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Abstract—The satellite acceleration data from the CHAMP, GRACE, GOCE, and Swarm missions provide
detailed information on the thermosphere density over the last two decades. Recent work on reducing errors
in modelling the spacecraft geometry has greatly reduced scale differences between the thermosphere data sets
from these missions. However, residual inconsistencies between the data sets and between data and models are
still present. To a large extent, these differences originate in the modelling of the gas-surface interactions (GSI),
which is part of the satellite aerodynamic modelling used in the acceleration to density data processing.
Physics-based GSI models require in-situ atmospheric composition and temperature data that are not measured
by any of the above-mentioned satellites and, as a consequence, rely on thermosphere models for these inputs.
To reduce the dependence on existing thermosphere models, we choose a GSI model with a constant energy
accommodation coefficient per mission, which we optimize exploiting particular attitude manoeuvres and
wind analyses to increase the self-consistency of the multi-mission thermosphere mass density data sets.
We compare our results with those based on variable energy accommodation obtained by different studies
and semi-empirical models to show the principal differences. The presented comparisons provide novel oppor-
tunity to quantify the discrepancies between current GSI models. Among the presented data, density variations
with variable accommodation are within +10%, and peaks can reach up to 15% at the poles. The largest
differences occur during low solar activity periods. In addition, we utilize a series of attitude manoeuvres
performed in May 2014 by the Swarm A and C satellites, which are flying in close proximity, to evaluate
the residual inconsistency of the density observations as a function of the energy accommodation coefficient.
Our analysis demonstrates that an energy accommodation coefficient of 0.85 maximizes the consistency of the
Swarm density observations during the attitude manoeuvres. Using such coefficient, for Swarm A and Swarm C,
the new density would be lower in magnitude with a 4-5% difference. In recent studies, similar energy
accommodation coefficients were retrieved for the CHAMP and GOCE missions by investigating thermo-
spheric winds. These new values for the energy accommodation coefficient provide a higher consistency
among different missions and models. A comparison of neutral densities between current thermosphere models
and observations indicates that semi-empirical models such as NRLMSISE-00 and DTM-2013 significantly
overestimate the density, and that an overall higher consistency between the observations from the different
missions can be achieved with the presented assumptions. The new densities from this work provide consis-
tencies of 4.13% and 3.65% between the minimum and maximum mean ratios among the selected missions
with NRLMSISE-00 and DTM-2013, respectively. A comparison with the WACCM-X general circulation
model is also performed. Similar to the other models, WACCM-X seems to provide higher estimates of mass
density especially under high and moderate solar activities. This work has the objective to guide density data
users over the multiple data sets and highlight the remaining uncertainties associated with different GSI
models.
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1 Introduction

The launch of the Challenging Minisatellite Payload
(CHAMP) satellite in 2000 marked a new era in which
accelerometer measurements were used for producing high-
resolution and nearly continuous thermosphere density data sets.
More satellite missions carrying precise accelerometers into a
low-Earth orbit followed. The Gravity Recovery and Climate
Experiment (GRACE), the Gravity field and steady-state Ocean
Circulation Explorer (GOCE), Swarm, and the GRACE Follow-
On (GRACE-FO) missions were launched in 2002, 2009, 2013,
and 2018, respectively. Though only the Swarm mission
includes observing thermosphere density in its mission objec-
tives, all of the before-mentioned missions have provided
valuable thermosphere density data sets. Among these missions,
the initial altitude ranged between 270 km (for GOCE) and
530 km (for Swarm B). CHAMP and the other two Swarm satel-
lites (Swarm A and Swarm C) were placed at 460 km and
470 km, respectively. The two GRACE satellites were initially
around 505 km. Most of these missions contributed to creating
density data sets which were initiated by Bowman et al.
(2004) and Storz et al. (2005) and followed by Sutton (2008)
(http://sisko.colorado.edu/sutton/data/ver2), Calabia & Jin (2016)
(https://zenodo.org/record/4308315) and Doornbos (2012) and
March et al. (2019a) (http://thermosphere.tudelft.nl).

Early generations of CHAMP and GRACE density data sets
were based on simplified satellite geometry descriptions and
idealised first-guess gas-surface interaction (GSI) parameters
(e.g., Bruinsma & Biancale, 2003; Sutton, 2008; Doornbos,
2011; Mehta et al., 2013). In particular, the energy accommoda-
tion coefficient model generated by Mehta et al. (2013) was
used in Calabia & Jin (2016) to estimate densities. However,
over the last years, a research effort towards improving geome-
try and rarefied gas-dynamics modelling has been made in order
to raise the level of accuracy of the density data sets (Pilinski
et al., 2013a, 2016; Mehta et al., 2017; March et al., 2019a).
New models of satellite surface geometries have been con-
structed to improve over the previously used models, which
lacked the definition of geometry features such as baffles and
antennas and physical features such as multiple reflections of
atmospheric particles on the surfaces and shadowing of
surfaces. These shortcomings had introduced large errors in
the scaling of the individual density data sets (up to 32% in
the case of Swarm), which led to readily apparent inconsisten-
cies between data processed by different providers and between
different missions (March et al., 2019a). However, the scale
differences between data sets and atmospheric models are not
exclusively due to geometry modelling. The characterization
of particle-surface collisions between atmospheric molecules
and satellite surfaces is fundamental (March et al., 2019b).

The energy accommodation coefficient (o) is an important
parameter for GSI modelling. It describes the energy exchange
between the atmospheric molecules and the satellite surfaces.
Theoretically, the parameter can range between 1 and 0. The
two extreme values (oz = 1 and oz = 0) describe particle-surface
reflections with and without accommodation of the particle
temperature to the temperature of the satellite surface, respec-
tively. Depending on different level of adsorption of specific
atmospheric constituents on satellite surfaces, GSI can drasti-
cally change (Pilinski et al., 2013a). The relative atmospheric

concentrations of molecular nitrogen, atomic oxygen, and
atomic helium play a relevant role in satellite aerodynamics
(Mehta et al., 2019). The relative concentrations can vary signif-
icantly over the course of a solar cycle, and at shorter time-
scales, subject to solar and geomagnetic driving of the upper
atmosphere.

Laboratory experiments under thermospheric conditions and
in-situ data for GSI in such regions are extremely sparse and
often limited in practical usability due to the lack of auxiliary
data and use of underlying assumptions. Currently, the most
advanced approach to model GSI on satellites in a physically
realistic way requires empirical relations between the atomic
oxygen concentration and temperature of the gas and the energy
accommodation coefficient (Pilinski et al., 2013a). However,
in-situ concentration and temperature observations are not avail-
able for any of the above-mentioned satellites, so this approach
in the data processing from acceleration to thermosphere
densities relies completely on the use of existing thermosphere
models for these input parameters. In addition, the parameters
used in the aforementioned empirical relations are fitted to past
satellite observations that were processed, making use of past
thermosphere models as well. Therefore, accelerometer data
processed with this physics-based GSI approach depends on
multiple previous thermosphere models and satellite data sets
in complex ways, making it challenging to attribute and reduce
the residual inconsistencies between the more modern data sets
and models.

Reducing the current scale differences between the thermo-
sphere data sets is crucial for many reasons. Mission-dependent
biases, if not taken accurately into account, can cause problems
in data assimilation, both in the empirical and physics-based
models (e.g. Matsuo et al., 2012; Bruinsma, 2015; Mehta &
Linares, 2018; Sutton, 2018). Even though in some cases bias
differences are estimated and removed in the assimilation
process, information on the absolute scale of the modeled
thermosphere density cannot be recovered in this way, and
inconsistencies with other thermosphere—ionosphere parameters
could remain. Consequently, the biases also affect investigations
of the thermosphere-ionosphere system’s energy budget (e.g.,
Wilson et al., 2006). Bias-free data will also be essential for
investigating long-term trends over multiple solar cycles,
induced by changes in solar activity and by cooling the
upper-atmosphere due to increasing concentrations of green-
house gases (e.g., Emmert et al., 2008; Qian et al., 2013). With
the continuation of the Swarm and GRACE-FO missions, the
data sets discussed in this paper will ultimately span more than
two full solar cycles. This data is the beginning of large time
series for which such inter-mission biases are investigated and
from which long-term trends and their uncertainties can be
derived. Long-term trends strongly affect estimates of an
in-orbit lifetime of future satellite missions, as well as the
long-term evolution of the low Earth orbit space debris (Lewis
et al., 2011). Moreover, orbit predictions of current and future
missions will benefit from improved knowledge of satellite
aerodynamics and upper atmospheric variability, which affects
orbital lifetime and manoeuvre planning.

In this study, we investigate the influence of the GSI
modelling on the consistency of thermosphere density data sets
from the CHAMP, GRACE, GOCE, and Swarm missions. This
research follows the previously published analyses on neutral
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wind products from CHAMP and GOCE that used a similar
approach (March et al., 2019b). Similar to what was done for
CHAMP and GOCE, our goal is to self-consistently analyse
and process these data sets and assess the results in combination
with thermosphere models that were evaluated along the satel-
lite trajectories. Due to limitations in the observation data and
data/parameter relations for adsorbed constituents nearby
satellite surfaces, the use of the above-mentioned physics-based
variable accommodation GSI approach, based on oxygen con-
centration and temperature inputs, was not possible with our
approach. For this reason, we chose a simpler GSI model with
one constant energy accommodation coefficient per mission,
which we treat as a free parameter to increase the consistency
of the thermosphere density data sets. A comparison with the
output of the variable accommodation coefficients models is
performed to quantify the different results introduced by the
two methods. When we use the term “self-consistency”, we
refer to studies of GSI effects on single mission products which
turned out to provide a higher level of consistency for specific
thermospheric products (e.g., density, wind) within short or long
time windows (e.g., manoeuvres, se€asons).

A similar approach to this study was selected in March et al.
(2019b) for analysing the effect of GSI on thermosphere wind
from the CHAMP and GOCE missions. Therein, the GSI model
is based on diffuse reflections with incomplete accommodation
(DRIA), which was adopted according to the current processing
algorithms of the official GOCE and Swarm missions’ products.
However, by assuming this constant incomplete accommoda-
tion of the reflected particles, we ignore possible variations of
energy accommodation due to changes in atmospheric temper-
ature and composition as a function of satellite altitude, solar
and geomagnetic activity. This limitation, imposed by the
currently available measurement data and inherent in the chosen
approach, should be kept in mind by users of the data.

In particular, for CHAMP, an attitude manoeuvre performed
in November 2002 provided detailed information on the energy
accommodation coefficient. Studying the consistency of the
thermosphere wind within similar orbits and magnetic field
conditions, but using different satellite orientations, a higher
self-consistency was achieved for oz = 0.85. Zonal winds within
the analysed attitude manoeuvre had a lower variability under
similar conditions for this new o value. Also, for GOCE, a study
based on seasonal dependency resulted in a lower energy accom-
modation coefficient than the currently adopted value of 0.93 at
TU Delft and for part of the official ESA mission products.
Indeed, a greater consistency was achieved for a coefficient of
0.82. This value is currently adopted in the new release
of GOCE+ data (https://earth.esa.int/eogateway/catalog/goce-
thermosphere-data?text=goce+thermosphere+data+2.0; August,
2021).

Attitude manoeuvres are not common, and, in particular, the
ones which guarantee a stable flight configuration without thrus-
ter activation, or with sufficient time windows between different
attitude orientations are even more scarce. In order to provide
reliable information, these manoeuvres need to be in periods
of high to medium solar activity and at relatively low altitudes
(i.e., below 450-500 km) to ensure a strong aerodynamic
acceleration signal in relation to error sources such as radiation
pressure and instrument bias mismodelling. Investigating these
manoeuvres is particularly useful for thermosphere density
and wind studies.

Neutral density is more sensitive to variations in the solar
extreme ultraviolet (EUV) emissions. For this reason, studying
densities to optimise the energy accommodation coefficient is
more challenging and requires satellites with characteristics as
similar as possible. The Swarm mission provides an excellent
opportunity for such a comparison. Indeed, the Swarm A and
C satellites are flying side-by-side at the same altitude (between
450 and 500 km) with up to 1.4° separation in longitude over
the equator and 4-10 s (30-75 km) separation in along-track
direction. This turns out to provide nearly identical density
observations. If within a certain time window, these satellites
perform attitude manoeuvres exposing a different side of their
body to the atmospheric flow, it is possible to inter-compare
the two data sets and deduce information on GSI modelling
parameters like the energy accommodation coefficient. This will
be further explained in Section 3.3.

Beyond the introduction of the DRIA neutral densities, for
the CHAMP and GRACE satellites, the results are compared
with other GSI models based on variable accommodation
coefficients. Among the external sources, the data from Mehta
et al. (2017) and the SESAM empirical model Pilinski et al.
(2013b) are used to highlight the differences between different
methods. This additional study allows to enhance the under-
standing of the differences introduced by fixed accommodation,
and offers the opportunity to inter-compare different variable
accommodation coefficient models. The two opportunities
provide crucial input for GSI modelling studies, especially for
improving thermosphere and space weather modelling
capabilities.

Over the last years, numerous studies have been performed
on satellite aerodynamics by Monte Carlo Test Particle (MCTP)
techniques, and there is an increasing interest in processing
satellite data with high-fidelity geometries. The SPARCS soft-
ware (Pilinski, 2011), based on the test particle technique,
analyzes triangulated meshes to provide aerodynamic coeffi-
cients. In Mehta et al. (2017), a similar investigation was
performed for the CHAMP and GRACE satellites assuming a
variable energy accommodation coefficient. Throughout this
work, drag coefficients are based on an extension of the Monte
Carlo technique presented in March et al. (2019a) based on the
Stochastic PArallel Rarefied-gas Time-accurate Analyzer
(SPARTA) simulator (Gallis et al., 2014). The density data
resulting from this work have been made available to aid further
development and validation of thermosphere models (e.g.,
NRLMSISE (Picone et al.,, 2001), DTM (Bruinsma, 2015))
and enhance space mission operations analysis and planning.
The data sets are also made available at http://thermosphere.
tudelft.nl (August 2021).

The adopted methodology is summarized in Section 2.
The results about the GSI influence on satellite aerodynamics
and the effects on mass density can be found in Section 3.
Comparisons with external data sets and models are available
in Section 4. Section 5 provides conclusions and an outlook
for future work.

2 Methodology

This study is based on the simulation output from the
Stochastic PArallel Rarefied-gas Time-accurate Analyzer

Page 3 of 23


https://earth.esa.int/eogateway/catalog/goce-thermosphere-data?text=goce+thermosphere+data+2.0
https://earth.esa.int/eogateway/catalog/goce-thermosphere-data?text=goce+thermosphere+data+2.0
http://thermosphere.tudelft.nl
http://thermosphere.tudelft.nl

G. March et al.: J. Space Weather Space Clim. 2021, 11, 54

(SPARTA) software (Gallis et al., 2014) (https://sparta.github.io,
August 2021) in combination with the new high-fidelity
satellite geometries from March et al. (2019a). At the analysed
altitudes, the atmospheric flow is considered to be in free
molecular regime due to the large mean free path. Therefore,
collisions between particles are neglected because of the large
distance between themselves (of the order of many meters).
This allowed for a simplification resulting in faster convergence
of the simulations, which were anyway tested with and without
particle-particle collisions as validation of such assumption.
From technical drawings and pre-launch pictures, triangulated
geometries for all the selected satellites were created using
CAD software. Afterwards, these new satellite geometries were
given as input to SPARTA in order to calculate with a Monte
Carlo approach the resulting forces under different conditions.
In particular, the speed ratio was a fundamental parameter
because it allowed to simulate different satellite velocities,
but also different chemical compositions and atmospheric tem-
peratures. From equation (1), it is possible to notice that this
parameter is directly connected with the relative velocity
between satellite and atmosphere (v;,.), local atmospheric tem-
perature (Ti,.), molecular mass (m) and the gas constant (R):

s:k. (1)
2RTine
m

In the generated data sets, this ratio ranges between 0.5 and 14,
and this interval fully describes all possible encountered mission
scenarios. Furthermore, a wide range of attitude angles with
respect to the incoming flow, satellite velocity, and chemical
compositions was also simulated. Regarding the chemistry,
most of the inputs were generated using the NRLMSISE-00
model. An atmospheric temperature of 1000 K and a satellite
surface temperature of 400 K were chosen among other initial
inputs. The atmospheric composition was assumed to be
100% atomic oxygen. However, all the mentioned inputs were
further modified according to the simulated speed ratios, which
allowed to go beyond the mentioned inputs and span through
different mass compositions and temperatures. The main simu-
lation settings are fully described in March et al. (2019a).
However, as a difference with respect to the previous work,
the gas-surface collisions are not assumed to be fully accommo-
dated reflections (o = 1), which represent the case in which the
temperature of the impinging particles on the satellite adjust to
the surface temperature. Indeed, in this work, we allow an
incomplete accommodation of the temperature, i.e., the energy
accommodation coefficient o is allowed to differ from one.
In this research, the energy accommodation coefficient is the
key parameter to characterize the GSI effects. Indeed, this
parameter provides tangible information on the energy
exchange between atmospheric particles and satellite surfaces.
Its value can be estimated from the incoming and reflected
kinetic temperatures (7;; and Tj,) and the satellite surface
temperature (Ty,,;) according to:

P Tri = Thr (2)

Tii — Twan

and may assume values ranging from O to 1. The incoming
kinetic temperature is related to the molar mass (m) and the
incoming velocity (vi,) as,

mu?

L= inc 3
YT Bk G)
where kg is Boltzmann’s constant. The kinetic temperature of
the reflected particles can be determined from equation (2) by,

Tk,r = Tk,i(l - OCE) + o T yalt.- (4)

The lack of measurements or models for the wall temperature
introduces uncertainty in calculations. However, since
Twan < Ty, the sensitivity to this parameter is low and does
not particularly affect aerodynamic computations. SPARTA
did not have the capability to define the energy accommodation
coefficient as defined in equation (2), therefore equation (4) was
used to describe oy through the modification of the wall temper-
ature. Due to the expensive computational cost of the simula-
tions, data sets were generated for four different energy
accommodation coefficients (0.60, 0.80, 0.93, 1.00). Afterwards,
the new data sets for the additional oz values (beyond the four
simulated conditions) have been generated in the post-processing
phase using a least-squares method. The processing was further
validated with a few new SPARTA simulations generating
results for a new set of o values. The satellite surface is covered
with a variety of materials, unfortunately, we could not associate
different surface properties to different parts of the triangulated
geometry due to software limitations. Therefore, GSI is assumed
to be independent of the different surface materials.

From a few experimental observations (Hedin et al., 1973;
Gregory & Peters, 1987; Moe et al., 1993), the oy value is
suggested to be closer to unity than zero. Unfortunately, the reli-
ability of older observation methods is uncertain due to instru-
ment limitations. The chemical constituents play a crucial role
in the adsorption properties of the satellite surfaces. The amount
of adsorbed chemical molecules on the satellite surface can be
implemented in the Cercignani-Lampis—Lord (CLL) model
(Cercignani & Lampis, 1971). This approach is widely used
for GSI modelling (Walker et al., 2014; Mehta et al., 2017).
The Response Surface Model (RSM) developed by Mehta
et al. (2017) was designed to implement the CLL model applied
to the CHAMP and GRACE satellites. In the RSM model, the
energy accommodation coefficient is assumed to be variable
and detailed geometry of the satellites was used to calculate
the drag coefficients. However, the inputs for such models are
difficult to estimate without in-situ observations of the atmo-
spheric composition. Therefore, in this article, we prefer to infer
information on the energy accommodation coefficient by chang-
ing its value and analyzing the effect on the self-consistency of
the density data.

In the first part of the results (Sect. 3), the GSI modelling
influence on the aerodynamic coefficients for CHAMP,
GRACE, GOCE, and Swarm are introduced, and variations
with attack and side-slip angles are examined. The starting point
of this aerodynamic analysis is based on the vector expression
for the aerodynamic acceleration, which is defined as follows:

mr.
C,=—"". 5
Arcf % pviznc ( )

According to this definition the drag coefficient is defined as the
contribution along the relative velocity direction:

Cp = Cy * Vine (6)

Page 4 of 23


https://sparta.github.io

G. March et al.: J. Space Weather Space Clim. 2021, 11, 54

C,, Cy, and C; are components of the aerodynamic acceleration
(Eq. (5)) computed along the axes of the satellite reference
frame, which in nominal attitude corresponds to the longitudinal
(X: along-track), horizontal sideways (Y: cross-track) and
vertical downward (Z: anti-radial) directions, respectively. The
selected aerodynamic coefficients are modeled in the satellite
reference frame and have been normalized with a reference area
set to 1 m? for all missions. This fixed reference area does not
depend on the attack and side-slip angles, and therefore
variations of the true exposed satellite area do not need to be
independently calculated, as they are included in the normalized
force coefficients. A representation of the analysed angles is
available in Figure 1.

The thermospheric density is retrieved using the previous
aerodynamic coefficients with the algorithm discussed in
Doornbos (2011) and March et al. (2019a). The methodology
is based on processing the accelerations derived from satellite
observations and using the previously mentioned drag equation
(Eq. (5)). The CHAMP, GRACE, and GOCE on-board
accelerometers provided high-precision information. Unfortu-
nately, for the Swarm satellites, many anomalies occurred in
the accelerometer instruments (Siemes et al., 2016), and for this
reason, a density product based on GPS-derived accelerations
was introduced as part of the official ESA documentation
(van den IJssel et al., 2019). For CHAMP and GOCE the
cross-track component has been used to derive wind products.
However, for GRACE and Swarm, winds are difficult to
retrieve due to lack of sufficiently precise accelerometer
measurements (due to platform-related issues) and especially
for the small aerodynamic acceleration signal typical of high
altitudes (around and over 500 km) (March et al., 2019b).

3 Results

3.1 Gas-surface interactions influence on satellite
aerodynamics

In this analysis, the GSI influence is investigated and illus-
trated for six different values of the energy accommodation
coefficient (0.0, 0.2, 0.4, 0.6, 0.8, and 1.0). As previously
mentioned, the value of 1 represents reflections with full accom-
modation to the spacecraft wall temperature, while the value 0 is
for collisions without thermal energy exchange. The data sets
are obtained as a function of attack and side-slip angles and a
range of speed ratio values.

Figures 24 show the aerodynamic coefficients for the
GRACE, CHAMP, and Swarm satellites for a wide range of
side-slip angles. The C,, C,, and C, components are available
in the figure for the same range of oy values. During mission
lifetime, the attack angle is mainly centered around the nominal
flight configuration of 0° in attack angle, while the side-slip
angle is usually less stable and can vary over the full domain
from approximately 0—180° during manoeuvres. The three plots
of Figures 2—4 show that the coefficients are lower in magnitude
when the collisions are closer to the fully accommodated mode.
Moreover, looking at the constant step of 0.2 in o, it is clear
that between 0.8 and 1.0 difference in the aerodynamic forces
is much larger than between 0.0 and 0.2. A description of the
maximum computed differences varying the attack and side-
slip angles are available in Tables 1 and 2, respectively.

Relative
—__ Velocity Top View

—»

7
Side-slip //
Angle |
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,,,,,,,, R
Side View
e e ———
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Attack | — )
i P [ .
Angle ;

Relative 1
Velocity | {

Fig. 1. Representation of side-slip and attack angles for GRACE.

The computed values are based on the full attitude ranges
simulated and available on the aerodynamic tables. The full
aerodynamic data sets are added as complementary material
of this article. The higher sensitivity for coefficients nearby
the fully diffusive mode was already observed in the zonal wind
analysis by March et al. (2019b). Varying o, the shape of the
aerodynamic force coefficient curves remain the same without
relevant differences. However, the main change, as expected,
is a bias between the different computed values within the
selected o range. When we inspect the differences between
non-accommodated and fully diffusive modes, the percentage
difference reaches up to 84.5% for CHAMP, 84.0% for
GRACE, 52.0% for GOCE and 82.1% for Swarm (Tables 1
and 2). For the study of the attack angle variation, the illustrated
coefficients are C, and C.. Indeed, the cross-track component of
the aerodynamic force (C,) is negligible. The plots for the side-
slip angle variation show the C,, C,, coefficients. The C, coeffi-
cients are mostly due to the inclined side panels of the satellites.
The symmetrical shape of GOCE brings to a negligible contri-
bution over the vertical direction. For this reason, only the most
relevant aerodynamic contributions are shown in the enclosed
plots. However, for the quantitative analysis of Table 2, the
results for the Z-component are also provided. In Figure 2,
the nearly symmetrical shape of the lobes for the C,, C,, and
C, coefficients can be observed for the GRACE satellite.
Whereas, for CHAMP and Swarm, Figures 3 and 4 show the
asymmetric shape of the C, and C, coefficient lobes, which is
a consequence of the presence of booms (boom pointing into
flight direction for CHAMP and anti-flight direction for
Swarm). A different sensitivity to the energy accommodation
coefficient can also be observed depending on the nominal or
backward orientation of the satellite. When CHAMP and
Swarm have their boom pointing into flight direction, the drag
coefficients are less dependent on the accommodation coeffi-
cient value. If the satellite exposes the large side to the incoming
flow, the collisions play a crucial role in the force coefficients
determination.

Appendix A shows the force coefficients for the CHAMP,
GRACE, GOCE, and Swarm satellites for different attack and
side-slip angles. For GOCE, large attitude manoeuvres were
not performed. Therefore, the side-slip angle range is smaller
(between —16° and 16°). All the figures from this section
(including the previous polar plots) are obtained for a speed ratio
of 7. A complete analysis showing the different coefficients for
the analyzed range of speed ratios is provided in Appendix B.
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Fig. 2. Polar plots of the aerodynamic coefficients as a function of the side-slip angle (between 0° and 360°) and energy accommodation

coefficient for the GRACE satellite.
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Fig. 4. Polar plots of the aerodynamic coefficients as a function of the side-slip angle (between 0° and 360°) and energy accommodation

coefficient for the Swarm satellites.

In this Appendix, the C,, C,, and C, coefficients are shown in the
0.5-14 speed ratio range and for different side-slip angle config-
urations (i.e., 0°, 45°, and 90°).

As a further investigation, it is interesting to study how the
latitude variations influence satellite aerodynamics. In Figure 5,
this is shown for the CHAMP drag coefficient (Cp) for three
different solar activity levels. The shaded areas represent the
drag coefficient variability over the full day estimated over a

resolution of 2° in the argument of latitude. With the argument
of latitude, we refer to the angle along the orbit starting at the
ascending node. In Figure 6, the same is produced for GRACE.
The three days were already selected in March et al. (2019a).
High, moderate and low activities correspond to 2002-10-27,
2005-05-15, and 2009-08-28, respectively. For CHAMP, it is
possible to notice that peaks in drag are reached at the equator
for 0° and 180° in the argument of latitude. This is especially
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Table 1. Maximum force coefficient differences for different oz ranges along X and Z satellite reference frame axes for the simulated attack
angles.

o range 0.0-0.2 0.8-1.0 0.0-1.0

Satellite C, (%) C, (%) C, (%) C, (%) C, (%) C, (%) C, (%) C, (%) C, (%)
CHAMP 1.6 - 7.9 5.8 - 429 13.7 - 66.2
GRACE 3.0 - 6.6 11.2 - 323 24.8 - 55.5
GOCE 2.4 - 52 8.6 - 22.8 19.8 - 435
Swarm 29 - 5.5 11.3 - 24.6 24.6 - 46.0

Table 2. Maximum force coefficient differences for different o ranges along X, Y, and Z satellite reference frame axes for the simulated side-
slip angles.

o Tange 0.0-0.2 0.8-1.0 0.0-1.0
Satellite C, (%) C, (%) C, (%) C, (%) C, (%) C, (%) C, (%) C, (%) C, (%)
CHAMP 1.5 3.2 10.0 5.0 12.2 67.6 12.0 26.7 84.5
GRACE 2.1 3.1 10.9 7.5 11.8 63.1 17.6 25.9 84.0
GOCE 24 6.2 - 8.6 29.3 - 19.8 52.0 -
Swarm 0.9 3.1 9.8 3.1 11.8 63.8 7.1 25.8 82.1
3 High activity: 2002-10-27 3 Moderate activity: 2005-05-15 3 Low activity: 2009-08-28
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2.8 1 28 [~ 1.00 28 o = 1.00
27 27 M 27
o 1 = [ WA N =
P26 W RN\ a (T~ VN P & 26

25t 25 25

Jal ‘:laE — a _‘/\\—/_’\/_,./\/ a4
a_=0.93

— 23} 23 W

23 o, = 1.00
22 22 2.2
0 90 180 270 360 0 90 180 270 360 0 90 180 270 360
Argument of Latitude [deg] Argument of Latitude [deg] Argument of Latitude [deg]

Fig. 5. CHAMP aerodynamic drag coefficients as a function of the argument of latitude in three selected days describing high, moderate and
low solar activity.

High activity: 2002-10-27 Moderate activity: 2005-05-15 Low activity: 2009-08-28

44 4.4 4.4
[, =085 [, =085 [, =085
4.2 [y, =093 427 o, =093 4.2 o, =093
|:|aE =1.00 D(ME =1.00 |:|sz =1.00
4 at 4
— 38 — 38} — 38
a a a
© 36 © 36 © 36
34 W 34 34
321 32 32
3 3 3
0 90 180 270 360 0 90 180 270 360 0 90 180 270 360
Argument of Latitude [deg] Argument of Latitude [deg] Argument of Latitude [deg]

Fig. 6. GRACE aerodynamic drag coefficients as a function of the argument of latitude in three selected days describing high, moderate and
low solar activity.
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Fig. 7. Long period density ratios with respect to the NRLMSISE-00 model versus the energy accommodation coefficient for different ranges

of Fo.7-

clear for high and low activity cases. Relevant differences in
behaviour among different values of o are not present. Indeed,
looking at the full day of observations, between different energy
accommodation coefficients a mean bias can be identified as
main effect on the satellite aerodynamics. For GRACE, the
daily variations are limited within the selected days, this is most
likely due to the simpler geometry and the less erratic reflections
over satellite surfaces. However, in the proximity of the south
pole, a larger variability can be noticed. This effect is especially
visible for the low activity period, and it is probably connected
to the more uncertain chemistry and wind inputs from
NRLMSISE-00 within such activity levels. For GRACE is also
illustrated the drag coefficient evolution for the energy accom-
modation coefficient of 0.85 in order to inter-compare similar
conditions among the two missions. In both figures, the drag
coefficient assumes an unitary reference area, therefore Cp
already contains information about the satellite geometry.

3.2 Gas-surface interactions influence on neutral
density

In this article, the optimal oy values from March et al.
(2019b) are implemented in the density processing to generate
the newly derived data sets. When comparing the new and the
previously adopted oy value of 1.00 from March et al
(2019a), it is observed that the average difference between
new and previous densities is around 6% for CHAMP and
11% for GOCE when looking at long-term averages. The differ-
ences with semi-empirical models are influenced by solar and
geomagnetic activity because models perform differently for dif-
ferent geomagnetic and solar activity inputs (Emmert, 2015).
The semi-empirical models are commonly closer to the observed
density during periods of high solar activities and within this
condition, the agreement with the new results is higher.
However, when these models are introduced for comparisons,
the results provide qualitative information that must be carefully
interpreted. This is especially connected to the uncertainties
introduced by the atmospheric models. The presented results
aim to help reduce these uncertainties and improve current
empirical or physics-based models.

Analyzing long time periods, it is possible to investigate the
sensitivity of the energy accommodation coefficient on the new
density data with respect to the fixed output of a semi-empirical
model. In Figure 7, the density ratio with respect to the
NRLMSISE-00 model is shown for three different solar activity
levels. The high activity is represented by F; values between
130 and 300 solar flux units (sfu). The medium activity is in the
range between 90 and 130 sfu, while the low solar activity is
chosen for values of Fjp; under 90 sfu. The selected time
periods are between January 2003 and January 2006 for
CHAMP and GRACE, January 2010 and January 2013 for
GOCE, and July 2014 and July 2017 for Swarm, respectively.
Comparing the three subsets, it is possible to notice a lower
agreement between different satellites for low values of Fyg 7.
Moreover, the average ratios move from a range of 0.73-0.99
to 0.61-0.91 when comparing the high and low Fo; sets,
respectively. From one side, this is due to the lower drag. Indeed,
under such conditions, a larger influence of the error in solar radi-
ation pressure modelling plays a crucial role in density estima-
tion (van den IJssel et al., 2019). However, the lower
performance of the semi-empirical models during deep—low
solar activity is also affecting the comparisons (Emmert,
2015). For the results for high activity, a clear optimal value
of the accommodation coefficient which guarantees a higher
consistency or lower variability among different missions
cannot be identified. The large uncertainties introduced by
NRLMSISE-00 model may be the cause of such difficulties.
However, out of this analysis, it is important to identify the
evolution of the density ratios over different values of accommo-
dation, quantifying the previously mentioned steeper variation
nearby scenarios with accommodation coefficients close to one.

From this analysis, it is not straightforward to retrieve an
optimal oy coefficient. However, exploiting the particular
manoeuvres of the Swarm constellation, as outlined in the next
section, it is possible to further assess the neutral density and
provide additional information on the energy accommodation
coefficient determination.

Using a constant energy accommodation coefficient creates
a constraint in specific features like differences in chemical
composition during day—night transitions and along the orbit.
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are computed with HWM-07 model.

To quantify the difference with other models like the CLL, a
comparison with other densities is performed. For this study
CHAMP was introduced because of its long mission lifetime
with stable accelerometer performances and its representative
altitudes among the selected satellites. In Figures 8—10, a com-
parison between different models is provided for high, moder-
ate, and low solar activity, respectively. The new densities
from this work are compared with the ones obtained by Mehta
et al. (2017) and Doornbos (2011). Additionally, the density for
CHAMP is also estimated using the SESAM empirical-model
(Pilinski et al., 2013b), which in this case adopts the aerody-
namic information generated with the high-fidelity geometry
from this work. Mehta et al. (2017) adopt an approach based
on the CLL model, while Doornbos (2011) uses the DRIA
method applied to a simplified macromodel. Only the first three
hours for each selected day are shown to fully appreciate the
variations within around two orbits. Comparing the new density
with the ones derived by Mehta et al. (2017), larger variations
can be noticed. The recorded discrepancies have a periodic
behaviour associated with the latitude and orbit period. The
greater peaks are over the poles and reach a maximum differ-
ence with respect to the new results of around 10-15%. Higher
fluctuations in densities and their ratios are also localized nearby
polar regions, this is mostly due to the complex dynamics in
those areas. In particular, it is possible to find larger fluctuations
in the horizontal winds, which are not included in the other
processing schemes regarding the DRIA approaches. For com-
pleteness, in Figures 8-10, also the horizontal wind components
estimated with the HWM-07 model (along satellite’s longitudi-
nal and cross directions) are introduced. Localized wiggles in

the density ratios can be identified where these components
are largely varying in magnitude. A more stable behaviour
can be shown for the densities by Doornbos (2011), character-
ized by low-frequency variations with respect to the new
density. This is associated with the use of the same chemistry
inputs from the NRLMSISE-00 model and accelerometer
calibration parameters from the same processing scheme. The
additional output provided by the SESAM model covers the
gap in knowledge about the differences between variable
accommodation coefficients and the DRIA models. It is impor-
tant to note that the SESAM density ratio highlights exclusively
the difference in estimating oz because the same accelerations
and geometry are used to process the illustrated data. Analysing
the variations between the two variable accommodation coeffi-
cients models, it is possible to identify a similar behaviour.
However, a few differences can be found as well. Indeed, the
SESAM model has an overall higher density ratio with respect
to the RSM model by Mehta et al. (2017). The oscillations are
similar, however, they do not seem to be solved by a pure bias,
and therefore, there might be a chemical composition effect
beyond the different geometry influence. This can be noticed
by looking at the variations over the satellite argument of lati-
tude. The largest differences appear during the low solar activity
period (Fig. 10). Under this activity level, a good agreement
among the variable accommodation models can be identified
at the argument of latitudes nearby 180°. While the maximum
discrepancy between the two CLL models can be found at
270° (South Pole). On the other side, at 270° it is possible to
find the closest match with the DRIA densities. This needs a
further investigation focused on the chemistry and solar activity
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Fig. 11. Yaw angle variations and density ratios between Swarm A and C measurements during the May 2014 manoeuvre. Selected orbit

numbers are available in the top and bottom parts of the figure.

inputs, chemical composition of nearby satellite surfaces, and
the different collisions physics applied by the introduced
models. A deeper investigation of the F'jo- input could enhance
the quality of the data, however this remains out of the scope of
this work.

The presented comparisons provide the novel opportunity to
quantify the discrepancies between current CLL models,
beyond the CLL and DRIA models. Among the presented data,
density variations are within +10%, however peaks can reach up
to 15% over poles. The cyclic variations are expected with be
associated to the different chemical constituents adsorbed over
satellite surfaces along the orbit, which can be different also
using similar CLL models with different inputs. Among the
different features, it is interesting to note how the oy varies with
respect to the fixed value used in this work (0.85) and the one
from Doornbos (2011) (0.93). Starting from the high activity
(Fig. 8), it is possible to see that SESAM provides higher values
for oz, The minimum values over the orbit are close to the
0.93 value, and they seem to be localized over the poles. For
moderate activity (Fig. 9), the accommodation coefficient used
in Doornbos (2011) seems to agree with the average value from
SESAM over the orbit. While for the low activity level (Fig. 10),
SESAM'’s o oscillates between the two fixed values of 0.85 and
0.93. In agreement with these results, interesting information
about the oy variability over the orbit can be retrieved and
implemented in an updated version of the models. A possible
way forward to process new density data could be based on
combining the values retrieved with orbit manoeuvres with
the periodical variation introduced in models such as SESAM.
Possible studies over this opportunity are currently ongoing as
part of the Committee on Space Research (COSPAR) Interna-
tional Space Weather Action Teams (ISWAT) activities
(https://iswat-cospar.org/) which involve part of the authors
and will be further explained in a dedicated article.

3.3 Density consistency for Swarm A and C

Between the 13th and 14th of May 2014, the Swarm A and C
satellites performed multiple attitude manoeuvres. The main
objective of the four 90° yaw slew rotations was focused on
investigating differences between the measurements of the
vector and absolute magnetometers. However, it is possible to
exploit these changes of orientation with respect to incoming
atmospheric flow to retrieve information on the satellite
aerodynamics.

Looking at a single satellite at a time, the thermospheric
variability affects the density comparison in time. However,
since Swarm A and C were flying next to each other, the simul-
taneous measurements of the two satellites can be compared.
It is fair to assume that the extracted densities would be nearly
identical. This assumption is especially justified during high
solar activity, when the acceleration signal magnitude is high.
Indeed, during high activity, the average ratio between the
two densities is consistent to within 1%, and these small differ-
ences in density generally agree with the expected diurnal den-
sity gradient. For the current very low solar activity data, this
density ratio can reach values up to 50%. If the experiment with
the attitude manoeuvre would be repeated, it would therefore be
necessary to wait for high solar activity conditions and/or signif-
icantly lower orbit altitudes.

In the two analyzed days in 2014, the average F 7 value was
around 165 sfu and represents a scenario of high solar activity.
The absence of geomagnetic activity events provided a suitable
output without undesired spikes. In Figure 11, the performed
manoeuvre is represented by the absolute value of the yaw angles
for both satellites. The coloured shaded areas highlight the orbits
that are taken into account for the analysis. All orbits containing
large slew rates have been discarded because of high thruster
activity and uncertainty induced by the Kalman-filter approach
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Fig. 12. Swarm A and C density ratios for periods 11 and 17 (on the left and right side, respectively). The optimal density ratios for which

satellites are in better agreement are highlighted with dashed lines.

in the GPS-derived accelerations. In the bottom part of Figure 11,
the density ratio between Swarm A and C measurements is illus-
trated as a function of the energy accommodation coefficient.
Each line corresponds to one of the selected orbits following
the same color specified in the top part. Varying the accommo-
dation coefficients, it is possible to notice a variation in the slope
of the density ratios between Swarm A and C. With the green
markers, the intersections between different periods are high-
lighted and appear to be concentrated around the value of 0.85.

Particular attention needs to be focused on the orbits,
which, at the same time, are characterized by different satellite
orientations with respect to the flow. Two of these orbits are
numbered 11 and 17. For these two specific cases, the satellites
are respectively in backward and sideways orientation with
respect to the nominal flight. Having the capability to estimate
the densities within the range of 0—1 for o, setting a different
accommodation coefficient for each satellite, it is possible to
create a map of density ratios within the two orbits. The two
maps for the two selected orbits are available in Figure 12. In this
representation of the o values for Swarm A and C, an area can
be identified where the density ratio between the two satellites is
close to one (in white). Highlighting the optimal ratios with
dashed lines, the intersections for both orbits with the diagonal
of the map coincide with an o value of 0.85. Similar conclusions
can be drawn looking at the orbits with numbers 5 and 23. In this
case, the two satellites are in the nominal and sideways configu-
rations. For these two periods, an intersection is achieved for an
o value of 0.81. Similar results can be found including all the
remaining selected orbits, and all the retrieved values are nearby
0.85 and below the currently adopted o value of 0.93 (Fig. 13).

The results coincide with the values obtained from the
accelerometer-derived wind analysis of the CHAMP and GOCE
satellites in March et al. (2019b), which showed optimal oy of
around 0.85 and 0.82 for the two missions respectively. Look-
ing at the overall intersections available in Figure 11 and the
other results from this section, a value of 0.85 is recommended
for future Swarm density processing. This is especially recom-
mended for the processing of Swarm A and C data. Comparing
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Fig. 13. Swarm A and C optimal density ratios for May 2014
manoeuvres and selected periods.

the current densities, processed with an oy value of 0.93
(available at https:/swarm-diss.eo.esa.int/, August 2021), the
new density data would be slightly lower in magnitude with a
4-5% difference. Beyond the assumption to have a fixed energy
accommodation coefficient, which likely does not reflect the
collision physics in proximity of satellite surfaces, the results
from the Swarm manoeuvre analysis further validate the out-
come that, if the DRIA model is adopted, for the density (and
wind) estimation, a lower value of az needs to be introduced
in the calculations. In the next section, this will also be verified
using longer time periods and inter-comparing the new densities
with other sources and methods.
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4 Comparisons with atmospheric and GSI
models

In order to evaluate the new density data, further analysis is
performed using the results from the NRLMSISE-00 and DTM-
2013 semi-empirical models. The choice of these two semi-
empirical models was based on their wide use among scientific
users and their applications to past and current TU Delft and
ESA projects. In particular, NRLMSISE-00 is one of the most
widely used models, and DTM-2013 is one of the latest semi-
empirical models. A further comparison with the WACCM-X
general circulation model (Liu et al., 2018) is also performed
using a set of representative months. The WACCM-X model
is a physics-based model developed at the High Altitude Obser-
vatory (HAO) of the National Center for Atmospheric Research
(NCAR) (Liu et al., 2018). In order to have an overview of the
newly generated neutral densities, the outputs are compared for
specific conditions. The simulated scenarios represent three
different periods with high, medium, and low solar activity.
One month of data for each subset is investigated and shown
in Figure 14. The months were selected according to accelera-
tion data quality and availability and range of representative
solar flux and geomagnetic inputs excluding months with large
geomagnetic storms. The new results are normalized with the
NRLMSISE-00 model at the altitude of 400 km for the
CHAMP and Swarm satellites. This procedure was already used
with the DTM2000 model in Bruinsma et al. (2006). For
GOCE, the normalization is performed at 250 km in order to
provide a more representative altitude. This normalization was
especially necessary for the Swarm satellites because the
WACCM-X upper pressure level altitude boundary extends to
around 500 km altitude. The monthly time window was selected
to limit the computational cost of the physics-based model
simulations.

For the GRACE satellites, the relatively large density error
due to the high altitude of this mission impedes the investigation
of an optimal accommodation coefficient. An oy value of 0.85
was adopted for this comparison with WACCM-X and this
needs to be taken into account when looking at the results.
Additional studies would require a deeper investigation after
reprocessing current GRACE data. This would be especially
useful for the second phase of the mission, which was charac-
terized by a dramatic degradation of accelerometer measure-
ments (Klinger & Mayer-Giirr, 2016).

As shown in Figure 14, which shows the Probability Density
Function (PDF) of the density ratios between the new and the
modelled densities, both models are currently providing higher
estimates of the neutral density than the satellite data, especially
under high and moderate solar activities. For low solar activity
periods, the differences in the ratios between NRLMSISE-00
and WACCM-X compared with the new data are much larger.
These comparisons are difficult to interpret because of the large
errors, which allows a qualitative representation. Generally, the
new data are in better agreement with WACCM-X than with
NRLMSISE-00. For high activity, this is clearly visible for all
the selected satellites. For GOCE, the density ratios show high
agreement for both NRLMSISE-00 and the physics-based
model, however for both, a bias of about 30-40% can be noticed.
A similar behavior between the two introduced models and the
new densities is verified for the moderate solar activity levels.
This is valid for all the selected satellites. For Swarm, the newly

derived density is in good agreement with the WACCM-X
model (similarly to CHAMP). However, if we look at the low
activity periods, very different values can be detected for both
models. This is especially the case for Swarm B, which is highly
affected by the low signal magnitude in deep—low solar activity.
Imperfections in solar radiation pressure modelling have a strong
contribution. An improvement of this additional contribution
would enhance the quality of derived neutral densities, which
is currently under investigation.

In order to provide an overview over longer periods, the
average density ratios with respect to the NRLMSISE-00 and
DTM-2013 models have been computed (Fig. 15). The illus-
trated periods are between 2003-01-01 and 2005-01-01 for
CHAMP and GRACE, 2011-01-01 and 2013-01-01 for GOCE,
and 2014-07-19 and 2017-07-19 for the Swarm satellites. All
these periods guarantee high solar activity conditions among
the selected missions, which cover different periods. This
enhances the accuracy of the analysis because of the higher
aerodynamic signal level (e.g., lower impact of solar radiation
pressure errors) and better atmospheric model performance
during such high solar activity conditions.

The newly derived densities (labeled as “This work™) are
compared with the previous results from March et al. (2019a)
for fully accommodated reflections (o = 1.00). The original den-
sities computed with macromodel geometries and 0.93 as
accommodation coefficient are available in the first column on
the left side of the diagram in Figure 15. The densities estimated
with oz = 0.93 with new high-fidelity geometries are included as
well. In addition to the DRIA models, the estimated densities for
CHAMP and GRACE are introduced from Mehta et al. (2017)
and using the SESAM model. Currently, such information for
the CLL models is only available for these two missions. Among
the new densities, the bars for GRACE and Swarm B are shaded
and with red dashed lines to highlight the preliminary assump-
tion adopted in the illustration, which uses a 0.85 accommoda-
tion coefficient. Such value is not expected to reflect real
conditions, however it is left in the figure to provide a compar-
ison over similar GSI conditions. To identify a better value for
the DRIA, it would be necessary to find other ways to mitigate
the influence of low signal strength and quality for such satellites
at high altitudes. This is out of the scope of the presented
research, but it is recommended as future work to be done after
an enhancement of accelerometer data quality (e.g., improve-
ment of calibration, thruster activities filtering) and solar radia-
tion pressure modelling.

Figure 15 illustrates the consistency of the density observa-
tion data sets with two representative thermosphere models. On
the top, there are the results from the NRLMSISE-00 model,
and at the bottom the ones for DTM-2013. The figure shows
the mean density ratio (#*) of the model and the observations
as an index of their consistency. Under each group of bars, we
provide the difference in percentage (A) between the maximum
and minimum mean densities among the selected satellites. This
is assumed to be a measure of self-consistency for multi-mission
observations. Figure 15 shows that the new densities are lower
than those presented in March et al. (2019a). However, even if
the agreement with the semi-empirical models is not improving,
the results are more consistent among the selected missions.
Indeed, the scale with respect to the NRLMSISE-00 model is
now more constant across the missions. Since our primary
objective is a high self-consistency of the multi-mission density
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Fig. 14. Comparison of the density ratios between the newly derived density and the NRLMSISE-00 and WACCM-X models results. The
densities are normalized at 400 km altitude except for GOCE, which is normalized at 250 km.

observations, we focus in the discussion of Figure 15 on the
differences between the A values. The new oy bars from this
study are within 4.13% of the variation among the satellites,
whereas for the previous version of the data oz = 1.00 this value
reached 8.26%. Introducing the oz = 0.93 value, with the old
panel method differences can reach 23.9%. For the same accom-
modation coefficient, the variability decreases to 5.67% when
the new geometries and the SPARTA modelling are adopted.
Looking at the differences between Swarm A and Swarm B,
a lower accommodation coefficient for Swarm B, which flies
at a higher altitude, might introduce a better match with the
Swarm A density ratio.

Introducing a variable accommodation coefficient in the
density processing, as in Mehta et al. (2017), gives differences
around 11% for both density models. While, according to
SESAM, these values are reduced to 2.48% and 3.34% for
NRLMSISE-00 and DTM, respectively. A clear difference
between the two variable accommodation coefficient models
can be found regarding the GRACE density. According to
SESAM, it seems that the density ratio for GRACE is not

dropping as for the data set from Mehta et al. (2017). From
Figure 15, it seems that when the energy accommodation
coefficient decreases in magnitude (for GRACE due to the
higher altitude), SESAM provides a higher density with respect
to the other CLL model. This could be already seen in Figure 10,
where for low solar activity and in correspondence with the low
peaks in o for SESAM, a similar behaviour could be captured
for CHAMP. The different used geometries could not induce
such a cyclic variation in the density ratio. For this reason, this
feature could probably be related to different chemistry and
adsorption assumptions introduced by the two models. Compar-
ing the SESAM output with the new densities from this work, it
is also intriguing to note that the two results are comparable.
This is verified even though the GSI applied methods are very
different between the two approaches. The low percentages
achieved within this work need a careful interpretation due to
the uncertainties associated with the atmospheric models. How-
ever, the high degree of self-consistency between the selected
missions and both empirical models is a promising result and
certainly a starting point for further improvements.
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Fig. 15. Comparison between the mean density ratios (1*) between the NRLMSISE-00 model (top) and DTM-2013 (below) with different data
sets for the CHAMP, GRACE, GOCE, and Swarm satellites. The percentage values indicate the maximum variability range among the
satellites. Note that for GRACE and Swarm B the new density ratios are computed using a preliminary energy accommodation coefficient of

0.85 (which is not validated as for the other satellites).

5 Conclusions

The presented research investigates the influence of GSI
on aerodynamic modelling and density data sets. New satellite
aerodynamic models are made available to the scientific
community as part of the Supplemental Material and on
http://thermosphere.tudelft.nl (August 2021), including the used
geometry models. The possibility to further validate this work
with dedicated test campaigns is facilitated through the new
aerodynamic coefficients described in Section 3.1. The figures
and analyses of this section and Annexes Appendices A and B
aim to provide insights for future aerodynamic studies and pos-
sible experimental campaigns investigating satellite acrodynam-
ics. New neutral density data sets from the CHAMP, GRACE,
GOCE, and Swarm satellites are obtained and investigated in
view of the energy accommodation coefficient. This parameter
plays a crucial role in GSI modelling. The previously adopted
value of 0.93, which was used at TU Delft in the processing
of the official ESA density data sets for GOCE and Swarm, is
higher than the value of 0.85 that we found here by analyzing

attitude manoeuvres of Swarm A and C. The value is also
higher than the values of 0.82 and 0.85 for GOCE and CHAMP,
respectively, which were derived from the study of the neutral
winds presented in March et al. (2019b).

All of our comparisons between thermosphere models and
observations show that the models have overestimated the mean
density. Underestimating density means that in-orbit lifetimes of
space objects are longer, and this has adverse effects on the low
orbit space debris population. Very recently, newly released or
in-progress updates to thermosphere models (Emmert et al.,
2020; Jackson et al., 2020) have started to reflect the lower
thermospheric densities, although none of the models so far
has incorporated a parametrization of long-term change effects.

The continued use of models based on older data in the
acceleration-to-density data processing, knowing that they are
biased, limits quantitative analyses of the energy accommoda-
tion coefficient. So far, such analyses are limited to studying
attitude manoeuvres and exploiting synergies between satellites.
This is demonstrated through the analysis of the Swarm A and
C manoeuvres in May 2014. The two satellites provided the
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unique opportunity to compare simultaneous measurements at
high solar activity with a large aerodynamic signal magnitude.
Through investigating the density ratios, the optimal value of
the energy accommodation coefficient for the Swarm satellites
during the manoeuvre is found to be in the range of
0.80-0.90, indicating that the previously used value of 0.93
was too high. The newly found range is however in agreement
with the previous analysis of thermosphere wind observed by
the CHAMP and GOCE satellites. We find that applying an
average value of 0.85 for the energy accommodation coefficient
in future data processing will improve the Swarm density data
set’s consistency, both between the three satellites, and with
the other missions. Performing further attitude manoeuvres in
future phases of the Swarm mission will enable the investigation
of the dependence of the energy accommodation coefficient on,
e.g., the altitude and solar activity level, which are both expected
to affect the energy accommodation through the atomic oxygen
concentration and temperature. The presented new Swarm
densities are lower in magnitude than the ones obtained with
og = 0.93 and are presently available on the before-mentioned
website as well as in ESA’s Swarm data archive. The difference
in magnitude is expected to be around 5%. In the future, further
exploitation of the Swarm A and C synergy is strongly encour-
aged. However, at the current (Mid 2021) low solar activity in
combination with the high altitude, the aerodynamic signal
magnitude is still too low to expect significant new insights.

The presented research would strongly benefit from an
improved solar radiation pressure modelling, especially for the
GRACE and Swarm satellites, which have spent a significant
portion of their lifetime at relatively high altitude during solar
minimum. Our efforts to augment the new high-fidelity satellite
geometries with surface properties for improving the solar radi-
ation pressure models are currently ongoing.

We also see potential to improve the processing of GRACE
accelerometer data, which would aid, among others GSI inves-
tigations as presented in this paper. In particular, the accelerom-
eter data calibration for the last seven years of the mission has a
great potential for improvement. Indeed, from April 2011
onward, the thermal control of the accelerometer was deacti-
vated to save battery life. This resulted in significant perturba-
tions related to the fluctuating instrument temperature.

The consequences of our assumption that the energy accom-
modation coefficient is constant for all solar and geomagnetic
conditions need to be further investigated as well. This deserves
a deeper investigation to characterize the impact of the chemical
composition and temperature of the thermosphere, which signif-
icantly varies during the solar cycle and between the day- and
night-side, on GSI parameters and, thus, density observations.
An improved level of accuracy of thermosphere data is expected
when using GSI models based on variable accommodation coef-
ficients with valid temperature and composition inputs. How-
ever, accurate new in-situ measurements of the chemical
composition are needed to reliably estimate the parameters of
such models. In particular, additional data on the number den-
sity of nitrogen, helium, and atomic oxygen is crucial in this
context. The need for new thermospheric temperature and com-
position data was highlighted by Emmert et al. (2020) as well.
Dedicated satellite missions are strongly recommended to
reduce current uncertainties. As shown in this research, GSI
can presently only be investigated in an indirect and imperfect
way, making use of scarce data from satellite constellations,

manoeuvres and seasonal analysis. Nevertheless, some steps
forward can be made with such analyses to improve the self-
consistency of the thermosphere data sets. More data of these
types will certainly be helpful for further investigations.
However, new experiments with more extensive instrumenta-
tion will be necessary to resolve open issues.

In the future, dedicated satellite thermosphere density and
satellite drag experiments will need to measure not only the
accelerations (using accelerometers, GNSS receivers, and star
cameras as on the satellites analysed here) but also to indepen-
dently and accurately measure the temperature, composition,
wind and density on the same platform as input to the satellite
aerodynamic model. Ideally, such experiments would eventually
cover all possible temperature and composition environments,
by spanning both solar minimum and maximum conditions, as
well as a wide range of altitudes, including the nearly unexplored
region below 200 km. The insights gained from such experi-
ments could be retroactively applied to the data of the CHAMP,
GRACE, GOCE, and Swarm missions.

Supplementary materials

Supplementary material is available at https://www.swsc-
journal.org/10.1051/swsc/2021035/0lm
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Appendix A

New aerodynamics data sets
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Fig. A.1. Aerodynamic coefficients in the satellite reference frame as function of the attack angle and energy accommodation coefficient for the
CHAMP satellite.
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Fig. A.2. Aerodynamic coefficients in the satellite reference frame as function of the side-slip angle and energy accommodation coefficient for
the CHAMP satellite.
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Fig. A.3. Aerodynamic coefficients in the satellite reference frame as function of the attack angle and energy accommodation coefficient for the
GRACE satellite.
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Fig. A.4. Aerodynamic coefficients in the satellite reference frame as function of the side-slip angle and energy accommodation coefficient for
the GRACE satellite.
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Fig. A.5. Aerodynamic coefficients in the satellite reference frame as function of the attack angle and energy accommodation coefficient for the
GOCE satellite.
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Fig. A.6. Aerodynamic coefficients in the satellite reference frame as function of the side-slip angle and energy accommodation coefficient for
the GOCE satellite.
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Fig. A.7. Aerodynamic coefficients in the satellite reference frame as function of the attack angle and energy accommodation coefficient for the
Swarm satellites.
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Fig. A.8. Aerodynamic coefficients in the satellite reference frame as function of the side-slip angle (between 0° and 360°) and energy
accommodation coefficient for the Swarm satellites.
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Appendix B

Speed ratio influence over satellite aerodynamics

The following figures show that an attitude variation affects the sensitivity of the aerodynamic forces to the speed ratio and
energy accommodation coefficient. For low values of speed ratio (i.e., below 4) the force coefficients reach high magnitudes. More-
over, the force coefficients converge for very low speed ratios (s < 2), i.e. the drag coefficient is then less sensitive to the energy
accommodation coefficient. The drag coefficient approaches a constant value towards higher speed ratios. However, due to the dif-
ferent collisions the convergence can vary depending on the satellite attitude. For GOCE, the Z-component is not included because of
the symmetric shape of the satellite with respect to the X-Y plane.
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Fig. B.1. Aerodynamic coefficients in the satellite reference frame as function of the speed ratio and energy accommodation coefficient for the
CHAMP satellite for fixed side-slip angles.
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Fig. B.2. Aerodynamic coefficients in the satellite reference frame as function of the speed ratio and energy accommodation coefficient for the
GRACE satellite for fixed side-slip angles.
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Fig. B.3. Aerodynamic coefficients in the satellite reference frame as function of the speed ratio and energy accommodation coefficient for the
GOCE satellite for fixed side-slip angles.
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Fig. B.4. Aerodynamic coefficients in the satellite reference frame as function of the speed ratio and energy accommodation coefficient for the
Swarm satellites for fixed side-slip angles.
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