montenbruck et al., 2018),
therefore this factor was kept fixed to one. In case the aerodynamic and
radiation pressure forces are properly modelled, the estimated scale factors
should be equal to one.

Figure 3 shows the estimated scale factor results for Swarm-B for a period
of approximately 9 months in 2017-2018. This period was selected to cover
all β angles (i.e. the angle between the orbit plane and the Sun) and had
relatively low solar activity, with a mean solar activity proxy F10.7 value of
75 sfu (see also the bottom part of figure 7). This reduces the possibility that
errors in the aerodynamic modelling affect the solar radiation pressure scale
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factor estimation. The resulting fD of about 0.562 ± 0.074 indicates that the
aerodynamic model significantly overestimates the satellite drag. The value
of about 1.054 ± 0.064 for fR indicates that the solar radiation pressure is
relatively well modelled. However, small variations in the estimated fR are
visible, which are correlated with the β angle. This indicates that further
improvements in solar radiation pressure modelling are still possible.

A similar dynamic POD test has also been performed for Swarm-C. For
this satellite, an estimated fD value of 0.538 ± 0.072 was found, together with
a fR of 1.077 ± 0.118. As expected, the estimation results of these identical
satellites are comparable, but the fR estimation of Swarm-C shows a larger
standard deviation. This indicates that for the lower-flying satellite the fR
estimation is indeed more affected by aerodynamic modelling errors. For the
estimation of the aerodynamic accelerations in the second POD chain, a fixed
scale factor of 1.05 has therefore been applied to the solar radiation pressure
modelling of all three Swarm satellites. In this chain, the parameters of the
empirical accelerations are also slightly adapted, to take the smaller aerody-
namic signal compared to the total non-gravitational signal into account. In
along-track direction the process noise is reduced from 10 to 8 nm/s2, while
in radial direction it is reduced from 5 to 4 nm/s2.

2.2. Thermosphere density retrieval from acceleration data

This section describes the conversion of non-gravitational accelerations to
thermospheric densities. In case total non-gravitational accelerations are esti-
mated, the accelerations due to radiation pressure first have to be removed, in
order to get the aerodynamic accelerations. As mentioned in section 2.1, this
is done using modelled radiation pressure accelerations along the Swarm or-
bit. These radiation pressure models are generally much more accurate than
thermospheric density models, which can have uncertainties of 15 to 30%,
depending on altitude and solar and geomagnetic activity levels (Marcos et
al., 1994), but can be off by up to a factor of 2 during deep solar minimum, as
demonstrated by the estimated scale factors in figure 3 and comparable re-
sults for CHAMP and GRACE in 2008 (Doornbos, 2012). For the relatively
smooth GPS-derived accelerations, a smoothing is applied to the radiation
pressure accelerations before they are subtracted in post-processing. This
is not necessary for the merged GPS-accelerometer accelerations, due to the
high-frequency information contained in the accelerometer observations.

To convert the aerodynamic accelerations into thermospheric densities,
the direct approach as described by Doornbos et al. (2010) is used. With the
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Figure 3: Estimated scale factors fR and fD results from a dynamic POD (top) and
accompanying β-angles (bottom) for Swarm-B.
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iterative approach, also described by Doornbos et al. (2010), it is possible to
solve for crosswinds in addition to thermospheric densities. This approach
has been successfully used to determine crosswinds for the CHAMP and
GRACE satellites (Doornbos, 2012), as well as for the GOCE satellite (Visser
et al., 2019). Unfortunately, for Swarm this iterative approach cannot be
used, because accurate accelerometer data are not available in the directions
perpendicular to the flight direction. In addition, it is expected that the
GPS-derived accelerations in these directions are not accurate enough and
do not have sufficient temporal resolution to recover the relatively small and
fast-changing wind signal along the orbit.

With the direct approach, only the observed aerodynamic accelerations in
flight direction are considered and compared with modelled aerodynamic ac-
celerations along the Swarm orbit. The modelled aerodynamic accelerations
can be computed as follows

aaero = Ca
Aref

m

1

2
ρv2r (1)

In this equation, m refers to satellite mass, Aref is the reference area of
the satellite, ρ is the thermospheric density and vr is the relative velocity
of the atmosphere with respect to the spacecraft, which is the sum of the
contributions from the velocity of the satellite, the corotating atmosphere
and winds. Accurate wind velocity observations are not available for Swarm,
and therefore this information is obtained from the horizontal wind model
HWM07 (Drob et al., 2008). The force coefficient vector Ca is a function of
the satellite shape, its orientation with respect to the flow and the nature of
the aerodynamic interaction with the atmospheric particles (Doornbos et al.,
2010). Note that when lift and sideways forces are ignored, the aerodynamic
acceleration reduces to the drag acceleration. In this case, the force coefficient
vector Ca can be written as the scalar drag coefficient CD.

In the original processing strategy, the computation of Ca was based on
Sentman’s formulation for the computation of lift and drag forces acting on
the satellite outer surfaces, which are approximated by the 15-panel macro
model (Sentman, 1961a,b). Knowledge about the relative concentration of
the different particle species in the atmosphere, as well as the atmospheric
temperature, is also required to determine Ca. Unfortunately, in situ ob-
servations of these parameters are not available for Swarm, and therefore
this information is taken from the NRLMSISE-00 model. For each observed
aerodynamic acceleration, the thermospheric density of the modelled aero-
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dynamic acceleration is then adjusted in order to match the modelled and
observed accelerations, and in this way estimated densities are obtained.

The simplified macro model, however, cannot accurately describe the full
satellite outer geometry, and this will limit the accuracy and consistency of
the derived densities. The macro model is also not able to model multiple
reflections and shadowing effects, and this introduces systematic errors at
the level of 5-15% (Doornbos, 2012). Therefore, the computation of the force
coefficient vector Ca has recently been updated to include a more realistic
high-fidelity geometry and aerodynamic model, based on the Stochastic Par-
allel Rarefied-Gas Time-Accurate Analyzer (SPARTA) code for the analysis
of rarefied aerodynamics (Gallis et al., 2014). Figure 4 shows the new 3D
model that has been developed for the Swarm satellites based on techni-
cal drawings from the satellite manufacturing company and pre-launch pic-
tures (March et al., 2019a). Compared to the 15-panel macro model, the new
geometry model gives a more realistic representation of the Swarm satellite
surface. This high-fidelity geometry model is used as input for the SPARTA
gas-dynamics simulator, which is based on a Monte-Carlo approach. A com-
parison of the panel and the new SPARTA model by March et al. (2019a)
shows that a scale difference of about 30% exists between the two, where
the SPARTA model is considered to be more accurate. Note that a scale
factor has meanwhile already been applied to the panel model densities in
the nominal processing to account for this 30% difference.

Although March et al. (2019a) assumed full accommodation for the gas-
surface interactions, for the processing of Swarm densities the value of the
accommodation coefficient is set to 0.93. This value is also used in earlier
work of Doornbos et al. (2010). The value of the accommodation coefficient
depends on adsorbed gas composition over satellite surfaces, which in turn
could depend on altitude and solar activity level (Pardini et al., 2010; Pilinski
et al., 2010). According to Mehta et al. (2017) variations in drag and density
up to 20% are possible due to changes in the accommodation coefficient for
satellites such as GRACE. Because of a lack of direct measurement data, it
is extremely difficult to implement a well-validated time-varying gas-surface
interaction parameterisation. A fixed accommodation coefficient value of
0.93 has previously been adopted as a sort of de-facto standard, after use in
a numerical example, thought suitable for solar maximum periods (Sutton,
2008; Bowman et al., 2007). This value is maintained in this work. However,
analysis from March et al. (2019b), based on thermospheric wind retrieval
from CHAMP and GOCE accelerometer data, indicates that the optimal
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Figure 4: Rendering of the March et al. (2019a) high-fidelity 3D outer surface geometry
model for Swarm.

value for the energy accommodation coefficient might be lower. A parallel
analysis is currently performed to determine a reliable value for the whole
Swarm mission, which will be taken into account in future data processing
updates.

3. Results

With the processing strategy outlined in the previous section, GPS-derived
densities are computed for all Swarm satellites, which are available as Level 2
product on the official ESA Swarm website (ftp://swarm-diss.eo-int). In ad-
dition, the estimated total non-gravitational and aerodynamic accelerations
are also available as Level 2 product for all Swarm satellites. Both Level 2
products are delivered in daily 24 h files with a 30 s sampling. Note that the
30 s sampling of the accelerations is obtained by downsampling the original
0.1 or 1 Hz data rate of these estimated accelerations.

It has to be stressed that the 30 s sampling rate does not reflect the
actual signal information that is available in the GPS-derived acceleration
data. Figure 5 shows the power spectral density (PSD) of the estimated
aerodynamic accelerations obtained with the original approach, in which to-
tal accelerations are estimated and smoothed radiation pressure accelerations
are subtracted, as well as the new approach, where the aerodynamic accel-
erations are estimated directly. For comparison, figure 5 also shows mod-
elled aerodynamic accelerations. These accelerations are obtained using the
NRLMSISE-00 atmospheric density model together with the satellite surface
macro model as described in section 2.1. It is clear that the higher-frequency
signals that are present in the modelled accelerations are not well recovered
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Figure 5: Power spectral density of Swarm-C aerodynamic accelerations for December
2014 using the original strategy (top), the direct estimation (middle), and derived from
the merged GPS-accelerometer observations (bottom). The modelled aerodynamic accel-
erations are also shown as reference.

in the GPS-derived accelerations. Peaks of up to 4-5 cycles per revolution are
visible in the PSD of the GPS-derived accelerations, which means that the
temporal resolution of the recovered aerodynamic signal is about 20 minutes.
As a reference, the bottom part of figure 5 also shows the PSD of the aero-
dynamic accelerations that are derived from the merged GPS-accelerometer
data. For these accelerations, the low frequency signal is obtained from the
GPS data, while the accelerometer data delivers the high frequency infor-
mation (Siemes et al., 2016). In this case, also the higher harmonics of the
orbital frequency are recovered.

Figure 6 shows the GPS-derived densities for Swarm-C since the start of
the mission until the end of July 2019. These densities have been obtained

15

http://tracker-software.com/product/pdf-xchange-editor
http://tracker-software.com/product/pdf-xchange-editor


Figure 6: Time series of estimated density for Swarm-C (top), and solar activity proxy
F10.7 and geomagnetic index ap (bottom). The white line indicates the mean orbit density,
with values that refer to the scaling of the color bar.

with the latest processing strategy, which includes the direct estimation of
aerodynamic accelerations in the POD and the use of the high-fidelity satel-
lite geometry and aerodynamic model. Each vertical line in figure 6 repre-
sents a single orbital revolution, where the North and South Poles are crossed
at 90◦ and 270◦ argument of latitude, respectively. As a reference, the bot-
tom part of figure 6 shows the solar activity proxy F10.7 and the geomagnetic
index ap. Density variations due to solar and geomagnetic activity, as well as
seasonal, latitudinal and diurnal variations can be recognized. Highest den-
sities are obtained in the early mission phase, due to the relatively high solar
activity in this period. Clear day-to-night variations in density are visible,
with larger densities in the sunlit hemisphere compared to the dark hemi-
sphere. During the current solar minimum conditions the Swarm-C satellite
experiences very low densities. A few recent storms are, however, still clearly
visible in the recovered densities.

As expected, the Swarm-B satellite, which is flying at a more than 50 km
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higher altitude compared to Swarm-C, experiences lower densities, due to
the exponential decrease of thermospheric density with altitude. This can
be seen in figure 7, which shows the time series of GPS-derived densities for
Swarm-B. Compared to figure 6 the scaling in this figure is adjusted by a
factor of two, to take the significantly reduced density signal into account.
For the current solar minimum conditions, the satellite experiences densities
below 10−13 kg/m3, which are visible in figure 7 as the deep purple and black
areas. With such a small signal, it becomes challenging to derive accurate
densities and small inaccuracies in the processing occasionally lead to unre-
alistic negative densities. Therefore, mean orbit densities are also computed,
using a moving average of the estimated densities with a window length of
one orbital period. In this way, a higher accuracy is obtained at the cost of
a lower temporal resolution. These mean orbit densities are also depicted in
figures 6 and 7 as white lines and show reliable results even for very low solar
activity. The mean orbit densities are also included as additional field in the
available Level 2 density product for all Swarm satellites.

Finally, figure 8 shows the impact of the two recent modifications that
were implemented in the density processing strategy. This impact is assessed
by a correlation analysis between the estimated and modelled densities for
both Swarm-C and Swarm-B. In this analysis, the modelled densities are
again obtained using the NRLMSISE-00 thermospheric density model. The
top part of figure 8 shows the correlation between the modelled and esti-
mated densities obtained using the original processing strategy, without the
two recent processing modifications. In the middle part of figure 8, the corre-
lation results are shown for the estimated densities which are obtained with
the direct estimation of aerodynamic accelerations in the processing strat-
egy. Finally, the bottom part of the figure shows the correlation results for
the estimated densities obtained with the latest processing strategy, which
also includes the new satellite geometry and aerodynamic model. For this
correlation analysis, all data for 2018 have been used, which is a period with
low solar activity. It is expected that for such a low solar activity period, the
impact of the improved handling of radiation pressure accelerations will be
more significant.

In each part of figure 8, on the horizontal axis the histogram of the esti-
mated densities is shown in black, while the vertical axis shows the histogram
of the modelled densities. For easy comparison, the histogram corresponding
to the other data set is also shown in grey on both axes. The 3D histogram
in color shows the correlation between the two density data sets. In addi-
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Figure 7: Time series of estimated density for Swarm-B (top), and solar activity proxy
F10.7 and geomagnetic index ap (bottom). The white line indicates the mean orbit density,
with values that refer to the scaling of the color bar.
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tion, each figure presents the number of data points n, the correlation value
p, as well as the log normal mean µ∗ of the density ratios, which indicates
the offset of the cloud of data points with respect to the central diagonal,
and the log normal standard deviation σ∗ of the density ratios, which is a
measure of the width of the cloud.

With the original processing strategy, the estimated densities of Swarm-C
have a correlation of 0.64 with the model densities. For lower densities, the
cloud of data points is more noisy, mainly due to the higher contribution of
solar radiation pressure modelling errors compared to the aerodynamic sig-
nal. The mean of the density ratios is 0.53, which indicates that there is a
significant scaling issue between the two sets of densities. This suggests that
the NRLMSISE-00 model overestimates the density, which is in agreement
with the results that were obtained in the dynamic POD test described in
section 2.1, where a drag scale factor of about 0.56 was found using the same
model. When the direct estimation of aerodynamic accelerations is included
in the processing, the correlation between the estimated and modelled den-
sities improves significantly to 0.76. The value of 0.56 for the mean of the
density ratios is also closer to the value found for the dynamic POD test. Fur-
thermore, the standard deviation of the density ratios reduces significantly
from 1.70 to 1.48. Including the new satellite geometry and aerodynamic
model in the conversion of aerodynamic accelerations to densities does not
have a large impact on the correlation and standard deviation of the density
ratios, while the mean of the density ratios is slightly larger. However, it
has to be kept in mind that this modification was already to a large extent
included in the original processing strategy by applying a scale factor.

For Swarm-B, the correlation between the estimated and modelled den-
sities is worse compared to Swarm-C, which can be explained by the sig-
nificantly reduced density signal for this higher-flying satellite. With the
original processing strategy, the correlation between the two densities is only
0.45, and this improves to 0.50 when the latest processing strategy is used.
Note that the number of data points also increases significantly when the
two modifications are included in the processing. Unrealistic negative den-
sities are excluded from the correlation analysis, and the increased number
of data points indicates that the occurrence of such unrealistic densities is
greatly reduced. Therefore the actual improvement is even larger. Also for
Swarm-B, including the direct estimation of aerodynamic acceleration results
in the largest improvement, but slight improvements in correlation and stan-
dard deviation are visible when the new satellite geometry and aerodynamic
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Figure 8: Estimated versus modelled densities for Swarm-C (left) and Swarm-B (right) for
2018 with the original strategy (top), the direct estimation of aerodynamic accelerations
(middle) and the additional new aerodynamic and geometry modelling (bottom).
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model is used. With the latest processing strategy, the mean of the density
ratios for the two satellites is more comparable, which indicates that satellite
dependent processing errors are reduced for the estimated densities.

The accuracy of the GPS-derived thermospheric densities is limited by the
uncertainties in the estimation of the aerodynamic accelerations, the direct
algorithm used to derive the densities, the modelling of the horizontal winds
and radiation pressure accelerations, as well as the determination of the force
coefficient. Doornbos et al. (2010) show that the use of the direct algorithm
leads to density retrieval errors of about 0.7% of the total density signal, while
neglecting winds results in an error of about 2.2%. They also show that a 5%
variation in the accommodation coefficient leads to a relative density error
of about 1.9%. Their analysis was based on one year of CHAMP data from
2004, but it is expected that these errors have a similar order of magnitude for
the Swarm satellites, because of their similar altitude and elongated satellite
design.

For the Swarm satellites, it is clear from the results shown in figure 8, that
for low thermospheric densities, radiation pressure modelling errors are a sig-
nificant error source. In section 2.1 it is assessed that the modelling of the ra-
diation pressure accelerations has an uncertainty of about 6.4%, as indicated
by the standard deviation of the estimated daily solar radiation pressure scale
factor for the higher-flying Swarm-B satellite. According to figure 2, the radi-
ation pressure accelerations experienced by the Swarm satellites can be up to
40 nm/s2, which leads to an uncertainty of about 2.6 nm/s2. Based on equa-
tion 1, this uncertainty in acceleration can be roughly converted into an error
in the derived density. Assuming a satellite velocity of 7.5 km/s, a reference
area of 1 m2, a satellite mass of approximately 400 kg and a force coefficient
value of about 3.2 (see March et al. (2019a)), this results in a density error
due to radiation pressure modelling errors of about 1.1 10−14 kg/m3. Note
that the relatively large force coefficient value obtained for Swarm is due
to the large contribution of random thermal motion collisions of lightweight
constituents along the elongated satellite shape, which is usually ignored for
compact satellite shapes (Doornbos et al., 2010).

The uncertainty in the estimation of the aerodynamic accelerations can
be assessed using overlap analysis of the estimated empirical accelerations.
However, certain types of systematic errors may not be revealed using overlap
analysis, therefore overlap errors might underestimate the true errors. As
indicated in section 2, the GPS data are processed in 30 h arcs, with a
6 h overlap between consecutive solutions. To avoid possibly larger errors
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at the edges of the orbit solution, the first and last hour of each overlap
are ignored in the overlap analysis. Using one year of data from 2018, the
RMS error of the overlapping aerodynamic accelerations obtained with the
latest processing strategy is about 0.7 nm/s2 for Swarm-B, while for Swarm-
C the RMS error is about 0.8 nm/s2. Using again equation 1, this roughly
translates to density errors of about 0.3 10−14 kg/m3 and 0.4 10−14 kg/m3

for, respectively, Swarm-B and Swarm-C.
It is shown that especially for the higher-flying Swarm-B satellite, it is

difficult to obtain accurate densities during low solar activity conditions.
Assuming that under those conditions the density variability with respect to
the orbit mean indicates an error instead of signal, it is possible to obtain
an indication of the estimated density error. Using GPS-derived Swarm-B
densities for the period April-July 2019, which is a period with very low
solar activity, this results in a density error of about 3.3 10−14 kg/m3. Dur-
ing this time frame, the Swarm-B densities have an RMS signal of about
5.6 10−14 kg/m3, which means that the relative density error is almost 60%.
For the same period in 2014 during high solar activity, the estimated densi-
ties have an RMS signal of about 4.5 10−13 kg/m3, which results in a relative
density error of about 7%. Assuming a similar density error for the lower pair
results in relative errors of 4% and 19%, during high and low solar activity,
respectively.

It is expected that part of the Swarm-B density variability in April-July
2019 represents signal instead of error and therefore this density error should
be regarded as a conservative error estimate. On the other hand, it is assumed
that the absolute density estimation error is independent of the aerodynamic
signal size. While this is true for the radiation pressure induced error, the
density error due to uncertainties in the aerodynamic modelling is dependent
on the aerodynamic signal size, and therefore the resulting density error due
to this uncertainty might be slightly higher for the lower pair and during
high solar activity.

4. Conclusions

Because of the many anomalies in the Swarm accelerometer data, an al-
ternative approach has been developed, where the high-quality GPS data are
used to derive the non-gravitational accelerations acting on the Swarm satel-
lites. In order to convert the range and phase information in the Swarm GPS
measurements into accelerations, a precise orbit determination approach is
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used, in which gravitational accelerations are modelled with a very high fi-
delity, and the non-gravitational accelerations are part of the parameters to
be estimated. In addition, a second processing chain has been developed
which also includes modelled radiation pressure accelerations, in order to
derive aerodynamic-only accelerations from the GPS data.

The estimated non-gravitational accelerations are used to correct and aug-
ment the accelerometer observations for Swarm-C, which are used to generate
high-resolution thermosperic densities for this satellite. The GPS-only aero-
dynamic accelerations are used to derive thermospheric densities with a lower
temporal resolution of about 20 minutes. These densities are available for
all Swarm satellites. The Swarm GPS-only densities are expected to be very
useful for the calibration of thermospheric density models. The DTM2018
density model, which is an intermediate update of the DTM2013 model (Bru-
insma, 2015), notably includes three years of GPS-derived Swarm-A density
data in addition to the accelerometer-derived density data from the CHAMP,
GRACE and GOCE satellites. For the analysis of high-frequency phenom-
ena, however, the relatively smooth GPS-only densities are not suited and
only the merged GPS-accelerometer densities can be used.

Weimer et al. (2018) used the GPS-derived densities to study the ther-
mosphere’s semi-annual variation, for which the low temporal resolution lim-
itations of the data were not an issue. Astafyeva et al. (2017) show that
GPS-derived Swarm densities can be used to study effects of storms in the
thermosphere on a global level and to identify differences in the response
between the local time sectors, latitude sectors and altitudes samples by the
three Swarm satellites. However, they also indicate that, due to their rel-
atively low temporal resolution compared to accelerometers, these densities
cannot be used to identify localized density variations and identify traveling
disturbances. All Swarm thermospheric densities, as well as the estimated
non-gravitational accelerations and aerodynamic accelerations are available
for users at the dedicated ESA Swarm website (ftp://swarm-diss.eo-int).

Two modifications have recently been applied to the Swarm density re-
trieval processing strategy. They consist of a more refined handling of solar
and Earth radiation pressure accelerations in the additional processing chain
for the estimation of aerodynamic accelerations, and the use of a more realis-
tic high-fidelity satellite geometry and aerodynamic model for the conversion
of aerodynamic accelerations to thermospheric densities. It is shown that the
correlation between estimated densities and NRLMSISE-00 model densities
significantly improves when these modifications are included in the density
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processing. Based on one year of data in 2018, which had low solar activity,
for Swarm-C the correlation improves from 0.64 to 0.76, and the standard
deviation of the density ratios reduces from 1.70 to 1.48. For Swarm-B, the
correlation also improves from 0.45 to 0.50. However, for this higher-flying
satellite, the smaller density signal leads to relatively higher processing er-
rors. With the current low solar activity, the Swarm satellites experience very
low atmospheric drag and therefore it is becoming more difficult to resolve
latitudinal density variability using GPS data, especially for the higher-flying
satellite. In these circumstances, mean orbit density values are more reliable
and these values are also included in the available Level 2 Swarm thermo-
spheric density product.

For future work, it is planned to further improve the radiation pressure
modelling of the Swarm satellites by also using a more realistic satellite sur-
face geometry model for the modelling of this force. With this model, the
tuning of the optical properties of the different satellite surfaces will also
be analysed. In addition, the selection of the optimal accommodation co-
efficient for the gas-surface interaction will be further investigated. These
investigations might further improve the Swarm densities, especially for low
solar activity conditions.
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GPS-derived thermosphere densities are available for all Swarm satellites

These densities have a temporal resolution of about 20 minutes

Two recent processing modifications improve the density retrieval accuracy
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