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SUMMARY

The German CHAMP, US/German GRACE, and European Space Agency (ESA) GOCE
and Swarm Earth Explorer satellites have provided a data set of accelerometer obser-
vations allowing the derivation of thermospheric density and wind products for a period
spanning more than 15 years. With the advent of highly accurate satellite accelerometer
measurements, the neutral density and wind characterization has been significantly im-
proved. These observations provided detailed information on the thermospheric forcing
by Solar Extreme Ultraviolet radiation and charged particles, and revealed for the first
time the extent of forcing by processes in lower layers of the atmosphere.

Because the focus of most of previous research was on relative changes in density, the
scale differences between the CHAMP, GRACE, GOCE and Swarm data sets, so far, have
been largely ignored. These scale differences originate from errors in the aerodynamic
modelling, specifically in the modelling of the gas-surface interactions (GSI) of the satel-
lite. Once detailed 3D geometry models of these satellites are available, the key param-
eters to describe the satellite aerodynamics can be estimated by cleverly making use of
variations in satellite orientation and simultaneous observations by multiple satellites.

The first step for obtaining more consistent density and wind data sets consisted of
meticulously modelling the satellite outer surface. For this dissertation work, this was
done by collecting information from technical drawings and pre-launch pictures, and
generating a CAD model of the selected satellites. In the following phase, these geome-
tries were given as input to a rarefied gas-dynamics simulator. The Direct Simulation
Monte Carlo approach was used with the SPARTA software to compute the force coeffi-
cients under different conditions of satellite speed, atmospheric temperature and local
chemical composition. Once all the mission scenarios had been simulated, an aerody-
namic data set was generated and applied in the processing of satellite accelerations into
thermospheric density and wind data products. To this aim, the Near Real-Time Den-
sity Model (NRTDM) software, developed at TU Delft, was used. The data were gener-
ated from accelerometer observations and, when necessary, with the help of GPS-based
accelerations estimated by a Precise Orbit Determination (POD) technique. Multiple
comparisons were performed with empirical and physics-based models. This helped
in determining for which conditions the models are performing better, and also which
models’ features would need further development.

In the second step, the interaction between atmospheric particles and satellite sur-
faces was investigated. The way in which atmospheric particles collide with the satel-
lite surfaces have a large influence on the satellite aerodynamic forces and, if proper
assumptions are not implemented, can produce large discrepancies in the final ther-
mospheric products. Initially, the GSI assumptions were selected in agreement with the
fully diffusive reflection mode. This assumption was adopted to exclusively investigate
the geometry modelling influence on thermospheric products. Later, to cover also this
research area, multiple simulations described different reflection modes. A wide range
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xii SUMMARY

of GSI parameters was investigated, and more optimal values were found allowing the
derivation of new consistent thermospheric products. Within this study, the energy ac-
commodation coefficient, which describes the energy exchange between particles and
satellite surfaces, played a crucial role. Although the value of 0.93 is used commonly
in the literature, in this study lower values were identified as optimal. Indeed, a value
of 0.82 for the GOCE satellite, and a value of 0.85 for the Swarm and CHAMP satellites
have been found to provide more consistent thermospheric data. This resulted in new
improved thermospheric density and wind data sets, which have been made available
to the scientific community. Among the possible applications, these data can be used
for data assimilation for improving current atmospheric models. Resolving the problem
of deriving the true absolute thermosphere density scale from satellite dynamics mea-
surements improves orbit predictions for the space debris population and its long-term
evolution. Moreover, the new capabilities for computing more consistent drag, density
and wind, can also be exploited for future missions that are currently in the design phase.



SAMENVATTING

De Duitse CHAMP, Amerikaanse/Duitse GRACE, en GOCE en Swarm ESA Earth Explorer
satellieten hebben gezorgd voor een dataset van versnellingsmetingen die het mogelijk
maakt de dichtheid en windsnelheden in de thermosfeer over de laatste 15 jaar in kaart te
brengen. Door de opkomst van uitermate precieze versnellingsmetingen, is onze kennis
over de neutrale dichtheid en de windeigenschappen significant verbeterd. Deze metin-
gen hebben gedetailleerde informatie verschaft over de thermosferische invloeden als
gevolg van Extreme Ultraviolette Zonnestraling en geladen deeltjes, en hebben voor het
eerst in de geschiedenis de oorzaak van verstoringen in de thermosfeer als gevolg van
processen in de onderlagen van de atmosfeer getoond.

Omdat het grootste gedeelte van voorgaand onderzoek zich normaliter richtte op re-
latieve veranderingen in de dichtheid, zijn de verschillen als gevolg van een mogelijk
incorrecte absolute schaling tussen de CHAMP, GRACE, GOCE en Swarm datasets voor
een belangrijk deel buiten beschouwing gelaten. Deze verschillen als gevolg van een
incorrecte schaling komen voort uit onnauwkeurigheden in de aerodynamische model-
len, in het bijzonder in de modellen betreffende interacties tussen de thermosfeer en de
buitenkant van de satelliet. Wanneer gedetailleerde 3D geometrische modellen van de
desbetreffende satellieten beschikbaar zijn, kunnen de sleutelparameters, die de aerody-
namica van de satelliet beschrijven, geschat worden door slim gebruik te maken van de
variaties in satellietoriëntatie en gelijktijdige waarnemingen van meerdere satellieten.

De eerste stap voor het verkrijgen van meer consistente dichtheid en wind datasets
bestond uit het nauwkeurig modeleren van het uitwendige van de satelliet. In deze dis-
sertatie was dit gedaan door middel van het vergaren van informatie uit technische te-
keningen en foto’s van voor de lancering. Vervolgens werd een CAD model gegenereerd
voor ieder van de geselecteerde satellieten. In de volgende fase waren deze modellen
als input gebruikt voor een lage druk gasdynamica simulator. De Directe Monte Carlo
methode was gebruikt in combinatie met de SPARTA software om krachtencoëfficiën-
ten te berekenen voor verscheidene condities betreffende de snelheid van de satelliet,
de atmosferische temperatuur en de lokale chemische samenstelling. Toen alle missie-
scenario’s gesimuleerd waren, kon een aerodynamische dataset gegenereerd worden en
toegepast bij het verwerken van de satellietversnellingen tot thermosferische dichtheid
en wind dataproducten. Om dit te kunnen bewerkstelligen was de “Near Real-Time Den-
sity Model” (NRTDM) software, ontwikkeld door de TU Delft, gebruikt. De data waren
gegenereerd op basis van accelerometrie waarnemingen en, waar nodig, met behulp van
op GPS gebaseerde schattingen van de satellietversnellingen door middel van precieze
baanbepaling. Er zijn meerdere vergelijkingen uitgevoerd met empirische en fysische
modellen. Dit heeft geholpen bij het bepalen voor welke condities de kenmerken van
deze beter presteren, alsmede welke modellen nog verder ontwikkeld moeten worden.

In de tweede stap zijn de interacties tussen atmosferische deeltjes en de oppervlak-
tes aan de buitenkant van de satelliet onderzocht. De manier waarop atmosferische
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deeltjes in botsing komen met het satellietoppervlak heeft een grote invloed op de ae-
rodynamische krachten die op de satelliet werken en, wanneer geen correcte aannames
worden gemaakt, kunnen grote discrepanties ontstaan in het uiteindelijke thermosfe-
rische product. In eerste instantie was aangenomen dat de interactie tussen de ther-
mosferische deeltjes en de buitenkant van de satelliet gebaseerd is op volledig diffuse
reflectie. Deze aanname was gedaan om enkel de invloed van de geometrische model-
len te onderzoeken op de thermosferische producten. Later, om ook dit onderzoeks-
gebied te dekken, zijn verschillende modi van oppervlakte-reflectiviteit beschreven op
basis van meerdere simulaties. Een grote verscheidenheid aan gas-oppervlakte interac-
tie parameters, beter bekend als GSI parameters in het Engels, zijn onderzocht en ver-
der geoptimaliseerde waardes werden gevonden. Hierdoor was de afleiding van nieuwe
consistente thermosferische producten mogelijk. Binnen dit onderzoek is de energie-
accommodatiecoëfficiënt, die de energie-uitwisseling beschrijft tussen een deeltje en
satellietoppervlakken, een cruciaal onderdeel. Ondanks dat normaliter de waarde van
0.93 in literatuur wordt gehanteerd, zijn binnen dit onderzoek lagere waardes geïdenti-
ficeerd die optimaal bleken. De waardes van 0.82 voor de GOCE satelliet en 0.85 voor de
Swarm en CHAMP satellieten bleken consistentere thermosferische data op te leveren.
Dit resulteerde in vernieuwde en verbeterde thermosferische dichtheid en wind data-
sets, die heden beschikbaar zijn voor de wetenschappelijke gemeenschap. Een voor-
beeld van de mogelijke toepassingen is het gebruik van deze data voor het verbeteren
van huidige atmosferische modellen. Wanneer het probleem van het bepalen van de
juiste schaalfactor van versnellingsmetingen kan worden opgelost, kunnen betere voor-
spellingen worden gedaan van de banen en evolutie van ruimteafval. Verder kunnen de
nieuwe mogelijkheden voor het berekenen van consistentere luchtweerstand, dichtheid
en wind ook gebruikt worden voor toekomstige missies die zich nu nog in de ontwerp-
fase bevinden.



1
INTRODUCTION

The atmosphere blocks most of Sun’s dangerous radiation, traps heat allowing for com-
fortable temperatures on Earth’s surface, and contains oxygen, which is essential for life.
Therefore, the atmosphere is what makes our planet livable. Beyond protecting us, the
atmosphere, in particular the thermosphere, hosts most of our satellite missions and
often highly influences their successfulness. One of the first scientific uses of artificial
Earth satellites has been the estimation of thermospheric neutral density. This is a fun-
damental quantity of interest, which has an impact on several factors during mission
design and lifetime. Using optical and radio-tracking observations, and applying a basic
theory on satellite drag, a first estimate of density was already determined from the rate
of change of Sputnik’s orbital period (Hele and Massey, 1959; Hele and Walker, 1958). The
same techniques, applied to several satellites during the early years of the space age, re-
vealed the correlation of density with solar and geomagnetic activity (Newton and Pelz,
1973). These early findings paved the way for creating the first generation of empirical
density models. With time, these models became essential tools in space industry, be-
cause of their applications in orbit determination and predictions during space mission
design and operations.

The research presented in this dissertation aims at improving current models by in-
creasing the accuracy of atmospheric density and wind observations. In particular, deep
attention is dedicated on a better description of satellite aerodynamics for precise mod-
elling of drag and other driving forces within the thermosphere region. The target is to
provide a better understanding of the upper atmosphere dynamics by studying the neu-
tral component, which is crucial for several applications that will be introduced later in
this chapter.

1.1. THE IMPORTANCE OF THE THERMOSPHERE
The atmosphere has four primary layers: the troposphere that we live in near the Earth’s
surface, the stratosphere that houses the Ozone layer, the mesosphere, where the tem-
perature decreases, and the thermosphere, the top layer, where the temperature rises

1
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again. The thermosphere layer ranges between approximately 100 and 600 km altitude
and provides a unique opportunity to investigate space physics. Within this region, den-
sity and winds are strongly influenced by external drivers, including solar flux and wind,
geomagnetic activity, and tidal and gravity waves propagating through the atmosphere
(Rees, 1989). For these reasons, this area of the Earth’s atmosphere is fundamental for un-
derstanding the solar-terrestrial environment, space physics and practical applications
of satellite missions.

A detailed description of this region is needed for reliable estimations of the acting
forces on satellites with a direct influence on mission analysis and operations. Re-entry
estimations are heavily affected by thermospheric characteristics. Numerous catalogues
keep track of as many objects as possible that are orbiting our planet (Sridharan and
Pensa, 1998). However, information in these catalogues, such as orbital elements and
decay rates, lack reliability because of a combination of uncertainty in neutral density,
and debris size, shape and attitude motion. Two recent examples are the uncontrolled
re-entries of the Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) satel-
lite in 2013 (Gini et al., 2015) and the Tiangong-1 Chinese station in 2018 (Szücs-Csillik,
2017).

Figure 1.1: ESA’s GOCE satellite re-entered Earth’s atmosphere on 11 November 2013 at 01:16 CET over the
South Atlantic Ocean near the Falkland Islands, at an approximate altitude of 80 km (Credits: ESA).
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Figure 1.2: Tiangong-1 potential re-entry area estimated on March 26th (slightly more than one week before
the actual re-entry). The map shows the area between 42.8 degrees north and 42.8 degrees south latitude (in
green), over which Tiangong-1 was predicted to re-enter. (Credits: ESA).

Both re-entries created alarm through media. However, in these cases, the proba-
bility to cause damage and have an impact on highly populated areas were relatively
small. As illustrated in Fig. 1.1, which shows the GOCE re-entry corridor, sometimes
populated areas are at risk for impact, especially if the re-entering satellite contains
high-temperature resistant systems (e.g. propellant tanks, or in case of GOCE the well-
insulated gravity gradiometer). Uncertainties of the impact location are unluckily still
large and, mostly, reliable estimations can generally only be done in the very last hours.
In March–April 2018, media and research institutes followed the decay evolution of the
Tiangong-1 station. Current density models were not able to predicting reliably the spe-
cific impact location a few days before the collision (Fig. 1.2). Also in this case, the gen-
erated debris had a favourable re-entry location in the sea without creating damages,
injuries or casualties. However, to raise the current precision of re-entry estimations, the
understanding of drag and atmospheric density needs to be enhanced.

Similar applications of upper atmosphere models can be found in collision avoid-
ance procedures and in other operations involving ground segments. Indeed, the capa-
bility to accurately predict contact windows is crucial and can be a critical requirement
during mission design. Reducing current uncertainties would mitigate costs and en-
hance efficiency and performances.

A detailed characterization of the thermosphere also helps in the estimation of mis-
sion lifetime. This estimation is based on many inputs, including predicted solar and
geomagnetic activity. Studying the interaction in the solar-terrestrial environment helps
to achieve more accurate estimations. This can be further expanded to orbit determi-
nation and manoeuvre planning. In the future, with the improvement of on-board in-
strumentation and modelling capabilities, current density and wind computations will
be further improved. This dissertation aims at providing an enhanced input for current
and future atmospheric models and the next generation of thermospheric products.

1.2. SATELLITE OBSERVATIONS
In order to further understand the atmospheric dynamics and tune current models,
satellite observations are fundamental because they provide in situ observations with
high spatial and temporal resolutions. Most of the time, ground observations cannot
provide the same level of accuracy due to the several corrections that are needed in
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the data processing and, moreover, they offer very limited coverage in space and time.
Ground observations of temperature and winds can be provided by incoherent scatter
radars, scanning doppler imaging and Fabry-Perrot interferometers. However, uncer-
tainties can be large and sometimes results can be difficult to interpret (Harding et al.,
2017). Therefore, having in-situ observations in the upper atmosphere from multiple
satellites provides a unique opportunity to have a great number of data points during a
long time. If data have high consistency, it is possible to merge multiple missions’ data
to investigate a specific quantity of interest over a long time period and at different alti-
tudes.

1.2.1. ACCELERATION OBSERVATIONS

The investigation of the neutral density and winds is facilitated by on-board accelerom-
eters. These instruments can measure non-gravitational accelerations with exceptional
high precision. Since the start of the millennium, accelerometer measurements have
provided detailed information on the forcing by solar EUV radiation and charged parti-
cles (Bruinsma et al., 2006) and for the first time the extent of thermospheric forcing by
processes in lower layers of the atmosphere (Forbes et al., 2009). The working principle of
the used accelerometers is based on the accurate electrostatic levitation of a proof-mass,
which is ideally located at the center of mass of the satellite (Touboul et al., 1999). The
perturbations on the proof-mass position and the electrostatic forces which are needed
to keep the mass in its nominal position can be converted into non-gravitational accel-
erations measurements. This information can be analyzed to retrieve information about
density, winds and solar radiation pressure.

Additional methods to derive non-gravitational satellite accelerations are based on
precise orbit determination. Thanks to these techniques the highly accurate information
of orbits, which is at the centimeter level, can help to determine satellite accelerations
and density scaling parameters, and also to calibrate accelerometers. These measure-
ments are typically based on Global Positioning System (GPS) (Dow et al., 2005), Satellite
Laser Ranging (SLR) (Pearlman et al., 2002) or Doppler radio tracking (Tavernier et al.,
2006). An additional method based on the Two-Line Elements (TLE) approach has been
widely used in the past, especially for the first thermosphere models (Harris and Priester,
1962; Jacchia, 1965), but also in the past decade for space debris applications (Picone
et al., 2005). Although temporal resolutions are much lower than accelerometer-based
observations, these data are available since the 1960s and provide a great opportunity to
investigate long-term thermospheric neutral density change (Emmert et al., 2008).

1.2.2. ANALYZED MISSIONS

A new era in space research began in 2000 with the launch of CHAMP (CHAllenging Mini
Satellite Payload), which for the first time carried a very precise accelerometer in com-
bination with a high-quality, dual-frequency GPS receiver in a circular polar orbit (Reig-
ber et al., 2006). This enabled the production of a global coverage of high-resolution
thermosphere density data (Bruinsma et al., 2004). The Challenging Minisatellite Pay-
load (CHAMP) is one of the selected satellites within this work. The other missions
are the Gravity Recovery and Climate Experiment (GRACE) (Bettadpur, 2007), GOCE
(Floberghagen et al., 2011) and Swarm (Olsen et al., 2013).
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The German CHAMP satellite (Fig. 1.3) was operated by the German Research Cen-
tre for Geosciences (GFZ). The main objective consisted of observing and measuring
the Earth’s magnetic field together with the gravity field and observing atmospheric
characteristics through radio occultation. The on-board accelerometer provided high-
resolution non-gravitational acceleration data. The mission operated from July 2000 to
September 2010, providing a large volume of data with exceptional quality. These data
covered 300—500 km altitude and almost a full solar cycle, providing fundamental data
on Earth’s magnetic and gravity fields, and Earth’s atmosphere.

Figure 1.3: The CHAMP (left) and GRACE (right) satellites during pre-launch preparations (Credits: GFZ, As-
trium).

Figure 1.4: On the left, the GOCE satellite ready for testing in the Large Solar Simulator at ESA-ESTEC at the end
of 2007 (Credits: ESA-Anneke Le Floc’h). On the right, the three Swarm satellites in vertical positions, ready to
join the launch adapter (Credits: ESA/M. Shafiq).

The GRACE twin satellites (Fig. 1.3) measured the tiny changes in Earth’s gravity field
caused by mass change on and near Earth’s surface through microwave ranging between
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the two spacecraft. It was a joint mission of NASA and the German Aerospace Center
(DLR). This mission operated for a long time from March 2002 to October 2017, and per-
formed similar accelerometer measurements as CHAMP, but at higher altitudes and for
all 3 directions (the CHAMP accelerometer data suffered from a electrode problem af-
fecting the observations along the instrument Z-axis, which was predominantly aligned
with the height direction Perosanz et al. (2003)). Within this long period also another
gravity mission was operated by the European Space Agency (ESA). Between March 2009
and November 2013 the ESA GOCE mission (Fig. 1.4) provided exceptional observations
of the gravity gradients at very low altitude around 260 km. This extremely low altitude
made necessary the use of a drag-free system utilizing electric propulsion to counteract
drag forces and maintain the altitude (Floberghagen et al., 2011). The ESA Swarm mis-
sion (Fig. 1.4) is the most recent among the selected missions and is still operational
(status May 2020). It is composed of three identical satellites: Swarm-A, Swarm-B and
Swarm-C (also known as Alpha, Bravo and Charlie). These are the first ESA satellites car-
rying accelerometers dedicated to thermosphere density retrieval. The main objective
of Swarm is to investigate the magnetic field and its evolution in time (Olsen et al., 2013).
Swarm-A and -C fly together with an initial orbit at 460 km separated in longitude by
1 degree, while the third satellite is around 60–70 km higher. Overlapping in time with
GRACE and the recently launched successor GRACE Follow-On (Kornfeld et al., 2019),
this mission provides an exceptional opportunity to build a continuous multi-decadal
record of thermosphere density data.

All these spacecraft are equipped with one or more accelerometers and can provide
quantitative information on satellite aerodynamics. Solar radiation pressure, wind and
density are the main contributions that can be measured with this instrumentation.
Without accelerometers, the atmospheric drag experienced by satellites can be deter-
mined with different approaches. Other observation techniques, such as Precise Orbit
Determination (POD), also provide observations of density albeit at lower temporal res-
olution, i.e. minutes instead of seconds (van den IJssel, 2014).

The use of accelerometer data is therefore highly preferred. However, if data quality is
affected by accelerometer malfunctions, it is necessary to utilize alternative observation
techniques. This happened for the Swarm mission, where GPS-derived accelerations
have been created as an alternative to the accelerometer data, which suffer from numer-
ous discontinuities or steps, spikes and other artifacts (Siemes et al., 2016). In Fig. 1.5,
the step corrections for Swarm-C accelerations along the longitudinal satellite axis are
shown in the period from June 1, 2014, to May 31, 2015. The magnitude and the number
of these steps in combination with temperature-induced bias fluctuations made the in-
terpretation of accelerometer-derived density data very difficult. GPS-derived accelera-
tions are computed in an orbit determination processing using a Kalman filter approach
(van den IJssel et al., 2020; Wermuth et al., 2010) and used for the calibration of the ac-
celerometer data. This also allows to calculate GPS-derived densities. The new data sets
are produced at TU Delft and are provided to the public as an official ESA data prod-
uct (https://swarm-diss.eo.esa.int/). In recent years (2015–2020), the research
from this dissertation provided significant improvements to these data sets. In fact, for
Swarm it was found that the originally specified and used geometry model caused an
error of about 32% in the magnitude of the thermospheric density values. These find-

https://swarm-diss.eo.esa.int/
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ings culminated in a completely novel approach for the current Low Earth Orbit (LEO)
satellites density data processing (van den IJssel et al., 2020).

Figure 1.5: Step corrections in along-track accelerations of Swarm C in the period from June 1, 2014, to May
31, 2015. White/grey/black areas indicate that the satellite is in Sun/half-shadow/full shadow of the Earth.
Colored dots mark modified steps with respect to time and argument of latitude, where the color indicates the
step size (Siemes et al., 2016).

1.3. HOW DO WE MODEL THE THERMOSPHERE?
The ground- and space-based observations of the last decades provided inputs for cre-
ating the first atmospheric models. Currently, there are two classes of models. The ones
that are based on collected data through an empirical approach, and the ones which
describe the atmospheric physics with equations. These are the empirical and physics-
based models, respectively.

Empirical models use relatively simple parameterized equations as a function of
time, location and a set of space weather proxies. They are generated with a fit against a
database of past observations. Through an interpolation and extrapolation, they provide
information on atmospheric characteristics. They provide information on density for the
major atmospheric constituents, which can be summed to retrieve the total neutral den-
sity. These models lack reliability for describing short spatial or temporal scales. Beyond
satellite locations and altitudes, the model inputs rely on solar and geomagnetic proxies.
Among the most used models, we can find the MSIS (Picone et al., 2001), the DTM (Bru-
insma, 2015) and the Jacchia (Jacchia, 1965) series. The output of these models depends
on space weather conditions and, therefore, does not allow for highly consistent analy-
ses during different activity conditions (Emmert, 2015). In this research, one of the most
used models is the NRLMSISE-00 model from the MSIS family (Picone et al., 2001).
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Together with these models, the studies on thermospheric horizontal winds paved
the way for the Horizontal Wind Model (HWM) series. These models have similar inputs
as density models and provide zonal and meridional winds. Inputs are based on rocket,
incoherent scatter radar, Fabry-Perot interferometer and satellite measurements. The
HWM model series is under constant development at the Naval Research Lab (United
States). The latest edition is HWM-14 (Drob et al., 2015), which benefited from much ex-
tra high-quality observational data as compared to the previous HWM-07 version (Drob
et al., 2008).

Physics-based models, on the other hand, compute the variations in the thermo-
sphere based on first principles, by solving the energy, momentum and continuity equa-
tions. These models try to fully describe with fundamental physics-driven equations
the atmospheric behaviour and dynamics. This is a complex task and many models are
constantly under development and validation. These are high-resolution models which
can provide more refined and suitable outputs for scientific studies for both densities
and winds. However, a disadvantage is that they are computationally very demanding.
Among the most common and used models are the TGCM (Peymirat et al., 1998), GITM
(Ridley et al., 2006), and WACCM (Liu et al., 2010) models. Also in these models, the so-
lar and geomagnetic activity play a role and careful tuning is often required in the model
development phase (Masutti et al., 2016). In this dissertation some comparisons are per-
formed with the WACCM-X model, which is an extension of the WACCM series (Chapter
4).

1.4. AERODYNAMIC MODELLING
Nearly all of the research using accelerometer- and TLE-derived thermosphere densities
over the past decades has focused on the analysis of relative changes in density. There-
fore, scale differences between the CHAMP, GRACE, GOCE and Swarm data sets have
so far been largely ignored, or quickly fixed by applying a scale factor to each density
data set. When comparing the satellite data with models, the average ratios show sys-
tematic discrepancies between data and models up to 50% for current solar minimum
and NRLMSISE-00 atmospheric model. In past studies by Doornbos (2011) and Pardini
et al. (2012), these inconsistencies have been investigated. However, the problem was
not fully addressed.

Thermosphere density and winds are determined from observations of the satellite
non-gravitational accelerations by making use of the proportionality with the aerody-
namic acceleration. Therefore, precisely determining the scale of the thermosphere den-
sities from satellite dynamics observations requires a very careful modelling of satellite
aerodynamics. The scale differences between the various data sets originate from errors
in the aerodynamic modelling, specifically in the modelling of the satellite outer surface
geometry and the gas-surface interactions (GSI).

The proposed research, in its first phase, focused on collecting detailed information
on the outer surface geometry of all selected missions, on implementing this geometry
information into a 3D satellite surface model, and on meticulously checking this model
against the original information and against other existing models. Only then the re-
search could move to the next phase, in which the geometry models were applied in the
data processing to convert the measured satellite accelerations to thermosphere density
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and crosswind information. Within this approach, the SPARTA Direct Simulation Monte
Carlo (DSMC) simulator (Gallis et al., 2014) was used to bombard the final geometries
with particles and compute the resulting force coefficients. Finally, the thermospheric
products were obtained with the use of the Near Real-Time Density Model (NRTDM)
software developed at TU Delft (Doornbos, 2006) based on previous work by Doorn-
bos (2011). This new approach highly improved the previous generation of density and
winds data, which were mostly based on analytic solutions by (Sentman, 1961a,b). The
intermediate version of density and aerodynamics data have been described in March
et al. (2019a). The complete discussion of the results and further details are available in
Chapter 2.

During a second phase, the gas-surface interaction parameters that determine the
satellite aerodynamic forces needed to be estimated and adjusted by making use of vari-
ations in satellite orientation and simultaneous observations by multiple satellites. Dur-
ing the nominal forward-flying mode, the satellite usually presents only a small frontal
area to the flow, while the large solar panels and bottom panel are close to parallel to
the flow. The satellite is usually an elongated aerodynamic shape in this configuration.
During sideways flight, this situation is reversed, and the satellite is not in an aerody-
namically favourable orientation. Due to the different sensitivity to the aerodynamic
gas-surface interactions of surfaces oriented parallel and perpendicular to the flow, this
allows for an estimation of the mode of reflection of gas particles and of the energy ac-
commodation coefficient parameter, assuming a stationary atmosphere. In particular,
the value of the energy accommodation coefficient describes the energy exchange be-
tween particles and satellite surfaces and plays a crucial role in the aerodynamics. Fur-
ther details and analyses about the influence on thermospheric products of this param-
eter will be provided in the following chapters. Beyond the GSI study, manoeuvres have
been also used in the geometry modelling to validate the accuracy of the newly designed
satellite geometries. Comparing two different satellite orientations within a short time,
it was indeed possible to get very consistent densities. This was not the case for previ-
ous works based on simple geometries and macro model surfaces. Many investigations
performed on such manoeuvres showed very interesting scenarios for further scientific
studies (Doornbos, 2011; Pilinski et al., 2013). For Swarm an additional advantage is that
there are three identical satellites, making simultaneous measurements, while only one
satellite at a time will make such a manoeuvre. In Chapter 3, these studies on manoeu-
vres are mainly focused on winds and the CHAMP and GOCE satellites; while in Chapter
4 the GSI influence is studied for aerodynamics and density products for all the selected
missions. Due to the lack of large attitude manoeuvres for some missions like GOCE, fur-
ther analyses on seasonal and solar activity variations could be performed as well. The
results from these studies led to conclusions about gas-surface interactions assumptions
which will be further discussed in Chapters 3 and 4.

1.5. RESEARCH OBJECTIVES, MOTIVATION AND SCOPE
The previous sections included examples of applications of atmospheric models. Prac-
tical mission design and space science studies can be enhanced with improved atmo-
spheric models. The research presented in this dissertation started as an extension of
the previous work by Dr. Eelco Doornbos at TU Delft, who already analyzed neutral den-
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sity and winds (Doornbos, 2011). From this study, the presence of systematic errors was
highlighted. The source of these discrepancies was associated with errors in the geome-
try and aerodynamic modelling. In this dissertation, this modelling has been improved
in order to reduce errors and obtain more consistent thermospheric density and wind
data sets. To accomplish such a task, the introduction of high-fidelity geometries was
crucial for the new data processing. The overall research objective for this dissertation is
indeed to improve the understanding of geometry and aerodynamic modelling and its
influence on atmospheric products. Afterwards, additional goals focused on the charac-
terization of the gas-surface interactions, providing a better definition of key parameters.
Throughout a detailed analysis, the main outcome is the estimation of more accurate pa-
rameters to generate thermospheric products. The final objective can be set as follows.

The goal of this dissertation is to improve estimates of aerodynamic parameters and
assess the quality of accelerations-derived thermospheric density and wind data, by

introducing high-fidelity geometry and aerodynamic information with a special focus on
the gas-surface interactions.

This can be achieved by answering two primary questions:

1. What is the influence of high-fidelity geometry inputs on satellite aerodynamics and
the derivation of neutral thermospheric density?

2. What are the enhanced gas-surface interactions parameters which allow for more
consistent thermospheric data products?

The first question is addressed in detail in Chapter 2 and March et al. (2019a). The second
question is addressed and answered in two papers. The first paper is focused on the
GSI modelling influence on thermospheric winds for the CHAMP and GOCE satellites
(March et al., 2019b). In the second paper (March et al., 2020), the attention is focused
on the aerodynamic and density data sets for the CHAMP, GRACE, GOCE and Swarm
satellites.

As a parallel objective, the improvement of the ESA Swarm density product played
a crucial role in this research. Indeed, in the last years, the enhanced information
about geometry and satellite aerodynamics was already applied for deriving thermo-
spheric data sets as part of the official ESA data products. Similar improvements could
be achieved in the new version of the GOCE density and wind data. For both missions
the achieved results from this dissertation were exploited and the newly derived data are
now available on the ESA website (https://earth.esa.int).

The dissertation is intended to bring an added value to the scientific community and
all those interested in the processing of atmospheric products from satellite observa-
tions. As the outcome of this research, the density and winds data reached a high con-
sistency level. Direct applications consist in the improvement of current empirical and
physics-based models. The newly derived data sets are suitable for data assimilation and
follow-on research. The new data can be used for developing a new generation of em-
pirical models. This would introduce a benefit on orbit and propellant requirements for

https://earth.esa.int
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new space missions, on long-term atmospheric studies and climate change investiga-
tions. The use of these improved data sets in empirical modelling will enable an increase
of the accuracy for all the mentioned applications. The increased consistency will allow
us to characterize the solar-terrestrial activity dependency of total density and the long-
term density trends to a higher accuracy. This could significantly affect predictions for
the evolution of space debris in the low Earth orbit environment, which will, in turn, af-
fect mitigation procedures required for the long-term sustainability of satellite missions
in low Earth orbits. The accurate scale of density data will enable an accurate estimate of
the potential energy contribution to the total thermospheric energy density, required to
investigate the magnetospheric forcing of the thermosphere (Burke et al., 2009). This dis-
sertation will also contribute to knowledge on satellite aerodynamics, specifically on the
gas-surface interactions, and will help to establish a much-needed international stan-
dard on this topic, creating the basis for higher consistency satellite drag computations
for all low orbiting satellites.

As a first step, this dissertation provides an improvement of the geometry and aero-
dynamic modelling of a selected set of missions (Chapter 2). The studied satellites are
CHAMP, GRACE, GOCE and Swarm. All of them are LEO missions and provide fun-
damental information of the ionosphere-thermosphere region. Then, the effect of the
interaction between atmospheric particles and satellite surfaces on aerodynamics and
thermosphere products is investigated. In Chapter 3, the analysis is centred on ther-
mospheric winds, while in Chapter 4 the attention is focused on the aerodynamics and
neutral density. Finally, the work described in this dissertation provides recommenda-
tions for further works and missions. Conclusions and suggestions for future missions
and thermospheric product processing and improvement are made in the final Chapter
5.
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HIGH-FIDELITY GEOMETRY

MODELS FOR IMPROVING THE

CONSISTENCY OF CHAMP,
GRACE, GOCE AND SWARM

THERMOSPHERIC DENSITY DATA

SETS

G. MARCH, E.N. DOORNBOS and P.N.A.M. VISSER

During the last two decades, accelerometers on board of the CHAMP, GRACE, GOCE and
Swarm satellites have provided high-resolution thermosphere density data to improve
our knowledge on atmospheric dynamics and coupling processes in the thermosphere-
ionosphere region. Most users of the data have focused on relative density variations. Scale
differences between datasets and models have been largely neglected or removed using ad
hoc scale factors. The origin of these scale differences arises from errors in the aerody-
namic modelling, specifically in the modelling of the satellite outer surface geometry and
of the gas-surface interactions. Therefore, the first step to remove the scale differences is
to enhance the geometry modelling. This chapter forms the foundation for the improve-
ment of characterization of satellite aerodynamics and gas-surface interactions models,

Parts of this chapter have been published in Advances in Space Research 63(1), 213–238, 2019 March et al.
(2019a).

13



2

14 2. GEOMETRY MODELS FOR IMPROVING SATELLITE DENSITY PRODUCTS

as well as for extending the use of sideways and angular accelerations in the aerodynamic
analysis of accelerations and derivation of thermosphere datasets. Although work to im-
prove geometry and aerodynamic force models by other authors has focused on CHAMP
and GRACE, this chapter includes the GOCE and Swarm satellites as well. In addition,
it uses a density determination algorithm that is valid for arbitrary attitude orientations,
enabling a validation making use of attitude manoeuvres. The results show an improve-
ment in the consistency of density data between these four missions, and of data obtained
before, during and after attitude manoeuvres of CHAMP and Swarm. The new models
result in larger densities, compared to the previously used panel method. The largest aver-
age rescaling of density, by switching to the new geometry models is reached for Swarm at
32%, the smallest for GRACE at 5%. For CHAMP and GOCE, mean differences of 11% and
9% are obtained respectively. In this chapter, an overview of the improvements and com-
parisons of data sets is provided together with an introduction to the next research phase
on the gas-surface interactions.

2.1. INTRODUCTION
The accuracy of tracking- and accelerometer-derived thermospheric density data sets
is closely connected to satellite drag modelling. The previous generation of thermo-
spheric density data sets used simplified satellite geometries (Doornbos, 2011; Sutton,
2008). These geometries are commonly characterized by a limited number of flat pan-
els, which aim to describe the full satellite outer surface geometry. Weaknesses in these
models turned out to adversely affect the accuracy and consistency of the derived den-
sities. Large scale differences between data sets and atmospheric models have been de-
tected. Until now, these discrepancies have been neglected or removed using specific
scale factors (Bowman et al., 2008; Weimer et al., 2016). However, more accurate ther-
mospheric densities require improved satellite geometry models and rarefied flow anal-
ysis on these models. Once the geometry and aerodynamic models are enhanced, high
fidelity drag coefficients can be computed to provide new density estimations.
In general, aerodynamic coefficients or ballistic coefficients can be obtained either by
estimating them from tracking data during orbit determination, or by analytically or
computationally modelling the aerodynamics for defined satellite geometries. When es-
timating drag coefficients from orbit tracking data, errors in the thermosphere density
model that was used will affect the estimate. In many cases, this is desirable, for example
when using the estimate for subsequent orbit predictions, based on e.g., GPS, S-Band
or satellite laser ranging tracking. If the drag coefficient is used to generate indepen-
dent density data sets however, it should be free of such model dependencies. Emmert
(2009) applied the relations between Two-Line Element (TLE data) and thermosphere
density of Picone et al. (2005), and resolved constant per-object ballistic coefficients for
approximately 5000 objects in the process, based on the physical drag coefficient of one
spherical reference object. For non-spherical objects, a higher fidelity modelling solu-
tion is required. If the satellite shape can be approximated by a combination of ele-
mentary shapes, this can be obtained with a closed-form analytical approach (Sentman,
1961a). Otherwise, a simulation of aerodynamic effects on detailed satellite geometries
with physics-based rarefied gas dynamics solvers (e.g. Bird (1994)) is required. The ana-
lytical approach is accurate only for simple geometries (i.e. flat panel, sphere, cylinder,
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cube), which usually do not fully describe an operational satellite. Whereas, the compu-
tational methods can analyse complex shapes and provide more accurate information.
Throughout this work, physical drag coefficients have been determined for different sce-
narios, in order to improve current density datasets. The technique presented in this
chapter provides the opportunity to enhance the estimation of force coefficients and,
consequently, satellite aerodynamics. The obtained improvement over the selected mis-
sions increases the understanding of the thermospheric region and new density data sets
are provided as an outcome of this research.
The implemented methodology is summarized in Section 2.2. The adoption of a high
fidelity geometry model is crucial for estimating aerodynamic coefficients. Therefore,
for the introduced set of satellites, new geometries have been designed by making use of
available technical drawings and pre-launch photographs. A description of the geome-
try modelling can be found in Section 2.3. The following aerodynamic investigation uses
the output of this first modelling phase.
The satellite aerodynamic forces are computed by a rarefied gas dynamics simulator
based on the Direct Simulation Monte Carlo (DSMC) technique (Bird, 1994). Section
2.4 presents validations and comparisons. In order to simulate rarefied atmospheric
flows, it is also possible to use additional approaches. One of those is the Test Parti-
cle Monte Carlo (TPMC) method (Davis, 1960). Together with the DSMC, it is one of
the most common techniques used for rarefied flow simulators. Both methods can treat
multiple reflections and shadowing, but have the main limitation of being computation-
ally expensive. The TPMC model interacts with the surface elements but does not im-
plement intermolecular collisions. This makes simulations faster than common DSMC
computations. However, for both methods, atmospheric particles impinge on surfaces
with velocities that are computed using a Maxwellian velocity distribution. The energy
exchange between molecules and surface elements is computed and resulting forces can
be processed.
Within the last years, numerous works have been performed on satellite aerodynam-
ics by Monte Carlo techniques and there is an increasing interest in processing satellite
data with high fidelity geometries. In Pilinski et al. (2016), a similar approach to the
method presented in this thesis is applied to the DANDE satellite. The SPARCS software
(Pilinski, 2011), based on the test particle technique, analyses a triangulated mesh to
provide aerodynamic coefficients. The numerical test-particle technique has been used
also by Mehta et al. (2017) for the CHAMP and GRACE satellites. In this work, data have
been processed with new improved geometries. Results show average differences with
respect to the panellized models previously in use in Delft (Doornbos, 2011) of 14-18%
for CHAMP and 10-24% for GRACE.
In this work, different assumptions have been made and in addition to CHAMP and
GRACE, also the GOCE and Swarm satellites have been investigated. The main mission
details are listed in Table 2.1, whereas an overview of the altitudes evolution within the
satellite lifetimes is provided in Figure 2.1. Section 2.5 describes all the differences be-
tween these approaches and the resulting densities in detail. Multiple comparisons with
existing data sets and atmospheric models are available. Section 2.6 provides conclu-
sions and an outlook on future work.
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Table 2.1: List of the mission characteristics for the CHAMP, GRACE, GOCE and Swarm satellites.

Satellite CHAMP GRACE-A, -B GOCE Swarm-A, -C Swarm-B
Operator GFZ NASA/DLR ESA ESA ESA
Launch date Jul. 2000 Mar. 2002 Mar. 2009 Nov. 2013 Nov. 2013
End of the mission Sept. 2010 Oct. 2017 Oct. 2013 - -
Initial altitude 460 km 505 km 270 km 470 km 530 km
Inclination 87.3 deg 89.0 deg 96.7 deg 87.4 deg 87.8 deg
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Figure 2.1: CHAMP, GRACE, GOCE and Swarm altitudes evolution.

2.2. METHODOLOGY
Satellite aerodynamic forces and torques can be estimated as a function of many inputs.
The atmospheric density is a crucial contribution among them. In this chapter, the re-
verse process is used to provide an improved density data set starting from a detailed
aerodynamic modelling. Starting from the expression of the aerodynamic drag acceler-
ation (Bruinsma et al., 2004), the following equation allows to calculate the atmospheric
density.

ρ = 2 m adr ag

CD Ar e f V 2
r el

(2.1)

In equation 2.1, ρ is the neutral mass density, m the satellite mass, adr ag the drag ac-
celeration, CD the drag coefficient, Ar e f a reference area and Vr el the velocity relative to
the atmosphere. This equation highlights the direct influence of drag coefficients on the
density estimation accuracy.
Previous estimations of the neutral mass density have been processed with force coef-
ficients generated from panellized satellite geometries. However, the inability to model
multiple reflections and shadowing effects introduced systematic errors at the level of
5-15% (Doornbos, 2011). In general, the panel method consists of the application of
Sentman’s equations for flat panels to simplified geometries constructed from multiple
panels with different orientations (Sentman, 1961b). A limited number of flat panels
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describe the entire structure of the satellite. Normal vectors and areas of each panel pro-
vide the fundamental information needed to retrieve aerodynamic coefficients.
Within this thesis, the aerodynamic modelling is enhanced using the DSMC approach
in combination with high fidelity geometries. Satellite accelerations are reprocessed
leading to higher fidelity densities in better agreement with atmospheric models. Panel
model geometry and aerodynamic modelling turned out to reduce the reliability of de-
rived densities, especially for satellites with complex shape.
The use of DSMC introduces flexibility for analysing not only free-molecular regimes,
but also transition to continuum flow in re-entry conditions for additional research
scenarios. In particular, the Stochastic Parallel Rarefied-Gas Time-Accurate Analyzer
(SPARTA) simulator from SANDIA Laboratories (Gallis et al., 2014) is used in this work for
the aerodynamic modelling. The collisions between atmospheric particles and satellite
outer surfaces are simulated within a fixed domain. Pressures and shear stresses asso-
ciated to each surface element are computed and processed to retrieve overall satellite
force coefficients. Aerodynamic data sets from this processing are obtained as a prelim-
inary output. For each analysed configuration, the computed coefficients in the aero-
dynamic and body fixed frames are listed together with the characteristic simulation in-
puts (i.e. speed ratio, Euler angles). These data sets are successively processed to obtain
atmospheric densities. Further details about the process of extracting densities from ac-
celerometer data can be found in Section 2.5 and in Doornbos (2011). For the Swarm
satellites, GPS-derived accelerations have been used instead of accelerometer data due
to the presence of numerous spikes and anomalies (Siemes et al., 2016). These alternative
accelerations are estimated within the orbit determination processing using a Kalman-
filter approach (Wermuth et al., 2010). In particular, Swarm densities resulting from this
procedure were already analysed during the June 2015 geomagnetic storm in Astafyeva
et al. (2017).
In this chapter, for the complete set of satellites, accelerations have been processed with
panel and SPARTA-DSMC methods in order to analyse discrepancies between the two
approaches. Further comparisons have been performed with a set of semi-empirical
atmospheric models. The achieved results are provided in Section 2.5.

2.3. GEOMETRY MODELLING
The low level of information about existing panel model surfaces is a significant problem
for properly modelling satellite aerodynamics. Within this chapter, the CHAMP-TU Delft
(Doornbos, 2011), GRACE-Bettadpur (Bettadpur, 2007), GOCE-Alenia (Cometto, 2007)
and Swarm-Astrium (Siemes, 2018) have been used for the panel model geometries.
These macro model surfaces are respectively characterized by 16 panels for CHAMP, 12
for GRACE, 44 for GOCE and 15 for Swarm. Further details about these models and oth-
ers can be found in Tables 2.2 and 2.3. In general, for each panel, information about
normal vector components, area, reflectivity, diffusivity and emissivity indexes are listed
in the macro models. Information about panels relative locations are not provided. For
this reason, multiple reflections and shadowing effects are not easy to implement within
this method. Moreover, for this model, complex instruments like protruding antenna or
beams turned out to be difficult to model with a satisfactory accuracy.
As input for SPARTA-DSMC, new high fidelity geometry models were designed. These
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geometries are the inputs for the SPARTA-DSMC simulations, which will be discussed
in the next Section 2.4. In order to reproduce satellite geometries with high fidelity,
technical drawings (e.g. Schulz (1999), Lühr (2000), Hess (2001), Bettadpur (2012), Sev-
erino (2004a), Severino (2004b), Hammond (2006)) have been used and compared with
the generated surfaces. An overview of the new geometry models is available in Figure
2.2. Qualitative and quantitative comparisons with technical drawings and the previous
panel models are available in Section 2.7 and in Table 2.3. In order to raise the reliability,
all the possible outer surface elements have been implemented in the geometry mod-
elling. For this reason, technical drawings from satellite manufacturing companies and
pre-launch pictures have been exploited in order to correctly model structures, coatings,
thermal blankets and further details, which were not implemented in previous models.
Table 2.3 shows small differences in the projected areas along the spacecraft body-fixed
axes for GRACE and GOCE. These discrepancies reach a maximum value of 6% with re-
spect the newly designed geometries. Larger differences are highlighted for CHAMP. This
is especially verified comparing the projected areas along X-axis for Lühr (2002) and Bru-
insma and Biancale (2003), which register differences of 40.3% and 19.1% respectively.
These higher percentages are consistent with similar comparisons in Doornbos (2011).
The Swarm satellites show the largest differences with respect to the new model. The
highest contribution in the discrepancy is associated to the X-axis projection which has
a much smaller area with respect to the Astrium geometry model.

Figure 2.2: Rendering of satellite geometry models designed with CATIA V5 R21.

2.4. AERODYNAMIC MODELLING
The accelerometers on board of the CHAMP, GRACE, GOCE and Swarm satellites provide
measurements of non-gravitational accelerations. The measured accelerations contain
several contributions, which are not exclusively related to atmospheric drag. In order
to process satellite aerodynamics from accelerometer data, a correct modelling of addi-
tional contributions needs to be performed. In addition to the aerodynamic, other ac-
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Table 2.2: List of the satellite models with reference ID and description.

Satellite ID Title Description Reference

CHAMP 1 SPARTA-March 3D model This work
2 CH-IT-DID-001 Tech. drawings, panel model Lühr (2000)
3 ANGARA-CH 3D model Doornbos et al. (2009)
4 Luehr Panel model Lühr (2002)
5 Bruinsma Panel model Bruinsma and Biancale (2003)
6 TU Delft Panel model Doornbos (2011)

GRACE 7 SPARTA-March 3D model This work
8 CSR-GR-03-02 Panel model Bruinsma and Biancale (2003)
9 ANGARA-GR 3D model Doornbos et al. (2009)

10 Bettadpur Panel model Bettadpur (2007)

GOCE 11 SPARTA-March 3D model This work
12 Alenia Tech. drawings, Panel model Cometto (2007)

Swarm 13 SPARTA-March 3D model This work
14 Astrium Panel model Siemes (2018)

celerations are associated to solar radiation pressure, Earth infra-red radiation pressure,
Earth albedo radiation pressure and propulsive thrust. Once all these accelerations are
modelled as in Doornbos (2011), the aerodynamic accelerations can be retrieved. In lack
of reliable accelerations from the accelerometers, GPS data processing can also provide
the necessary information about non-gravitational forces (van den IJssel, 2014). This
method has been already implemented for deriving Swarm L2 density products (Doorn-
bos et al., 2017) and is used as well in this research.
At LEO altitudes, the thermospheric gas particles have long enough free path lengths and
a free molecular flow regime can be assumed. This allows us to neglect particle-particle
collisions, which speeds up DSMC simulations. In this work, the aerodynamic coeffi-
cients are provided by the SPARTA simulator. The performed simulations cover several
different characterizations of thermospheric flows. Moreover, within a specific domain,
several attitude configurations have been simulated in order to describe all possible sce-
narios encountered throughout the mission lifetime. Specific ranges for both attack and
side-slip angles have been introduced depending on each spacecraft operational history.
Once that geometry modelling has been improved, the influence of gas-surface interac-
tions between particles and satellite surfaces on the aerodynamic accelerations is cru-
cial to be investigated. One of the most important parameters for this investigation is
the energy accommodation coefficient (αE ). This parameter provides information about
the energy exchange between atmospheric particles and satellite outer surfaces (Pilinski
et al., 2016) and at this point will be an input of the new aerodynamic model. If the par-
ticles retain their mean kinetic energy after the collision, this parameter is zero, whereas
if particles adjust their temperature to the satellite surface temperature, this coefficient
reaches 1. The energy accommodation coefficient is defined as follows:

αE = Ti nc −Tr e

Ti nc −Tw
(2.2)
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Table 2.3: Projected areas (in m2) of the CHAMP, GRACE, GOCE and Swarm satellites as viewed along the
spacecraft body-fixed axes for different sources. Percentages provide the difference between the results of the
earlier models and those based on the newly designed geometries. The direction of X is along-track, whereas
those of Y and Z are along cross-track and nadir orientations, respectively.

Satellite Ref. ID X [%] Y [%] Z [%]

CHAMP 1 0.787 3.193 6.540
2 0.742 −5.7 3.120 −2.3 6.444 −1.5
3 0.794 0.9 3.245 1.6 6.621 1.2
4 0.470 −40.3 3.377 5.8 6.295 −3.7
5 0.637 −19.1 3.377 5.8 6.295 −3.7
6 0.743 −5.7 3.122 −2.2 6.456 −1.3

GRACE 7 1.008 2.488 6.103
8 1.001 −0.6 2.463 −1.0 - -
9 1.043 3.5 2.550 2.5 6.153 0.8

10 1.001 −0.6 2.638 6.0 6.365 4.3

GOCE 11 1.038 10.738 5.759
12 1.035 −0.3 11.210 4.4 6.049 5.0

Swarm 13 0.784 3.181 6.517
14 1.497 90.9 3.381 6.3 5.081 −22.0

Within this formula, Ti nc is the particles temperature before the collision, Tr e the re-
emitted particles temperature and Tw the satellite outer surface temperature. The ther-
mosphere is influenced by quasi-diffusive gas-surface interactions. The αE value de-
pends on different factors like solar activity, altitude and adsorbed gas composition over
satellite surfaces (Pardini et al., 2010; Pilinski et al., 2013). In order to fix an accom-
modation coefficient to focus exclusively on geometry and aerodynamic modelling, an
ideal fully-diffusive reflection mode (αE =1) has been selected for this study. The imple-
mentation of a detailed gas-surface interactions model with the introduction of optimal
accommodation coefficients is an important next step, which will be further described
in following chapters.
The energy accommodation coefficient has been introduced in Sentman’s equation, and
consequently in the panel method, by Moe et al. (2004) and Sutton (2009) as well as
Doornbos (2011) for accelerometer data processing.
The relative velocity (Vr ) is defined as the velocity of the satellite with respect to the
surrounding atmosphere. Following this implementation, the drag unit vector (ûD ) and
the ~Vr vectors have the same direction, whereas the lift unit vector for each single panel
(ûL,i ) can be found by equation 2.3, where n̂i is the normal vector of the i-th flat plate
element. The negative dot products of drag and lift unit vectors with n̂i are defined as γi

and li respectively.

ûL,i =− (ûD × n̂i )× ûD

‖(ûD × n̂i )× ûD‖ (2.3)

In order to retrieve information about drag and lift, Sentman’s formulas for a single-sided
flat plate can be modified using equations (2.4) and (2.5),
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CD,i , j =
[

Pi , jp
π

+γi Qi Zi , j + γi

2

vr e

vi nc

(
γi
p
πZi , j +Pi , j

)] Ai

Ar e f
(2.4)

CL,i , j =
[

li G j Zi , j + li

2

vr e

vi nc

(
γi
p
πZi , j +Pi , j

)] Ai

Ar e f
(2.5)

where
γi =−ûD · n̂i li =−ûL · n̂i (2.6)

G j = 1

2s2
j

Pi , j = 1

s j
exp(−γ2

i s2
j ) Q j = 1+G j Zi , j = 1+er f (γi s j ) (2.7)

The j-index is related to the j-th constituent. The overall aerodynamic coefficients con-
sist in the weighted sum of major constituents of local atmosphere. Furthermore, in
the previous equations, the velocity ratio between re-emitted and incoming particles
(vr e /vi nc ) is obtained as a function of the energy accommodation coefficient and wall
temperature by equation (2.8) from Koppenwallner (2009).

vr e

vi nc
=

√√√√1

2

[
1+αE

(
4RTw

v2
i nc

−1

)]
(2.8)

Within atmospheric flow investigations, the speed ratio (s) has a crucial importance.
This parameter is the ratio between satellite speed (vi nc ) and the most probable speed
of the atmospheric particles (denominator of equation 2.9). Analytically, the equation
2.9 provides the mentioned parameter.

s = vi nc√
2RTi nc

m

(2.9)

From the previous formula, it is possible to see that the speed ratio is directly connected
with the satellite speed, local atmospheric temperature (Ti nc ), molecular mass (m) and
gas constant (R). Analysing a certain range of speed ratios, including attitude variations
as well, all encountered mission scenarios can be simulated. For the selected satellites,
within the performed simulations, the speed ratio ranges between 1 and 14. This interval
guaranteed a complete description of experienced thermospheric conditions. After a
validation, provided in next Subsection 2.4.1, results concerning satellite aerodynamics
are presented in Section 2.4.2.

2.4.1. VALIDATION
In order to validate SPARTA computations, simple geometries have been introduced and
compared with panel method results. In this section, two validations for a flat panel and
a box are presented. Figure 2.3 gives a first comparison between the panel method result
(solid lines) and SPARTA aerodynamic coefficients (markers) for a two-sided flat panel.
At 0 degree of attack angle, the normal vector is aligned with the atmospheric flow direc-
tion and the drag force reaches its maximum value. Figure 2.4 shows the same analysis
for a box with angle of attack (a) and side-slip (b) angle variations. The aerodynamic
coefficients have been normalised with a reference area set to 1 m2.
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Figure 2.3: SPARTA validation for a two-sided flat plate. Aerodynamic coefficients computed using the panel
method (solid lines) are compared with DSMC computations (markers).
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Figure 2.4: SPARTA validation for a attack angle (a) and side-slip (b) rotations of a box. Aerodynamic coeffi-
cients for panel method (solid lines) are compared with DSMC computations (markers).
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For both investigations, the two approaches turned out to be in good agreement. The
presented simulations in Figures 2.3 and 2.4 have been performed for a fixed speed ratio
equal to 7, atmospheric temperature of 1000 K and satellite surface temperature of 400
K. The atmospheric composition is assumed to be 100% atomic oxygen. Changes in se-
lected inputs do not modify the agreement between the two approaches.
In combination with the presented validations, a sensitivity analysis has been per-
formed. This study showed a relevant influence of energy accommodation coefficient
and molecular mass on aerodynamic coefficients in agreement with Doornbos (2011).
Whereas, for temperatures the influence is smaller, especially for the surface tempera-
ture, which is not significantly affecting computed coefficients.

2.4.2. SATELLITE AERODYNAMICS
In order to compare the panel and SPARTA methods for realistic satellite aerodynam-
ics, normalised force coefficients as a function of attack and side-slip angle have been
investigated. A representation of the analysed angles is available in Figure 2.5.

Figure 2.5: Representation of side-slip and attack angles for GRACE.

In the following results, inputs are assumed to be the same as the previously defined
validations (Section 2.4.1). However, additional settings are also tested at the end of this
section. Figures 2.6 and 2.7 show the drag, lift and lift over drag ratio for CHAMP. Figure
2.6 analyses attack angle influence, whereas Figure 2.7 shows the aerodynamic coeffi-
cients for side-slip angle variations. For these figures, the left plot contains all quantities
of interest (drag, lift and lift over drag ratio), whereas, the right plots offer a detailed
description of exclusively lift and lift over drag ratio, which are characterised by lower
values. The selected aerodynamic coefficients have been normalised with a reference
area set to 1 m2 for all missions. This reference area does not depend on the attack and
side-slip angles, and therefore variations of the true flow-exposed area of the satellites do
not need to be independently calculated. These are already captured in the normalised
force coefficients which are a function of these angles. The normalised force coefficients
shown in Figures 2.6 – 2.13 were calculated with a speed ratio corresponding to 100%
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atomic oxygen and a temperature of 400 K. In order to process the new densities, the
drag coefficients need to be computed for all the atmospheric constituents and summed
to obtain the on-track values (Doornbos, 2011). Temperatures and the relative mass con-
centrations of atmospheric constituents depend on satellite locations and play a crucial
role in the final density estimation.
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Figure 2.6: Comparison between panel and SPARTA aerodynamic coefficients as a function of attack angles for
CHAMP.
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Figure 2.7: Comparison between panel and SPARTA aerodynamic coefficients as a function of side-slip angles
for CHAMP.

Introducing the results for the other satellites, Figures 2.8 and 2.9 are for GRACE,
Figures 2.10 and 2.11 for GOCE and finally Figures 2.12 and 2.13 for Swarm. Aerodynamic
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coefficients are available on the vertical axis, whereas selected attitude angles are on the
horizontal axis.
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Figure 2.8: Comparison between panel and SPARTA aerodynamic coefficients as a function of attack angles for
GRACE.
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Figure 2.9: Comparison between panel and SPARTA aerodynamic coefficients as a function of side-slip angles
for GRACE.

The drag coefficient is the predominant coefficient and analyzing each satellite, it
can be observed that coefficient differences are up to 32%. These discrepancies between
panel and SPARTA methods are not constant between different satellites and turned out
to be strictly related to satellite outer surface complexity. Indeed, the best agreement
can be found for GRACE, which in comparison with other satellites is characterized by a
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simpler shape. Large differences are obtained for Swarm, while the differences are at a
similar intermediate level for CHAMP and GOCE.
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Figure 2.10: Comparison between panel and SPARTA aerodynamic coefficients as a function of attack angles
for GOCE.
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Figure 2.11: Comparison between panel and SPARTA aerodynamic coefficients as a function of side-slip angles
for GOCE.
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Figure 2.12: Comparison between panel and SPARTA aerodynamic coefficients as a function of attack angles
for Swarm.

0

1

2

3

4

5

6

7

8

A
e
ro

d
y
n
a
m

ic
 c

o
e
ff
ic

ie
n
t 
[−

]

0 15 30 45 60 75 90

Side−slip angle [deg]

   

CD − Panels
CD − DSMC
CL − Panels
CL − DSMC
CL/CD − Panels
CL/CD − DSMC

−0.30

−0.25

−0.20

−0.15

−0.10

−0.05

0.00

A
e
ro

d
y
n
a
m

ic
 c

o
e
ff
ic

ie
n
t 
[−

]

0 15 30 45 60 75 90

Side−slip angle [deg]

   

Figure 2.13: Comparison between panel and SPARTA aerodynamic coefficients as a function of side-slip angles
for Swarm.

The previous results have been obtained for a fixed speed ratio equal to 7. However a
full range of different speed ratios between 1 and 14 has been analysed for each satellite.
Low speed ratios occur at low molecular mass of the gas, and at high gas temperature.
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Whereas, high speed ratios are characterized by the opposite trends according to Equa-
tion (2.9). Figure 2.14 shows the evolution of drag coefficients depending on different
speed ratios and selected side-slip angles.
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Figure 2.14: Drag coefficients as a function of the speed ratio for selected side-slip angles.

From Figure 2.14, it is possible to have a complete overview of the drag for the se-
lected satellites and different speed ratios. It turns out that nominal flight configura-
tion (β= 0) always provide overestimated drag coefficients from the panel method with
respect to the DSMC approach. As shown before, for the CHAMP, GRACE, and GOCE
satellites, the drag difference turns out to be less significant compared to Swarm. How-



2.5. DENSITY PROCESSING

2

29

ever, from these diagrams, it is clear that there are different behaviours also for different
side-slip angles. The panel method is not constantly overestimating or underestimat-
ing the drag, but the difference depends on the attitude and speed ratio. For the same
satellite and side-slip angle, it is possible to find a better agreement or a larger discrep-
ancy depending on the value of the speed ratio. This makes it necessary to have a com-
plete and detailed description of satellite aerodynamics as a function of each of these
inputs encountered during the mission lifetime. An accurate description about the or-
bit is obtained from the star camera attitude data. Whereas, the information about the
atmospheric composition to model the speed ratio along the orbit is provided by the
NRLMSISE-00 model (Picone et al., 2001). A complete and detailed aerodynamic data
set is generated from these outputs and these preliminary results are used as input for
the density processing explained in the next section.

2.5. DENSITY PROCESSING
Processing accelerations introduces the use of three orthogonal acceleration observa-
tions and four unknowns which are the density and the three wind velocity components.
The satellite relative velocity is provided by the combination of orbit, co-rotation and
wind velocities. The first two are known with higher fidelity with respect to the winds,
which can be obtained from specific models. Raw accelerometer data need to be pro-
cessed to remove various non-aerodynamic accelerations. These are mostly due to ra-
diation pressure, thrusters and mechanical forces from electrical currents (Flury et al.,
2008). The density is one of the scientific results obtainable from accelerations. As
mentioned in the introduction, many studies have been published on this processing.
Among recent scientific papers, Pilinski et al. (2016) and Mehta et al. (2017) provided im-
proved aerodynamic modelling for the DANDE, POPACS (Pilinski et al., 2016), CHAMP
and GRACE (Mehta et al., 2017) satellites. In Pilinski et al. (2016), the main attention is
focused on the aerodynamics of two satellites independently of the atmospheric den-
sity. Similar computations (as explained in Section 2.4) are used and a comparison with
closed-form solutions is also available. Simpler satellite shapes like DANDE allow for a
direct comparison with analytical solutions. However, the geometric complexity of the
selected satellites of this work does not allow a direct comparison with a single closed-
form solution, but only with a sum of multiple contributions from flat panels. As men-
tioned in the introduction, both papers use the TPMC technique. In particular, Mehta
et al. (2017) simulations are based on new geometries, which are designed with a CAD
software. Unlike this work, Mehta et al. (2017) assumes zero atmospheric winds. The
absence of atmospheric winds introduces uncertainties between 5% and 20% on esti-
mated densities (Sutton, 2008). Large uncertainties are especially detected for high lat-
itudes and geomagnetic active conditions. In this thesis, atmospheric winds are com-
puted with atmospheric models (i.e. HWM07), and where possible, wind components
can be derived from the acceleration data. Wind models are based on large amounts of
observations, the uncertainties are usually based on the natural variability of the system
and the observational uncertainties which can reach values greater than 100 m/s (Drob
et al. (2008), Drob et al. (2015)).
Both Pilinski et al. (2016) and Mehta et al. (2017) use variable gas-surface interactions
(GSI) models. These models provide different behaviours with respect to fully diffusive
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reflections and are applicable to the presented geometries. However, a further develop-
ment of current GSI models is necessary. Exploiting multiple satellite data sets as well
as analysing lift, torques, in addition to drag, would potentially allow an optimization of
GSI parameters, which will help to obtain more consistent density data. This is based
on a first crucial step that consists of a high-fidelity geometry modelling, which is fully
characterized in this work.
The densities from Sutton (2008) and Mehta et al. (2017) have been retrieved from the
supplemental data from Mehta et al. (2017). In this section, a comparison for the three
representative days selected in Mehta et al. (2017) is performed with the new densities
presented in this chapter. An additional comparison with Sutton results is also included.
The analysed days are: 2002-10-27, 2005-05-15 and 2009-08-28. The day in 2002 is asso-
ciated to high solar activity, whereas the 2005 and 2009 days are respectively for moder-
ate and low activities. This comparison covers the data of the CHAMP and GRACE satel-
lites. Full statistical details for the complete days are provided in the Table 2.4. Whereas,
Figures 2.15, 2.17 and 2.18 show the comparison between SPARTA, Mehta et al. (2017),
Sutton (2008) and Doornbos (2011) estimated densities for the CHAMP satellite within
the first three hours of each day. Figures 2.19, 2.20 and 2.21 show the same comparison
for the GRACE satellite. In each Figure, a direct comparison between densities is avail-
able in the top plot. The second plot presents the ratio between external and SPARTA
densities. Only for the CHAMP satellite, a full day plot is available in Figure 2.16 to high-
light a lack of data among the data sets. The flagged area in grey associated to a lack of
accelerations is due to missing star camera attitude data. This interval ranges between
18:32-19:20 UTC. This gap was linearly interpolated in Figure 3 of Mehta et al. (2017). In
Table 2.4 the flagged data are excluded from statistical comparisons. All the other days,
including those ones for GRACE, do not have additional flags. In Table 2.4, the mean
difference (MD) and mean ratio (MR) are computed as

MD = mean

( |ρext −ρspa |
ρspa

·100

)
MR = mean

(
ρext

ρspa

)
(2.10)

The ρext is the density estimated by one of the external sources, whereas ρspa is the
density obtained from SPARTA simulations. The comparison for CHAMP shows a higher
agreement with the results from Mehta and Doornbos. However, for Sutton’s data set,
the differences are larger. The new results match well with Doornbos’ previous data for
both missions. The density ratios based on Doornbos’ data in Figures 2.15–2.21 have
a smoother behaviour compared to the other two data sets, especially for GRACE. In-
deed, a nearly constant density ratio can be found in the Figures 2.19–2.21. Analogous
trends are obtained comparing independently Sutton and Mehta results. This might be
related to a similar accelerometer calibration processing between Sutton-Mehta results
from one side and Doornbos-SPARTA results from the other. For example, for the GRACE
satellite, the presence of spikes in the SPARTA-Doornbos results are associated to atti-
tude thruster effects. These disturbances in the accelerations have been differently fil-
tered out in the other two sets. This creates a double similarity and discrepancy respec-
tively within and between the two couples of sets. Differences in dealing with additional
acceleration contributions, such as solar radiation pressure, can create further variations
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between the analysed sets.
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Figure 2.15: Comparison of SPARTA results with Sutton (2008), Mehta et al. (2017) and Doornbos (2011) CHAMP
density data sets on the first 3 hours of 2002-10-27.
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Figure 2.16: Comparison of SPARTA results with Sutton (2008), Mehta et al. (2017) and Doornbos (2011) CHAMP
density data sets on 2002-10-27. The grey area is associated to a lack of star camera attitude data (18:32-19:20
UTC).
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Figure 2.17: Comparison of SPARTA results Sutton (2008), Mehta et al. (2017) and Doornbos (2011) CHAMP
density data sets on the first 3 hours of 2005-05-15.

00:00 00:30 01:00 01:30 02:00 02:30 03:00
0

1

2

3

4

5

D
en

si
ty

 [
k

g
/m

3
]

×10
-12

SPARTA

MEHTA et al. (2017)

SUTTON (2008)

DOORNBOS (2011)

00:00 00:30 01:00 01:30 02:00 02:30 03:00

2009-08-28

0.8

0.9

1

1.1

1.2

1.3

D
en

si
ty

 r
at

io
 [

-]

MEHTA et al. (2017)

SUTTON (2008)

DOORNBOS (2011)

Figure 2.18: Comparison of SPARTA results Sutton (2008), Mehta et al. (2017) and Doornbos (2011) CHAMP
density data sets on the first 3 hours of 2009-08-28.
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Figure 2.19: Comparison of SPARTA results with Sutton (2008), Mehta et al. (2017) and Doornbos (2011) GRACE
density data sets on the first 3 hours of 2002-10-27.
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Figure 2.20: Comparison of SPARTA results Sutton (2008), Mehta et al. (2017) and Doornbos (2011) GRACE
density data sets on the first 3 hours of 2005-05-15.
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Figure 2.21: Comparison of SPARTA results Sutton (2008), Mehta et al. (2017) and Doornbos (2011) GRACE
density data sets on the first 3 hours of 2009-08-28.

Table 2.4: Comparison of SPARTA results with Mehta et al. (2017) [M] Sutton (2008) [S] and Doornbos (2011) [D]
estimated densities

Satellite Source 27-10-2002 15-05-2005 28-08-2009
CHAMP Mean Diff. [%] M 5.27 3.92 5.41

S 12.92 15.84 16.15
D 6.03 5.84 6.09

Mean Ratio [-] M 0.96 0.97 0.95
S 1.12 1.16 1.16
D 0.94 0.94 0.94

GRACE Mean Diff. [%] M 17.38 22.84 23.93
S 7.05 8.67 17.65
D 3.39 3.44 4.67

Mean Ratio [-] M 0.83 0.77 0.83
S 0.93 0.92 1.08
D 0.97 0.97 0.95

For CHAMP, Table 2.4 shows a higher agreement between SPARTA and Mehta et al.
(2017) with respect to Doornbos (2011) and Sutton (2008). Indeed, among the three
representative days, there is an average percentage difference of 4.9% with Mehta et al.
(2017), 6% with Doornbos (2011) and 15% with Sutton (2008). Whereas, for GRACE, the
agreement with Doornbos (2011) is better. Calculated average differences are 21.4% with
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Mehta et al. (2017), 11.1% with Sutton (2008) and 3.8% with Doornbos (2011). Differences
within the three representative days are similar. However, densities estimated by Sutton
turned out to be highly correlated with SPARTA results for high solar activity. This result
can be associated to the different assumptions on the gas-surface interaction. Indeed,
Sutton (2008) used a constant value of 0.93 for the energy accommodation coefficient,
which is in agreement with high solar activities (Mehta et al., 2013). From the other side,
for Mehta et al. (2017), a Cercignani-Lampis-Lord (CLL) model is used (Walker et al.,
2014) and the comparison shows a more constant behaviour for differences. The adop-
tion of lower accommodation coefficients leads to higher drag coefficients, which result
in lower densities. Therefore, further research on GSI can reduce current discrepancies
with Mehta et al. (2017).
In the following subsections 2.5.1 and 2.5.2, the results concerning density processing
are provided through two different studies. The first relies on statistical comparisons be-
tween panel and SPARTA method for long time periods. The second one is focused on
specific yaw-manoeuvres in short time windows.

2.5.1. COMPARISON WITH SEMI-EMPIRICAL MODELS

In order to process data, the Direct and the Iterative algorithms from Doornbos (2011)
have been adapted to SPARTA and applied to the complete set of CHAMP, GRACE, GOCE
and Swarm satellites. Using these algorithms, panel method output can be directly com-
pared with new aerodynamic datasets from SPARTA. Taking into account nominal flight
conditions for long periods, it is possible to retrieve statistical information about den-
sities in comparison with available atmospheric models. These comparisons have been
performed for both panel and SPARTA methods. The reference frame is chosen with X
direction along the track, Y along cross-track and Z along radial orientation. For a nomi-
nal flight configuration, Euler angles are small and the inertial satellite velocity is mostly
aligned with the satellite longitudinal axis. In this case, it is possible to take into con-
sideration only the X-component of the accelerations. This procedure is used within the
Direct algorithm for density processing discussed in Sutton (2008) and Doornbos et al.
(2010). All four selected missions have been investigated. Swarm-A and -C provided
the same results because of their similar orbit and for this reason, they are listed to-
gether. For GRACE, only new densities from GRACE-A are shown because the twin satel-
lite (GRACE-B) provided the same results. Figure 2.23 presents a comparison of thermo-
spheric densities for Swarm Charlie with the two different geometry modellings. In this
figure, SPARTA and panel method results are compared with NRLMSISE-00 atmospheric
model (Picone et al., 2001). The statistical results are presented in the top left part of
each diagram by two parameters. These values are the log-normal mean ratio of esti-
mated densities over atmospheric model densities (µ∗) and the log-normal standard de-
viation (σ∗). Densities are estimated in the period between 2014-07-19 and 2016-09-30.
For this particular density model, the mean ratio shows a significantly better agreement.
The standard deviation is nearly constant. This is associated to the same difficulty in
modelling additional contributions like solar radiation pressure. Looking at low densi-
ties, the data cloud turns out to be wider. Indeed, lower densities are characterized by
lower aerodynamic contribution to the total acceleration which reaches radiation pres-
sure magnitudes. In these areas, solar radiation pressure incorrect modelling have more
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impact on densities. Further improvement of radiation pressure modelling would re-
duce errors in the measured densities. The achieved percentage differences for the set of
satellites depends on the reliability of previous panel geometry modellings, which turns
out to have been more accurate for simpler satellite geometries. For GRACE, which is
characterized by a simpler shape, the improved densities registered a difference of +5%.
Whereas, new geometry models for CHAMP and GOCE provided changes of 11% and 9%
respectively. In all cases, the changes were towards better agreement with the models
(Figure 2.22). This study has been conducted also comparing with different atmospheric
models (NRLMSISE-00, JB-2008 (Bowman et al., 2008) and DTM-2013 (Bruinsma, 2015)).

Figure 2.22: Comparison between panel and SPARTA densities for CHAMP, GRACE, GOCE and Swarm.

Investigated periods cover years of data in order to provide satisfactory statistical in-
formation. The longest periods between manoeuvres and the quality of satellite data
have been analysed in order to provide a reliable statistical information. In particular,
the analysed periods range between 2002-11-07 and 2008-12-31 for CHAMP, 2005-12-
12 and 2009-03-17 for GRACE, 2009-11-01 and 2013-11-05 for GOCE and, as mentioned
before, 2014-07-19 and 2016-09-30 for Swarm satellites. For all the comparisons, an im-
provement in the agreement with atmospheric models is achieved. An overview of ob-
tained results is available in Table 2.5.
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Figure 2.23: Diagrams showing the distribution of Swarm C density data with equivalent NRLMSISE-00 model
output. The colour scale indicates the number of points per bin. Panel method densities (left) are compared
with SPARTA results (right).

Table 2.5: Comparison of SPARTA results with NRLMSISE-00, JB-2008 and DTM-2013 atmospheric models

Satellite µ∗-panel µ∗-SPARTA σ∗

NRLMSISE-00
CHAMP 0.712 0.785 1.27
GRACE 0.668 0.699 1.42
GOCE 0.854 0.931 1.18
Swarm B 0.711 0.935 1.46
Swarm C (& A) 0.717 0.949 1.29

JB-2008
CHAMP 0.813 0.896 1.22
GRACE 0.920 0.964 1.44
GOCE 0.856 0.933 1.16
Swarm B 0.630 0.828 1.42
Swarm C (& A) 0.633 0.837 1.24

DTM-2013
CHAMP 0.800 0.882 1.22
GRACE 0.874 0.915 1.38
GOCE 0.823 0.896 1.16
Swarm B 0.566 0.745 1.41
Swarm C (& A) 0.598 0.791 1.24

Depending on the mission and atmospheric model, average mean ratios change.
New Swarm densities turned out to be better correlated with the NRLMSISE-00 model.
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However, CHAMP and GRACE are in better agreement with JB-2008. GOCE satellite den-
sities are performing nearly equally for both NRLMSISE-00 and JB-2008. The results of
this analysis provided scale factors which can be applied to previous panel method out-
put to have a fast improvement of current densities. This is a reliable approach in case
of nominal flight configurations. However, in the presence of manoeuvres or prolonged
attitude changes, the provided factors are not applicable. For what concerns the Swarm
mission, the presented results are currently adopted for Swarm L2 data product process-
ing of the DNSxPOD products (Doornbos et al., 2017).

2.5.2. ATTITUDE MANOEUVRES ANALYSIS

In this section, the presented geometry models cover additional attitude configurations
demonstrating that high fidelity densities can be provided also within manoeuvres. In
order to estimate the new densities, it is necessary to use the iterative algorithm from
Doornbos et al. (2010). Differently from the Direct algorithm, the relative velocity vec-
tor is not assumed to be aligned with the X axis of the satellite body frame, but it is
adjusted to the realistic direction resulting in a match between directions of observed
and modelled accelerations. After the adjustment in direction, it is necessary to match
the magnitude of the acceleration to finally retrieve the density. After a few iterations,
the density is modified in order to reach the final match and find the best fitting value.
If the geometric and aerodynamic modelling would be reliable, the processed density
remains nearly constant between the periods inside and outside the attitude manoeu-
vre. If the geometry is not accurately modelled, alterations in the density trends can be
found. A perfect continuous match is not achievable because of the variability of the
thermosphere. However, the densities are expected to stay approximately in the same
range within a few orbits under stable geomagnetic activity conditions.
In this section, the results about densities within three attitude manoeuvres encoun-
tered within the CHAMP and Swarm missions are shown. The first manoeuvre is a 40
deg yaw-manoeuvre for Swarm-A. This change of attitude has been performed on the
5th of May 2015. The variation started at 10:50 UTC and was back to the nominal state at
14:20 UTC. Figure 2.24 includes a wider time domain (6:00 to 18:00 UTC), which shows
the differences in accelerations and densities before, during and after the manoeuvre.
Figure 2.25 provides a similar plot. In this case, the performed manoeuvre is about 90
degrees. This is a combination of manoeuvres, four times the satellite changed its atti-
tude by 90 degrees. Figure 2.25 presents only a zoom-in within the first rotation. For both
plots, panel method densities are characterized by large alterations between outside and
inside the manoeuvre. However, for SPARTA a higher level of consistency is detected.
The side area is the predominant part for all these satellites and it is easier to model
with respect to the frontal area, which is full of instruments protruding out of the main
satellite body. For this reason, when the satellite is out of the nominal state, a better
agreement between the two models is reached. The panel method differently describes
the two attitudes for both manoeuvres, whereas, a continuous consistency is detected
for the SPARTA model. If the attention is focused within two orbits, outside and inside
the presented manoeuvres (highlighted in grey areas in Figures 2.24 and 2.25), it is pos-
sible to plot the data for the two orbits. The shaded areas are shown in detail in Figures
2.26 and 2.27 for the 40 and 90 degrees yaw manoeuvres respectively. In both plots, there
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are the densities predicted with the DTM-2013 atmospheric model, SPARTA and panel
methods. The solid lines characterize the densities estimated within the manoeuvre,
whereas the dashed lines represent the values estimated outside the manoeuvres. For
both the 40 and 90 degree attitude changes, it is possible to appreciate lower differences
between the SPARTA densities. This is visible when the satellite changes to a perpen-
dicular orientation with respect to the flow. Figure 2.27, shows high agreement between
SPARTA densities and a very large discrepancy for the panel method, which reaches up
to 40% of difference.
These findings are also confirmed for CHAMP. For this satellite, a 90 degree yaw manoeu-
vre has been selected. This sideways-flying attitude period occurred on 6th November
2002, between approximately 9:00 and 20:00 UTC, and it has already been investigated
in Doornbos (2011). Similar to Swarm, Figure 2.28 shows the accelerations and estimated
densities for this manoeuvre. The solar activity was high and the data provided quite dif-
ferent densities also between short time windows. The results turn out to contain higher
frequency information with respect to Swarm. This is mostly related to the smoothed
GPS-derived accelerations used for Swarm. However, also in this case, a more stable
trend for SPARTA densities is achieved within a few orbits. The panel method continues
to have large discrepancies. This is highlighted by Figure 2.29 which shows the densi-
ties as a function of the argument of latitude, which is the angle between the ascending
node and the satellite along the orbit. For low arguments of latitude, there is a very sim-
ilar trend between SPARTA densities. However, there is a relevant difference between
solid and dashed lines for the panel approach. Discrepancies tend to increase for both
methods after the second equator transit, but they get smaller again towards the end
of the orbit. Larger differences are reached after crossing the descending equator posi-
tion and in particular at the south pole. This is explained by the high variability of the
thermosphere, especially for high solar activities for regions with complex atmospheric
dynamics.
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Figure 2.24: Swarm-A densities for panel method and SPARTA during 40 deg yaw manoeuvre on 2015-05-05.
Comparison with three atmospheric models: NRLMSISE-00, JB-2008 and DTM-2013.
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Figure 2.25: Swarm-A densities for panel method and SPARTA during 90 deg yaw manoeuvre on 2014-05-13.
Comparison with three atmospheric models: NRLMSISE-00, JB-2008 and DTM-2013.
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Figure 2.26: Swarm-A densities for panel method and SPARTA during 40 deg yaw manoeuvre on 2015-05-06.
Comparison with DTM-2013. The line types correspond to the data equally marked in Figure 2.24 for out-
side (dashed) and inside (solid) the analysed attitude manoeuvre. Outside: 2015-05-05, 6:32:00 - 8:05:30 UTC.
Inside: 2015-05-05, 11:13:30 - 12:46:30 UTC.
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Figure 2.27: Swarm-A densities for panel method and SPARTA during 90 deg yaw manoeuvre on 2014-05-13.
Comparison with DTM-2013. The line types correspond to the data equally marked in Figure 2.25 for outside
(dashed) and inside (solid) the analysed attitude manoeuvre. Outside: 2014-05-12, 18:44:00 - 20:17:30 UTC.
Inside: 2014-05-13, 2:34:00 - 4:07:30 UTC.
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Figure 2.28: CHAMP densities for panel method and SPARTA during 90 deg yaw manoeuvre on 2002-11-06.
Comparison with three atmospheric models: NRLMSISE-00, JB-2008 and DTM-2013.
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Figure 2.29: CHAMP densities for panel method and SPARTA during 90 deg yaw manoeuvre on 2002-11-06.
Comparison with DTM-2013. The line types correspond to the data equally marked in Figure 2.28 for outside
(dashed) and inside (solid) the analysed attitude manoeuvre.

2.6. CONCLUSIONS AND RECOMMENDATIONS
This first chapter presents new thermospheric density estimations using accelerometer
and GPS derived accelerations. High fidelity geometries have been designed using tech-
nical drawings and pre-launch photographs in order to raise as much as possible the
accuracy level. Physics-based drag coefficients have been obtained as the outcome of a
preliminary processing. Further processing of aerodynamic data sets has been applied
in order to retrieve improved densities. A general improvement can be found compar-
ing the average mean ratios between panels and SPARTA models with the atmospheric
models. The reliability of the new model has been additionally verified with the manoeu-
vre analyses. This study shows an improvement in the consistency of densities through
changes of attitude. New densities turned out to be higher than the panel method re-
sults. Indeed, differences of +11% for CHAMP, +5% for GRACE, +9% for GOCE and +32%
for Swarm have been detected in this study. The improvement with respect to previous
geometry modelling is especially relevant for Swarm and, in general, for satellites with
complex shape. For GRACE, the achieved improvements resulted to be lower in magni-
tude, because of the simpler outer surfaces, which are easier to model also with the panel
method approach. The weight of atmospheric models on the final results highlight dif-
ferent behaviours. Further research based on overlap analyses performed between dif-
ferent missions in the same time window will provide additional benefits. Together with
a high fidelity gas-surface interactions model, densities and wind will be also improved.
Based on the presented results, further research can now investigate and provide tools
for gas-surface interactions models optimization and atmospheric models tuning. Dif-
ferent accommodation coefficients and GSI modellings based on the presented model
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will provide more consistent thermospheric density data sets, improved atmospheric
models and accurate predictions of satellite drag.
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2.7. APPENDIX-A: COMPARISON BETWEEN SPARTA AND

TECHNICAL DRAWING GEOMETRIES

Figure 2.30: Comparison between technical drawing (shaded area) and SPARTA geometry model (black lines)
for CHAMP. Inclination of boom has been modified from technical drawings by 1 deg (Lühr, 2000). Side view.

Figure 2.31: Comparison between technical drawing (shaded area) and SPARTA geometry model (black lines)
for CHAMP. Larger SPARTA geometry areas are modelled to take into account covering materials, which are not
included in the technical drawings. Top view.

Figure 2.32: Comparison between technical drawing (shaded area) and SPARTA geometry model (black lines)
for GRACE. Side view.
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Figure 2.33: Comparison between technical drawing (shaded area) and SPARTA geometry model (black lines)
for GRACE. Front view.

Figure 2.34: Comparison between technical drawing (shaded area) and SPARTA geometry model (black lines)
for Swarm. Side view.

Figure 2.35: Comparison between technical drawing (shaded area) and SPARTA geometry model (black lines)
for GOCE. Side view.
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CHAMP AND GOCE

THERMOSPHERIC WIND

CHARACTERIZATION WITH

IMPROVED GAS-SURFACE

INTERACTIONS MODELLING

G. MARCH, T. VISSER, E.N. DOORNBOS and P.N.A.M. VISSER

The CHAMP and GOCE satellites provided high-resolution thermosphere data between
2000 and 2013, improving our knowledge of atmosphere dynamics in the thermosphere–
ionosphere region. However, the currently available data sets contain inconsistencies with
each other and with external data sets and models, arising to a large extent from errors
in the modelling of aerodynamic forces. Improved processing of the wind data for the two
satellites would benefit the further development and validation of thermosphere models
and improve current understanding of atmospheric dynamics and long-term trends. The
first step to remove inconsistencies has been the development of high-fidelity models of
the satellite surface geometry. Next, an improved characterization of the collisions be-
tween atmospheric particles and satellite surfaces is necessary. In this chapter, the effect
of varying the energy accommodation coefficient, which is a key parameter for describ-
ing gas-surface interactions (GSI) is investigated. For past versions of the thermosphere

Parts of this chapter have been published in Advances in Space Research, 64(6), 1225–1242, 2019 March et al.
(2019b).
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density and wind data from these satellites a value of the energy accommodation coeffi-
cient of αE = 0.93 was selected. The satellite accelerometer measurements, from which the
thermospheric data are derived, have now been reprocessed using high-fidelity geometries
and a wide range of αE values. Lowering the αE value used in the processing leads to an
increase in the lift over drag ratio for those satellite panels that are inclined to the flow.
This changes the direction of the modelled acceleration, and therefore the interpretation
of the measured acceleration in terms of wind. The wrong choice of αE therefore leads to
the introduction of satellite attitude-dependent wind errors. For the CHAMP and GOCE
satellites, we have found that values of the energy accommodation coefficient significantly
lower than 0.93 (0.85 for CHAMP and 0.82 for GOCE) result in increased consistency of the
wind data. A comparison between the two missions and an overview of the influence on
the results of filtering for solar activity and seasonal and diurnal variations is presented.

3.1. INTRODUCTION
The accuracy of thermospheric wind data sets derived from satellite accelerations is
coupled to satellite aerodynamic modelling. Previously derived thermospheric prod-
ucts have been computed using simplified satellite geometries and gas-surface interac-
tion (GSI) assumptions based on only sparse experimental data (Doornbos, 2011; Sut-
ton, 2008). However, in recent years, an increasing interest in enhanced geometry and
satellite aerodynamics modelling has raised the accuracy level of acceleration data pro-
cessing applied for retrieving thermospheric densities (March et al., 2019a; Mehta et al.,
2017; Pilinski, 2011; Pilinski et al., 2016). Weaknesses in the formerly used geometry
models turned out to adversely affect the accuracy and consistency of thermospheric
products with discrepancies in density up to 32% (March et al., 2019a). However, the
observed large scale differences between data sets and atmospheric models are not ex-
clusively connected to inaccurate geometry modelling. Indeed, the characterization of
the physics describing the collisions between atmospheric molecules and satellite sur-
faces plays a crucial role. In this study, we shift the focus from density to wind data.
Differently from a study based on the density, the higher sensitivity of the wind data to
the aerodynamic model provides a better opportunity to find more optimal GSI settings.
The CHAMP (Challenging Minisatellite Payload) and GOCE (Gravity field and steady-
state Ocean Circulation Explorer) satellites have been selected in order to provide a bet-
ter understanding of this influence.

The CHAMP mission was designed to investigate the Earth’s gravity and magnetic
fields as well as the thermosphere–ionosphere region (Reigber et al., 2002). The mis-
sion was initially planned to last for five years, but it provided data from July 2000 to
September 2010, covering altitudes between 300–500 km and almost a full solar cycle.
The on-board accelerometer measured high-resolution non-gravitational accelerations
for a large part of the mission lifetime.

The European Space Agency (ESA) GOCE mission had the primary objective to pro-
vide a detailed description of the static part of Earth’s gravity field (Floberghagen et al.,
2011). In order to do so, the spacecraft, which was in orbit between 2009 and 2013, was
equipped with a gradiometer, consisting of six accelerometers positioned along the di-
rections of the body-fixed reference frame. Although this was not the primary objective,
the accelerometer data from both missions provide an opportunity for analysis in terms
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Table 3.1: List of the mission characteristics for the CHAMP and GOCE satellites.

Satellite CHAMP GOCE

Management & operations GFZ and DLR ESA
Launch date 15 Jul. 2000 17 Mar. 2009
Reentry date 19 Sept. 2010 11 Nov. 2013
Initial altitude 460 km 270 km
Inclination 87.3 deg 96.7 deg
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Figure 3.1: CHAMP and GOCE altitude evolution over time, in terms of the daily minimum, mean, and maxi-
mum. Solar activity is indicated by the 81-day mean F10.7 flux value.

Table 3.1 lists basic information about both missions, while Fig. 3.1 illustrates the
evolution of their altitudes, set against the solar cycle variation. CHAMP encountered
higher peaks of solar activity compared to GOCE. This especially occurred at the begin-
ning of its lifetime. GOCE operated at very low altitudes (around 260 km for most of the
mission) during low to moderate solar activity. Due to their orbit geometries and cov-
erage of atmospheric conditions, these two satellites were able to provide a complete
analysis of thermospheric winds in terms of local time, solar activity and altitude.

At the altitudes of these satellites, the atmosphere is highly rarefied. Collisions be-
tween atmospheric particles are negligible with respect to the gas-surface interactions.
Physical aerodynamic coefficients can be determined by computing the energy and mo-
mentum exchange between atmospheric particles and satellite outer surfaces.
The first studies on the interactions between molecules and surfaces arose in the previ-
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ous century, when laboratory experiments were developed to measure surface reflection
properties (e.g. Saltsburg et al., 1967). Replicating the extremely low densities and high
velocities of satellite orbits in the laboratory has remained extremely challenging how-
ever. With the advent of space exploration, satellite experiments indicated that surfaces
are covered by adsorbed gases and that the nature of reflections might vary depending
on the satellite orbit characteristics (Moe et al., 1998). These first measurements were
mainly obtained using pressure gauges (Moe et al., 1972; Moe and Moe, 1969) and mass
spectrometers (Hedin et al., 1973) and indicated that at around 200 km altitude, the ac-
commodation coefficient should be near unity and depends only on the adsorbed gas
at the surface (Moe et al., 1993). Unfortunately, there are only very limited direct mea-
surements of the angular distribution of reflected particles. An experiment on the Space
Shuttle at 225 km by Gregory and Peters (1987) revealed a distribution of 97–98% diffusive
reflection (αE =1) and 2–3% quasi-specular reflection (0<αE <1).

More elaborate or more recent dedicated gas-surface interaction experiments in
space are not available, but the improvement in satellite instrumentation allows us to
investigate this area indirectly, in this case through the effect of gas-surface interactions
on thermospheric density and wind retrieval.

In this work, we make use of the higher sensitivity of accelerometer-derived winds
to the energy accommodation coefficient. The effect of this parameter on the low–mid
latitude wind data is easier to assess than on the density data, because thermospheric
winds show far less variation with altitude and solar activity than thermospheric density
(Doornbos, 2011).

An important premise used in this work is that a wrong value of the energy accommo-
dation adds errors to the wind data, which introduces an erroneous artificial variability
on top of the natural wind variability. An estimate of the most suitable energy accom-
modation coefficient can therefore be found by finding the value for which the wind
variability is at a minimum either looking at two similar orbits or comparable seasonal
or solar activity conditions. An implied assumption is that energy accommodation re-
lated wind errors are uncorrelated with the natural wind variability. We also investigate
the sensitivity of this approach to parameters that drive the natural wind variability, such
as season, latitude and local time.

3.2. GAS-SURFACE INTERACTION MODELING
The satellite aerodynamic model by Sentman (Sentman, 1961a,b) and modified by Moe
and Moe (2005) has been implemented for accelerometer data processing by Sutton
(2009) and Doornbos et al. (2010). Mehta et al. (2017) introduced the name Diffuse Re-
flection Incomplete Accommodation (DRIA) for this model. Due to lack of more detailed
investigations at the time, both Sutton (2009) and subsequently Doornbos et al. (2010),
adopted the value for the energy accommodation coefficient of αE = 0.93 used in a nu-
merical example by Bowman et al. (2007), as a first effort towards consistency in data
processing.

Later, Mehta et al. (2017) adopted the gas-surface interaction modelling research by
Pilinski et al. (2013) and Walker et al. (2014) for their updated CHAMP and GRACE data
sets. GOCE and Swarm data are not yet processed using this approach however, so aero-
dynamic modelling inconsistencies between the different missions remain to this day.
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Moreover, these papers focused on density data, and an investigation on the effect of
gas-surface interaction on wind retrieval has not been performed before.

In the DRIA model, the energy accommodation coefficient is the only GSI model pa-
rameter. More sophisticated models, used by Mehta et al. (2017), for example, offer ad-
ditional parameters and introduce a variability of parameters based on gas conditions
(temperature and composition). However, due to a lack of experimental data, as well as
lack of measurements of the gas conditions by the current generation of accelerometer-
carrying satellites, additional parameters have to be set to assumed values. In our assess-
ment, the current observational data is therefore not suitable for a reliable assessment of
such models. We therefore commit to the DRIA model for the remainder of this chapter.

The DRIA approach for gas-surface interaction is based on reflections with a diffusive
angular distribution, according to Lambert’s cosine law (Lambert, 1892). The exchanged
energy at the surface depends on αE values which range between 0 and 1. The energy
dissipation can be computed from the incoming and reflected kinetic temperatures (Tk,i

and Tk,r ) and the surface wall temperature (Tw all ) as

αE = Tk,i −Tk,r

Tk,i −Tw all
(3.1)

The incoming kinetic temperature is related to the molar mass (m) and the incoming
velocity (Vi ) as

Tk,i =
mV 2

i

3kB
(3.2)

where kB is Boltzmann’s constant. The kinetic temperature of the reflected particles can
be determined from Eq. 3.1 by

Tk,r = Tk,i (1−αE )+αE Tw all (3.3)

The lack of measurements or models for the wall temperature introduces an uncertainty
in calculations. However, since Tw all ¿ Tk,i , the sensitivity to this parameter is low and
does not particularly affect aerodynamic computations.

The value of Tk,r can be substituted into the equations by Sentman (1961b) for the
drag and lift coefficients of a flat plate with one side exposed to the flow. A simple aerody-
namic model of a satellite can be build by simply combining several of those plates with
appropriate areas and orientations, as described by Doornbos (2011). However, this ap-
proach does not provide information on multiple reflections, shadowing and, especially,
does not accurately describe all the surface elements of the satellite. A higher-fidelity
representation of the satellite outer-surface geometry, such as presented by March et al.
(2019a) can be used in combination with gas-dynamics simulation software based on a
Monte Carlo method. This approach has been adopted here.



3

54 3. INFLUENCE OF GAS-SURFACE INTERACTIONS ON THERMOSPHERIC WIND

0

1

2

3
D

ra
g 

an
d 

lif
t c

oe
ffi

ci
en

t

0

0.04

0.08

0.8 0.9 1.0 0.8 0.9 1.0 0.8 0.9 1.0
Energy accommodation coefficient (-)

Drag
Lift

Drag
Lift

Drag

0

1

2

3

Drag

Lift

Figure 3.2: Variation of drag and lift coefficients for a one-sided panel as a function of the energy accommo-
dation coefficient in the Diffuse Reflection Incomplete Accommodation (DRIA) satellite aerodynamics model.
The variation is shown for three different incidence angles. Note the different Y-axis scale for the rightmost
panel.

To understand the effect of the energy accommodation coefficient in the DRIA
model, however, we briefly return to the case of a single flat plate. Fig. 3.2 shows how
the energy accommodation coefficient αE affects the magnitude of the modelled drag
force for such a satellite panel. In addition, and more important for this work, it affects
the modelled lift over drag ratio of those panels that are inclined to the flow, and there-
fore the direction of the modelled acceleration. Since the crosswind retrieval is based
on matching the direction of the modelled acceleration with the observed one, a wrong
value of the energy accommodation coefficient leads to error in the retrieved wind prod-
uct. This αE -induced wind error depends on the orientation of the satellite’s panels with
respect to the flow, and therefore on the attitude of the satellite as well as the flow ve-
locity vector. On both CHAMP and GOCE, the attitude of the satellites was controlled
so that the longitudinal axis of the satellite was kept within a certain range of a few de-
grees, with respect to the velocity vector. Variation within this range depended on the
interplay between the torques exerted by the attitude control actuators on the satellite
(magnetic torquers on both satellites and in addition cold gas thrusters on CHAMP) and
the external torques, and therefore had a certain degree of randomness. Due to this ran-
dom element which is more relevant for the CHAMP satellite than for GOCE, an error in
the gas-surface interaction used in the data processing will have introduced errors in the
wind data that are uncorrelated with the physical wind.

3.3. METHODOLOGY
Various authors have dealt with inconsistencies in accelerometer-derived density and
wind data by estimating correction factors to apply to the data, to get them in line with
other sources (Bowman et al., 2008; Dhadly et al., 2017, 2018; Weimer et al., 2018). In
order to remove the inconsistencies at the source, however, it was first of all necessary to
improve the satellite outer surface modelling. For the CHAMP and GOCE satellites, new
geometries have been designed and used as input in the SPARTA gas-dynamics simula-
tor (Gallis et al., 2014), as presented in March et al. (2019a). The analysis in this paper
was based on full accommodation (αE = 1.00), and the resulting model was applied to
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the processing of CHAMP, GRACE, GOCE and Swarm density products. However, the
geometry modelling errors are only partially responsible for the discrepancies between
the data sets, because the gas-surface interaction modelling also plays a key role. The
assumption of full accommodation is most likely not valid and possible alternatives are
discussed in the following sections.

Within this study, the algorithms of March et al. (2019a) are used for the processing of
CHAMP and GOCE thermospheric wind products. The GRACE and Swarm satellite data
have not been included. Their data does not meet the criteria in terms of aerodynamic
acceleration signal strength. The presence of instrument or platform-related issues for
these missions also prevents a reliable wind retrieval.

The equations introduced in Section 3.2 were implemented in the input to the
SPARTA code, and subsequently aerodynamic data sets were generated for each satel-
lite. The Tw all was fixed to 400 K in agreement with March et al. (2019a). The SPARTA
outputs comprise of a complete coverage of aerodynamic force coefficients, covering
different satellite attitudes (attack and side-slip angles) and atmospheric particle com-
position and temperature, through the speed ratio (s), defined as

s = vi nc√
2RTi nc

m

(3.4)

In order to be able to provide the static temperature Ti nc and molecular masses m of the
incoming gas particles, the NRLMSISE-00 model was used (Picone et al., 2001).

The role of GSI is investigated by assuming it can be represented by a constant en-
ergy accommodation αE . In previous work by Doornbos et al. (2010); Sutton (2008) αE

was set to 0.93, and in March et al. (2019a) it was set to 1.00. However, in this work, we
will be searching for an optimal value, depending on the self-consistency of resulting
wind data. Limitations are still present, especially because the NRLMSISE-00 empiri-
cal model is used for Ti and m in Eq. 3.4. To reduce these uncertainties, independent
temperature and composition observations would be required on future accelerometer-
carrying satellites.

The natural variability of thermospheric winds depends mainly on season, local solar
time, latitude, and geomagnetic activity. Solar activity, in terms of solar extreme ultra-
violet (EUV) emission, has a much smaller influence on thermospheric wind than on
density, but it is taken into account in the next sections as well. There is also a depen-
dence of wind on longitude and its associated upward propagating waves, which will not
be considered in the remainder of the chapter.

Within this work, two different methods are used to gain more insight into CHAMP
and GOCE accelerometer-derived thermospheric wind and its sensitivity to GSI mod-
elling. For the GOCE mission, a long period investigation over 3 years (between 2010-
2013) is introduced to look at self-consistency over different seasons and solar activ-
ity conditions (Section 3.5). For the CHAMP satellite, an enhanced wind consistency
is studied through the analysis of the sideways manoeuvre that occurred in November
2002 (Section 3.6).
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3.4. THERMOSPHERIC WIND DATA

Early studies of wind derivation from accelerometer data started long before the launch
of dedicated missions such as CHAMP and GOCE (Marcos and Forbes, 1985). More re-
cently, detailed analyses of thermospheric wind have been performed using CHAMP (Liu
et al., 2006, 2009; Lühr et al., 2007a,b) and GOCE (Doornbos et al., 2014; Liu et al., 2016)
data sets.

In this chapter, the thermosphere horizontal wind experienced by CHAMP and
GOCE is investigated to provide a better consistency and an enhanced understanding
of the energy accommodation parameter. The wind retrieval from accelerations is based
on the algorithm by Doornbos et al. (2010) and because low- and mid-latitude data has
been selected, the analyzed cross-track wind component is in the zonal (eastward pos-
itive) direction. Errors due to the meridional component of the cross-track wind are
negligible for both satellites.

Figure 3.3: Ascending (top) and descending (bottom) mean zonal winds for the CHAMP satellite
within the selected period and with αE =0.93. The LTAN evolution is also available in the top part
of the figure.
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In this chapter, the geomagnetic coordinates (quasi-dipole coordinates) were pre-
ferred to the geodetic ones in agreement with previous works (e.g. Xiong et al. (2015),
Huang et al. (2017)). MLAT ensures an easier description of winds in the polar regions
due to the winds nature mostly driven by the energy input that is fed into the thermo-
sphere via magnetic field and, in particular, through field-aligned currents (Gasperini
et al., 2016). Even though the high magnetic latitudes are excluded from the following
diagrams, we decided to keep this convention. For the neutral density plots available in
this thesis, the argument of latitude was mostly used to mitigate possible misinterpre-
tations of the results due to the altitude variations along the satellite orbit. The change
of the signal of the density variability caused by the interaction with currents (e.g. Joule
heating, EPP heating) is very small compared to the change in altitude.

In the previous processing at Delft University of Technology, the wind for CHAMP
and GOCE have been processed assuming αE equal to 0.93 (Doornbos, 2011). These
products were based on low fidelity satellite geometries. Figs. 3.3 and 3.4 show the zonal
wind as a function of magnetic latitude (MLAT) and time for the ascending and descend-
ing orbit sectors for CHAMP and GOCE. These figures are generated for αE =0.93, but
with improved high-fidelity geometries from March et al. (2019a).

Figure 3.4: Ascending (top) and descending (bottom) mean zonal winds for the GOCE satellite
within the selected period and with αE =0.93. The LTAN evolution is also available in the top part
of the figure.
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As a starting point, from these data sets and figures, it is possible to observe the tem-
poral cyclic nature of thermospheric wind as sampled along the satellite orbits and how
the magnitude varies with different magnetic latitudes. For GOCE, which had a nearly
sun-synchronous orbit, the dominant cycle is the seasonal one. Indeed, similar wind fea-
tures can be observed with a regular period of one year. Looking at the descending sector
zonal wind in Fig. 3.4, it is clear that magnitudes are reaching their peaks around January
and July periods respectively for Southern and Northern hemispheres. CHAMP on the
other hand, had an orbital plane which precessed with respect to the Sun, completing a
full cycle in less than a year and allowing for a 24 h coverage in local time over 130 days.
Therefore, although the seasonal cycle is visible in the data, the dominant cycle is due to
the winds varying with local solar time. The selected time domains are between 2002-
01-01 and 2006-01-01 for CHAMP (Fig. 3.3) and between 2010-01-01 and 2013-01-01 for
GOCE (Fig. 3.4). These two intervals guarantee a full description of horizontal wind ex-
cluding periods with low aerodynamic accelerations at solar minimum and high altitude,
and those with many satellite manoeuvres. The variability of the wind at magnetic lati-
tudes over 45 degrees and below -45 degrees (not shown in the Figures) is much stronger
than at lower latitudes. This is due to intense thermosphere/ionosphere/magnetosphere
coupling at high latitudes. In Section 3.5, we removed the high latitude data from our
analysis, to be able to more clearly discern the natural variability and the variability due
to gas-surface interaction model error.

As shown in Fig. 3.5, the two missions sample different local times (LT). The GOCE
satellite mainly was flying at LT between 3:00–9:00 and 15:00–21:00 hours, whereas the
CHAMP mission provided measurements over the full range of local times. Fig. 3.5 il-
lustrates the wind data for the two missions. The overall wind for the complete range of
MLAT values is available on the top, whereas mid–low latitude data are available in the
bottom panel for each satellite. The comparison between the two plots for each satellite
show that especially high wind measurements are removed, as these usually occur in the
highly variable thermospheric conditions at high latitudes.

The two selected satellites are characterized by different orbits. The dusk-dawn orbit
of GOCE requires particular attention and, in the following pages, the ascending (dusk)
and descending (dawn) orbit sectors are investigated independently. Since the thermo-
spheric wind at low latitude flows predominantly from the day-side to the night-side, the
dawn and dusk zonal wind components have opposite signs. The CHAMP data is char-
acterized by a continuous variation in local time, which makes a seasonal analysis more
complicated. For this reason, for CHAMP, another approach based on the zonal wind
investigation over a sideways manoeuvre is introduced in Section 3.6.

The selected satellite data have been compared also with the Horizontal Wind Model
(HWM). This model is based on ground-based, rocket and satellite measurements. The
HWM-14 version of the model provides a time-dependent global empirical description
of the upper atmospheric general circulation dynamics, with an extremely large number
of observations (Drob et al., 2015), including also a subset of the GOCE data. This model
was preferred to the older version (HWM-07) especially for the much wider assimilated
data set (Drob et al., 2015). The GOCE data in HWM-14 is based on older processing us-
ing a lower fidelity satellite geometry and an energy accommodation of 0.93. The HWM-
14 model therefore does not provide an independent source of validation of reprocessed
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GOCE data. Instead its use here is to investigate the influence of trying to use such a
model for lowering the variability in the data. The model can be thought to represent
part of the natural variability in the thermospheric wind. When this part is removed, the
variability due to errors in the accommodation coefficient used in the data processing
will be more clearly visible and easy to assess. The main results are shown in compari-
son with the HWM-14 model, however in the next section the newly derived zonal winds
are also compared with the HWM-07 version for completeness.

Figure 3.5: Wind data for the CHAMP and GOCE satellites with a full range of magnetic latitudes
and with filtering enabled for magnetic latitude below 45 deg. Bins with less than 15 and 40 points
are not shown for CHAMP and GOCE, respectively.
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In the development of empirical models such as HWM, possible discrepancies be-
tween observation data sets are constantly under investigation. Outcomes like those
presented in the next sections are important in the improvement process. In Sections
3.5 and 3.6, the results for GOCE and CHAMP are illustrated looking at the newly derived
wind themselves and at comparisons with HWM output. An accurate analysis of the two
approaches provides an essential input for assessing possible future work in terms of
data assimilation and in general for empirical modelling.

3.5. GOCE ANALYSIS
In this section, the observed wind is subdivided into three seasonal bins. Each bin
includes four months of data: December solstice (between November and February),
Equinox (March, April, September, October) and June solstice (between May and Au-
gust). In order to purely investigate the GSI features within the new model, the main
quantity of interest is the standard deviation of the zonal wind observations (σW I N D ) for
the complete spectrum of αE values. This quantity of interest was estimated binning the
selected data with a resolution of 1 degree in MLAT. Therefore, wind data sets have been
generated with an energy accommodation coefficient ranging between 0 and 1. Within
this study, we expect an optimal level of consistency in the wind data for a specific ac-
commodation coefficient. If the αE value would deviate from the optimal value, this
would lead to differences in the direction of the aerodynamic force as a function of the
satellite attitude, which would generate a reduction in the consistency in the wind data.
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Figure 3.6: Standard deviation of newly derived zonal wind for the GOCE satellite, for data with a maximum
geomagnetic latitude of ±45 deg. The values are averages over the selected magnetic latitudes and all the
sampled local solar times.

The energy accommodation coefficient influence on the standard deviation of the
wind data can be observed in Fig. 3.6. The magnetic latitude (MLAT) range is considered
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within ±45 degrees. The data for the full range of magnetic latitudes are made available
as part of the official ESA data dissemination. However, for this analysis the range was
limited due to the complex dynamics at the poles which did not provide enough stabil-
ity in the winds to extract meaningful information regarding the energy accommodation
coefficient at high latitudes. The averages over the selected magnetic latitudes are com-
puted for the full range of αE values. Markers highlight the minimum points of stan-
dard deviation. For the GOCE satellite these values are within the range of 35 to 70 m/s.
For energy accommodation coefficients approaching unity, the standard deviation has a
steep slope. At full accommodation, lift forces on the satellite are at their minimum (see
Figure 3.2), and a cross-track acceleration would instead be erroneously interpreted as a
higher wind speed.

Minima in the standard deviation curves appear for αE values well below 0.93, in the
0.79–0.87 range for GOCE, depending on the seasonal and local time bins. This indicates
that the lift component of the aerodynamic force on satellite panels plays a significant
role in thermosphere data processing from satellite accelerations. Computing the aver-
age over the selected range of MLAT values (Fig. 3.6), the minimum points converge to
an accommodation coefficient of 0.82. This value is in agreement for the three seasonal
subsets. The accommodation coefficient ranges between two extreme values of 0.79 (for
December solstice and Equinox in dawn) and 0.87 (for December solstice in dusk). This
strong seasonal variation is expected to be connected to the low altitude. Further vari-
ations for smaller MLAT ranges (below ±45) or normalizing the standard deviation with
the total range of wind speeds did not affect the results.

Figure 3.7: Standard deviation of new zonal wind for the GOCE satellite for both dusk and dawn orbit sectors.
The white line shows the minimum values computed for each magnetic latitude.

In Fig. 3.7, the standard deviations are further binned according to magnetic lati-
tude. The white lines connect the minimum points along the MLAT and αE ranges. The
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σW I N D has a complex behaviour. The top part shows the results for the dusk sector,
whereas in the bottom side, the dawn wind analysis is available. The two sectors are
differently characterized within the MLAT and αE intervals. This is related to the low
altitude and different night–day crossings within the orbits. Looking at the dusk sec-
tor, variations within the magnetic latitude range can be observed. In particular for the
December and June solstice bins, the white lines appear to be mirrored with respect to
the magnetic equator. Whereas, for the Equinox subset, a more symmetric and stable
behaviour can be detected. This is slightly visible for the dawn sector as well, however
for this second case, the satellite orbit characteristics introduce a wider variance for low
latitudes. A wider variation is obtained for the dusk sector. This can be related to the
larger presence of eclipse transitions in the dusk sector than in the dawn one indepen-
dently from the season. This feature introduces errors in the solar radiation pressure,
which increases the variability in the observed data. An improvement would be reached
with an enhanced solar radiation pressure modelling, which is currently under investi-
gation. Within the selected MLAT interval, the minimum standard deviations are located
around an average αE of 0.82. We obtain the same value also when reducing the range
of magnetic latitudes.
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Figure 3.8: Standard deviation of the difference between newly derived zonal wind and HWM-14
results for the GOCE satellite and different F10.7 ranges. The results of dusk and dawn orbit sectors
are available on the left and right side respectively.

A comparison and validation against previous results can be performed with an anal-
ysis of the HWM-14 wind model. The standard deviation of the difference in wind be-
tween the newly derived zonal wind and HWM-14 results is presented in Fig. 3.8. The
impact of the solar activity is studied by considering the solar radio flux at 10.7 cm (F10.7),
which is measured in solar flux units (sfu). Within this analysis, this index is subdivided
into three bins: lower than 90 sfu, between 90 and 130 sfu and between 130 and 300 sfu.
These ranges describe respectively low, moderate and high solar activities. Within the
selected years, the GOCE mission is characterized by a medium to low activity. As shown
in Fig. 3.8, for GOCE, the minima are around an average value of 0.81–0.82 of the ac-
commodation coefficient. For GOCE, the number of data points are 2×105 , 3×105 and
1×105 respectively for low, medium and high solar activity. Comparing these results
with the self-consistent σW I N D minimum points (Fig. 3.6), it is observed that the com-
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parison with HWM-14 does not change our earlier conclusions. In order to visualize
the variations between the HWM-14 and HWM-07 versions, in Fig. 3.9, the zonal wind
differences between the newly-derived wind (for αE =0.82) and the modelled ones are
available. As expected, the probability density shows a better agreement with the newer
model.
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Figure 3.9: Histograms of the difference between the newly-derived wind and the results from the two versions
of the HWM model.
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Figure 3.10: Histogram of the bias between force- and torque-derived wind for four different values of energy
accommodation coefficient. For side-slip angles between 0 and 4 degrees the deviation of the wind remains
within the bounds set by the shaded areas.
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Instead of exclusively improving the consistency of the thermospheric wind derived
from linear accelerations, these data may also be compared to wind derived from angu-
lar accelerations, as suggested by Visser et al. (2019). Implementing their approach for
the GOCE satellite, using a range of accommodation coefficients, it is found that the two
sets of horizontal wind data are primarily separated by a bias.

Estimating this bias for each full day of data, its probability distribution may be plot-
ted, as displayed in Fig. 3.10 for four values of αE . Although the bias does not signifi-
cantly exceed the reported uncertainty caused by the thruster misalignment angles (see
Table 5 of Visser et al. (2019)), the distribution is best centered around 0 m/s for a value
close to 0.82 accommodation. These results further confirm the improvement in self-
consistency of the GOCE data for an energy accommodation coefficient of around 0.82.

3.6. CHAMP MANOEUVRE ANALYSIS

An evaluation of the gas-surface interactions influence over CHAMP zonal wind observa-
tions can be performed studying a special manoeuvre made by this satellite. On Novem-
ber 6, 2002, CHAMP performed a sideways flight for about 6 orbits. In Fig. 3.11, the
accelerations along the X and Y directions of the satellite body frame are illustrated in
the three days between November 5 and 7. In the middle, on November 6, just before
noon, the CHAMP satellite moved into sideways flight configuration. Within this time,
the accelerometer recorded a greater magnitude of accelerations on the Y axis due to
the larger area exposed to the flow. The analysis of the data within and outside the ma-
noeuvre provides the possibility to study two different aerodynamic shapes with respect
to the flow within a considerable short time window. A similar analysis was performed
in Doornbos et al. (2010) with low fidelity geometry and aerodynamic modelling. The
following results are based on the newly derived models presented in this chapter.

In Fig. 3.11, we selected six different orbits within similar time windows. With the
green and blue colors, the forward flying configurations before and after the manoeuvre
respectively are illustrated. The red areas are associated to the orbits with a satellite side-
slip angle of 90 degrees. For each of the selected six cases, the 24-hour intervals between
the three orbits were chosen so that each passage over high latitude zones would occur
within approximately the same magnetic field characteristics. This would allow us to
reduce thermospheric variability comparing similar conditions.

Fig. 3.12 shows the zonal wind for the orbits case 4 defined in Fig. 3.11. The winds
as a function of the argument of latitude are illustrated for the three orbits. Three energy
accommodation coefficients are introduced in order to visualize the direct effect on the
zonal wind.
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Figure 3.11: CHAMP accelerations for three days in November 2002 surrounding the sideways-flying manoeu-
vre on November 6 (09:00–20:00 UTC). The shaded areas correspond to all the selected orbits and cases used
in Fig. 3.13.

Starting from the top of Fig. 3.12, the selected values are 1.00, 0.93 and 0.85. The
first two values have been used in previous works as discussed before. However, the
last value is a new coefficient which shows a good agreement between the three orbits
and the HWM-14 model result. The HWM model winds at the poles reach peaks of 200–
300 m/s, whereas for low- and mid-latitudes the magnitude reduces to less than half.
Some peaks can be identified in the auroral regions. The semi-empirical model seems
to underestimate the westward winds in the Northern Hemisphere in the auroral region.
These strong phenomena are well known and occur quite often in those regions from
the day to the night side (Lühr et al., 2007b). The Southern Hemisphere peak has a better
agreement between the new computed and modelled winds. For mid and low latitudes,
HWM results for the three consecutive days are overlapping. However, looking at the
three different plots of Fig. 3.12, it is possible to notice wide variations between the three
estimated winds for the accommodation coefficients of 1.00 and 0.93. The differences in
winds between the three orbits reduce for an αE value around 0.85.
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Figure 3.12: Zonal winds for the CHAMP satellite as a function of argument of latitude and different
energy accommodation coefficients. The HWM-14 model data are drawn using open circles.
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Figure 3.13: CHAMP residual wind as a function of the energy accommodation coefficient for the six selected
orbits.

Decreasing the accommodation coefficient from the fully diffusive case (αE =1.00), a
minimum in the difference between the three subsets of zonal winds can be detected.
The different orientation of the instrument has consequences for the accuracy of the
accelerometer calibration (Doornbos, 2011) and the further uncertainties in the solar ra-
diation pressure estimation need to be kept into consideration in the data interpretation.
In order to minimize such error sources, it is useful to investigate when the satellite was
in eclipse. Within the 100–225 degrees range of argument of latitude, we extracted the
mean of the difference between the maximum and minimum wind for each latitude. For
all the six selected cases, this quantity of interest is shown as a function of the accommo-
dation coefficient in Fig. 3.13. The minima, similarly to GOCE (in Section 3.5) converge
to an accommodation coefficient which is lower than 0.93. In particular for CHAMP, this
value fits in the range between 0.82 and 0.87 with an average value of 0.85. For this value,
as shown in Fig. 3.12, the derived winds are more consistent within the three days and
with the model results. Moreover, for this optimal value the mean difference between
the three orbits drops between 70 and 120 m/s. For lower αE values the differences can
reach values of 300 m/s. For coefficients approaching unity, discrepancies around 200–
250 m/s can be obtained with a steep increment due to the misleading distribution of
aerodynamic forces. As additional information, in 3.9, a comparison of the newly de-
rived zonal winds with HWM model is available between 2002-01-01 and 2006-01-01.
Looking at the results as a function of the magnetic latitude, it is also possible to notice
that zonal wind is moving towards westwards direction if the accommodation decreases
from unity towards zero. For erroneous low αE values, this is a clear effect due to the
inaccurate aerodynamic modelling.

3.7. SENSITIVITY ANALYSIS
In order to quantify the importance of an accurate accommodation coefficient estima-
tion, in this section and in Fig. 3.14, the GSI parameter influence on horizontal wind
nearby the 0.85 and 0.82 αE values for CHAMP and GOCE is presented. To generate the
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plots, first the wind is calculated for the chosen accommodation coefficient, at a spe-
cific side-slip angle (β). Assuming an orbital velocity of 8 km/s this amounts to 560 m/s
horizontal wind at 4 degrees side-slip. The resulting aerodynamic acceleration direction
vector is stored. As the accommodation is varied, the in-build interior-point algorithm
of Matlab© is used to find a side-slip angle at which the aerodynamic acceleration vector
aligns with the original direction vector. Note that a change in density affects only the
acceleration magnitude, not the direction, and is therefore ignored in this process. From
the newly found side-slip angle, the horizontal wind can be derived directly. The differ-
ence between the wind for the selected accommodation coefficient and the new one, is
plotted in Fig. 3.14. The labels reflect the side-slip angle at the reference accommodation
coefficient.

If the flow has a direction parallel to the longitudinal axis of the satellite, the side-slip
angle is zero. For this condition there is no influence of αE on wind, because the wind it-
self is negligible. However, if there is a larger angle, the GSI parameter has a relevant role
in the wind estimation. For GOCE, within the full range of αE values, horizontal wind
can change up to ±135 m/s for β=4 degrees, whereas these values are around ±100 m/s
for CHAMP. The difference in estimated wind is approximately proportional to the side-
slip angle, which confirms the observation of Visser et al. (2019) that the accommodation
coefficient seems to primarily scale the wind up or down. This is mainly associated to
an increase in lift at lower accommodation coefficients. Approaching a full accommoda-
tion creates some instabilities in the wind estimation process. This is especially visible
for CHAMP, which has a more complex geometry due to the elongated shape and the
presence of the frontal boom.
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Figure 3.14: CHAMP (left) and GOCE (right) energy accommodation coefficient influence on hor-
izontal wind as a function of αE for side-slip angles between 0 degree (black line) and 4 degrees
(thick red line) with a step of 1 degree between the included lines.

3.8. CONCLUSIONS
This chapter investigates new thermospheric wind estimations using accelerometer-
derived measurements from the CHAMP and GOCE satellites. A complete overview
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of the influence of different accommodation coefficients on the consistency of ther-
mospheric wind is presented. High-fidelity geometries and the SPARTA rarefied gas-
dynamics solver have been used in order to improve the current accuracy level. A dif-
fusive reflection mode with incomplete accommodation was selected and investigated
under varying conditions and using different methods. A higher level of self-consistency
in the wind data can be found by introducing lower accommodation coefficients with
respect to the previously adopted value of 0.93. Investigating the newly generated wind,
optimal values of 0.85 and 0.82 are suggested for a higher accuracy in CHAMP and GOCE
thermospheric products, respectively. A general overview of the two data sets is avail-
able in 3.10. Based on this research, the value of 0.82 for αE is used in the V2 GOCE
density and wind processing as part of the official ESA production. The newly derived
winds are available in the GOCE virtual archive (http://eo-virtual-archive1.esa.
int/GOCE-Thermosphere.html). The HWM-14 model was not an independent source
for the GOCE data, but provided an useful comparison showing a better agreement for
lower accommodation coefficient values as well. Seasonal variations are significant for
the GOCE satellite, which orbited at low altitudes. Among the three seasonal bins, over
the full range of magnetic latitudes, a maximum range within ±45 degrees provided a
reliable estimation for the energy accommodation coefficient. Outside of this MLAT
range, instabilities and high and low wind peaks negatively affected the results. As an
outcome of this investigation, a value of 0.82 led to a better consistency within the mod-
elled winds.
The CHAMP sideways manoeuvre provided a great opportunity to investigate the zonal
wind consistency as a function of the gas-surface interaction modelling. The results were
inter-compared in a short time window and with the HWM-14 model. Consistent wind
results were achieved for an energy accommodation coefficient of 0.85.
In order to further improve the current GSI information, an improved solar radiation
pressure modelling is necessary. Moreover, in-situ observations of aerodynamic model
parameters should be made by independent instruments on accelerometer-carrying
satellites. Indeed for future missions, including instrumentation to measure atmo-
spheric and wall temperatures and species concentrations separately, in combination
with acceleration observations would be recommended. This would be fundamental in
order to quantify current uncertainties. In absence of such missions, future research
should be focused on theoretical approaches and laboratory experiments, which would
accurately reproduce outer space conditions.

http://eo-virtual-archive1.esa.int/GOCE-Thermosphere.html
http://eo-virtual-archive1.esa.int/GOCE-Thermosphere.html
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3.9. APPENDIX-A: ZONAL WIND COMPARISON WITH HWM-14
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Figure 3.15: Zonal winds for the CHAMP satellite as a function of magnetic latitude and different
energy accommodation coefficients between 2002-01-01 and 2006-01-01.
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Figure 3.16: Zonal winds for the GOCE satellite as a function of magnetic latitude and different
energy accommodation coefficients between 2010-01-01 and 2013-01-01.
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3.10. APPENDIX-B: NEWLY DERIVED WIND DATA SETS

Figure 3.17: Ascending (top) and descending (bottom) mean zonal (eastward) wind for the CHAMP
satellite with αE =0.85.
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Figure 3.18: Ascending (top) and descending (bottom) mean zonal (eastward) wind for the GOCE
satellite with αE =0.82.





4
GAS-SURFACE INTERACTIONS

MODELLING INFLUENCE ON THE

CHAMP, GRACE, GOCE AND

SWARM AERODYNAMIC AND

NEUTRAL DENSITY DATA SETS WITH

DIFFUSE REFLECTION AND

CONSTANT INCOMPLETE

ACCOMMODATION

The satellite acceleration data from the CHAMP, GRACE, GOCE and Swarm missions pro-
vide detailed information of density variations in the thermosphere over the last two
decades. Recent work on reducing errors in the modelling of the spacecraft geometry has
already greatly reduced scale differences between the thermosphere data sets of these mis-
sions. However, residual inconsistencies between the data sets and between data and mod-
els are still present. To a large extent, they originate in the modelling of the gas-surface
interaction (GSI), which is part of the satellite aerodynamic modelling used in the acceler-
ation to density data processing. Physics-based GSI models require in-situ concentration
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 in this chapter a GSI model with one con-
stant energy accommodation coefficient per mission, which we optimize to increase the
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self-consistency of the multi-mission thermosphere data sets. In addition, we make use of
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 ob-
servations as a function of the energy accommodation coefficient. We find that a value of
the energy accommodation coefficient in the range of 0.80–0.85 leads to an improved con-
sistency of density observations across the four missions and Swarm attitudes, compared
to the previous 0.93 value assumed at TU Delft and for GOCE and Swarm official prod-
ucts. These numbers are in the same range as our previously published results based on
the consistency of wind data from CHAMP and GOCE. A comparison of the mean density
ratios between thermosphere models and observations indicates that the NRLMSISE-00
model significantly overestimates the density, and that our constant low accommodation
GSI model leads to an overall higher consistency between CHAMP and GRACE densities
than the variable accommodation model employed by Mehta et al. (2017).

4.1. INTRODUCTION
The launch of the CHAMP satellite in 2000 marked a new era in which accelerometer
measurements were used for producing high-resolution thermosphere density data sets.
More satellite missions carrying precise accelerometers into a low-Earth orbit followed
soon. The GRACE, GOCE, Swarm, and GRACE-FO missions were launched in 2002, 2009,
2013 and 2018, respectively. Though only the Swarm mission mentions observing ther-
mosphere density as a mission objective, all of the before-mentioned missions provide
valuable thermosphere density data sets.

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 and Biancale, 2003; Doornbos, 2011; Sutton, 2008). How-
ever, over the last years, a research effort towards improving geometry and rarefied gas-
dynamics modelling has raised the level of accuracy of the density data sets (March et al.,
2019a; Mehta et al., 2017; Pilinski et al., 2013, 2016). New models of satellite surface
geometries have been constructed in order to improve on the previously used simpler
models, which lack a description of shadowing, multiple reflections, and the definition
of features such as baffles and antennas. These shortcomings introduced large errors
in the scaling of the individual density data sets, leading to inconsistency between the
data sets (March et al., 2019a). However, the scale differences between data sets and
atmospheric models are not exclusively due to geometry modelling. The characteriza-
tion of particle-surface collisions between atmospheric molecules and satellite surfaces
is a second fundamental step required in the satellite aerodynamics calculations that are
part of the data processing (March et al., 2019b).

Reducing the current scale differences between the thermosphere data sets is cru-
cial for many reasons. Bias-free measurements are fundamental for inter-comparisons
of data from simultaneously flying satellites. They enable accurate data interpolation
and extrapolation to different altitudes. Another benefit can be achieved when combin-
ing data from multiple satellites for the investigation of scale heights at crossover points
and long-term trends (e.g. Emmert et al., 2008) over multiple solar cycles. More accurate
results would also be obtained in the analysis of the thermosphere-ionosphere system’s
energy budget (e.g. Wilson et al., 2006). Moreover, orbit analysts of current and future
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missions will benefit from improved knowledge of satellite aerodynamics and upper at-
mospheric variability, which affects orbital lifetime analysis and manoeuvre planning.

The energy accommodation coefficient (αE ) is an important parameter of GSI mod-
elling. It describes the energy exchange between the atmospheric molecules and the
satellite surfaces. The parameter ranges between the two extreme values of 1 and 0,
which describe reflections with and without the ability of the particle’s temperature to
accommodate to that of the satellite surfaces, respectively. Depending on the different
level of absorption of specific atmospheric constituents on satellite surfaces, the GSI can
drastically change (Pilinski et al., 2013). Atomic oxygen and helium play a relevant role
in satellite aerodynamics (Mehta et al., 2019). The solar cycle is one of the key drivers
and influences the chemical composition at the satellite altitude.

Laboratory experiment and in-situ data for GSI are extremely sparse and often lim-
ited in practical usability due to the lack of auxiliary data and the use of underlying as-
sumptions. The currently most advanced approach to model GSI in a physically realistic
way requires the use of empirical relations between the atomic oxygen concentration
and temperature of the gas, and the energy accommodation coefficient (Pilinski et al.,
2013). However, in-situ concentration and temperature observations are not available
for any of the above-mentioned satellites, so the use of this approach in the data pro-
cessing from acceleration to thermosphere densities relies completely on the use of an
existing thermosphere model 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, ac-
celerometer data processed with this physics-based GSI approach depends on multiple
previous thermosphere models and satellite data sets in complex ways, making it chal-
lenging to attribute and reduce the residual inconsistencies between the more modern
data sets and models.

In this chapter, we investigate the influence of the GSI modelling on the self-
consistency of thermosphere density data sets from the CHAMP, GRACE, GOCE and
Swarm missions. This research follows our previously published analyses of neutral wind
measurements by CHAMP and GOCE that used the same approach. Our goal has been
to self-consistently analyse and process these data sets, and assess the results in combi-
nation with thermosphere models that were evaluated along the satellite trajectories.

Due to limitations in the observation data and data/parameter relations for con-
stituents nearby satellite surfaces, the use of the above-mentioned physics-based GSI
approach based on oxygen concentration and temperature was incompatible with our
self-consistent approach. For this reason, we chose a simpler GSI model with one con-
stant energy accommodation coefficient per mission, which we treat as a free parameter
to increase the self-consistency of the thermosphere density data sets.

A similar approach was selected in March et al. (2019b) for studying the effect of GSI
on thermosphere wind from the CHAMP and GOCE missions. The GSI model is based
on diffuse reflections with incomplete accommodation (DRIA), which was adopted in
agreement with the current processing algorithms of the GOCE and Swarm missions.
However, assuming a constant incomplete accommodation reflections mode introduces
an overall mean thermosphere description. Therefore, variations due to different solar
activity levels and dayside–nightside differences should be interpreted with caution and
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are out of the scope of this study.

Over the last years, numerous works have been performed on satellite aerodynamics
by Monte Carlo techniques and there is an increasing interest in processing satellite data
with high-fidelity geometries. The SPARCS software (Pilinski, 2011), based on the test
particle technique, analyzes triangulated meshes to provide aerodynamic coefficients.
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 for obtaining
free molecular flow aerodynamic coefficients presented in March et al. (2019a).

The density data resulting from this work have been made available to aid in the
further development and validation of thermosphere models such as MSIS and DTM,
for use in further scientific research as well as space mission operations analysis and
planning.

The methodology is summarized in Section 4.2. Information on the GSI influence
on the satellite aerodynamics can be found in Section 4.3. Section 4.4 describes the GSI
modelling effects on the thermospheric neutral density. Results and comparison with
external data sets and models are available in Sections 4.5 and 4.6. Section 4.7 provides
conclusions and an outlook on future work.

4.2. METHODOLOGY

This study is based on the use of output from the Stochastic PArallel Rarefied-gas Time-
accurate Analyzer (SPARTA) software (Gallis et al., 2014), in combination with the new
high-fidelity satellite geometries from March et al. (2019a). The atmospheric flow is con-
sidered to be in the free molecular regime and therefore collisions between particles are
neglected. This allowed for a simplification resulting in a faster convergence of the sim-
ulations. All analyzed cases cover the most common mission scenarios including a wide
range of attitude angles with respect to the incoming flow, satellite velocity and chemical
compositions. A full data set was generated for four energy accommodation coefficient
values. Afterwards, the data sets for the additional αE values have been generated in the
post-processing phase using a least-squares method. Though the satellite surface is cov-
ered with a variety of materials, we could unfortunately not associate different surface
properties to different parts of the triangulated geometry due to software limitations.
Therefore, GSI are assumed to be independent from the different surface materials. The
main simulations settings are fully described in March et al. (2019a). However, as a dif-
ference with respect to that work, the gas-surface collisions are not assumed to always
use the energy accommodation coefficient αE = 1, which represents the case in which
the temperature of the impinging particles on the satellite fully accommodates to the
surface temperature. In this work, we allow an incomplete accommodation of the tem-
perature, i.e. the energy accommodation coefficientαE is allowed to differ from unity. In
the following sections and within this research, the energy accommodation coefficient is
the key parameter to characterize the GSI models. Indeed, this parameter provides tan-
gible information on the energy exchange between atmospheric particles and satellite
surfaces. Its value can be estimated from the incoming and reflected kinetic tempera-
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tures (Tk,i and Tk,r ) and the satellite surface temperature (Tw all ) according to

αE = Tk,i −Tk,r

Tk,i −Tw all
(4.1)

and may assume values ranging from 0 to 1. The two extremes αE = 0 and αE = 1 rep-
resent reflections where the particle temperature does not accommodate and fully ac-
commodates to the satellite surface temperature, respectively.

In Section 4.3, the influence of αE on the satellite aerodynamics is investigated for
the CHAMP, GRACE, GOCE and Swarm satellites. In Section 4.4 the effects on the result-
ing thermospheric neutral density are investigated. In both analyses the values of αE are
studied in the range between 0 and 1. However, from a few experimental observations
(Gregory and Peters, 1987; Hedin et al., 1973; Moe et al., 1993), this value is suggested to be
closer to unity than to zero. Unfortunately, the reliability of older observation methods
is uncertain. The chemical constituents play a crucial role for 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
and Lampis, 1971). This approach is widely used for the GSI modelling (Mehta et al.,
2017; Walker et al., 2014). The scattering distribution of the particles after the collisions
is based on the accommodation coefficients for the tangential velocity (σt ) and the nor-
mal kinetic energy (αn). The total energy accommodation coefficient for the CLL model
(αC LL) is defined as

αC LL = αn +σt

2
(4.2)

The Response Surface Model (RSM) developed by Mehta et al. (2017) was designed as an
implementation of the CLL GSI model applied to the CHAMP and GRACE satellites. In
the RSM model, the energy accommodation coefficient is assumed to be variable and
an improved geometry of the satellites was used to calculate the drag coefficients. This
was done assuming quasi-specular collisions and satellite surfaces covered by adsorbed
atomic oxygen. Adopting these assumptions, within the CLL method σt is set to unity
(Suetin et al., 1973) and the normal component can be estimated with

αn = 6µ

(1+µ)2 −1 (4.3)

where µ is the ratio of the mass of the atmospheric gas constituents to the mass of the
satellite surface material. However, µ and αn are difficult to estimate without in-situ
observations of the atmospheric composition. Unfortunately, no satellite mission pro-
vides all required observations. Therefore, we prefer to infer information on the energy
accommodation coefficient by changing its value and analyzing the effect on the self-
consistency of the density and wind data. This was already done by March et al. (2019b)
for thermosphere wind for the CHAMP and GOCE satellites. 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 orbit and magnetic field conditions, but using different satellite ori-
entations, a higher self-consistency was achieved for αE = 0.85. Zonal winds within the
analysed attitude manoeuvre had a lower variability under similar conditions for this
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improved αE value. Also for GOCE, a study based on seasonal dependency resulted in
a lower energy accommodation 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 an optimal value of 0.82. This value is currently adopted in the new
GOCE data release (http://eo-virtual-archive1.esa.int/GOCE-Thermosphere.
html, January, 2020).

Unfortunately, attitude manoeuvres are not common, and, in particular, the ones
that guarantee a stable flight configuration without thruster activation, or with suffi-
cient time windows between different attitude orientations are even more rare. In or-
der 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 400–450 km) to ensure a
good aerodynamic acceleration signal in relation to error sources such as radiation pres-
sure acceleration and instrument bias mismodelling. Investigating these manoeuvres is
particularly useful for thermosphere wind studies.

Neutral density is more sensitive to variations in the solar extreme ultraviolet (EUV)
emissions. For this reason, studying densities for the optimization of the energy accom-
modation coefficient is more challenging and requires satellites with characteristics as
similar as possible. The Swarm mission provides an opportunity for such a comparison.
The Swarm A and C satellites are flying side-by-side at the same altitude (between 450–
500 km) with up to 1.4◦ separation in longitude over the equator and 4–10 seconds (30–75
km) separation in along-track direction, providing nearly identical density observations.
If, within a certain time window, these satellites perform attitude manoeuvres expos-
ing 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 the Section 4.5.

4.3. GAS-SURFACE INTERACTIONS INFLUENCE ON SATELLITE

AERODYNAMICS

In this section, the aerodynamic coefficients for the CHAMP, GRACE, GOCE and Swarm
satellites are introduced, and variations with attack and side-slip angles are examined.
The selected aerodynamic coefficients are estimated in the satellite reference frame and
have been normalized with a reference area set to 1m2 for all missions. This fixed refer-
ence 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. The Cx , Cy and Cz force coefficients
are computed along the axes of the satellite reference frame, which in nominal attitude
correspond to the longitudinal (along-track), horizontal sideways (cross-track) and ver-
tical downward (anti-radial) directions of the satellite reference frame, respectively. In
this analysis, the GSI influence is investigated with six different values of the energy ac-
commodation coefficient (0.0, 0.2, 0.4, 0.6, 0.8 and 1.0). The value of 1.0 represents re-
flections with full accommodation to the spacecraft wall temperature, while the value
0.0 is for collisions without thermal energy exchange and accommodation to the surface
temperature. The data sets are obtained as a function of attack and side-slip angles and

http://eo-virtual-archive1.esa.int/GOCE-Thermosphere.html
http://eo-virtual-archive1.esa.int/GOCE-Thermosphere.html
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a range of speed ratio values. In particular, the speed ratio, defined as

s = vi nc√
2RTi nc

m

(4.4)

is a fundamental parameter, which allows to simulate different satellite velocities, but
also different chemical compositions and atmospheric temperatures. From Eq. 4.4, it is
possible to notice that this parameter is directly connected with the relative velocity be-
tween satellite and atmosphere (vi nc ), local atmospheric temperature (Ti nc ), molecular
mass (m) and gas constant (R). In the generated data sets, this ratio ranges between 0.5
and 14 and this interval fully describes all possible encountered mission scenarios.

Figures 4.1, 4.2 and 4.3 show the aerodynamic coefficients for the GRACE, CHAMP
and Swarm satellites for a wide range of side-slip angles. The Cx , Cy and Cz components
are available in the figure for the same range of αE values. During mission lifetime, the
attack angle is mainly centered around the nominal flight configuration of 0◦ in attack,
while the side-slip angle is usually less stable, and varies over the full domain from ap-
proximately 0 to 180◦ during manoeuvres. The three plots of Figures 4.1, 4.2 and 4.3 show
that the coefficients are lower in magnitude when the collisions are closer to the fully ac-
commodated mode. Moreover, looking at the constant step of 0.2 in αE , it is clear that
between 0.8 and 1.0 the difference in the aerodynamic forces is much larger than be-
tween 0.0 and 0.2. A description of the computed discrepancies varying the attack and
side-slip angles are available in Tables 4.1 and 4.2, respectively. The higher sensitivity
for coefficients nearby the fully diffusive mode was already observed in the zonal wind
analysis by March et al. (2019b). The shape of the aerodynamic force coefficient curves
remains the same without relevant differences. However, the main change, as expected,
is a bias between the different computed values within the selected αE range. When we
inspect the differences between non-accommodated and fully diffusive modes, the per-
centage difference reaches up to 84.5% for CHAMP, 84.0% for GRACE, 52.0% for GOCE
and 82.1% for Swarm (Tables 4.1 and 4.2). For the study of the attack angle variation the
highlighted coefficients are Cx and Cz . The cross-track component of the aerodynamic
force (Cy ) is negligible. The plots for the side-slip angle variation show the Cx , Cy coeffi-
cients. The Cz coefficients are one order of magnitude lower or negligible (for GOCE). For
this reason only the most relevant aerodynamic contributions are shown in the enclosed
plots. However, for the quantitative analysis of Table 4.2, the results for the Z-component
are also provided. Among the possible representations, the polar plots shown in Figures
4.1, 4.2 and 4.3 provide a clear overview of the different coefficients for GRACE, CHAMP
and Swarm, respectively. In Fig. 4.1, the nearly symmetrical shape of the lobes for the
Cx , Cy and Cz coefficients can be observed for the GRACE satellite. Whereas, for CHAMP
and Swarm, Figs. 4.2 and 4.3 show the asymmetric shape of the Cx and Cz coefficient
lobes which is a consequence of the presence of booms (boom pointing into flight direc-
tion for CHAMP and into 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 both CHAMP and Swarm have their boom
pointing into flight direction, the drag coefficients are less dependent on the accommo-
dation coefficient value. If the satellite exposes the large side to the incoming flow, the
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collisions are playing a crucial role in the force coefficients determination.

αE range 0.0-0.2 0.8-1.0 0.0-1.0

Satellite Cx [%] Cy [%] Cz [%] Cx [%] Cy [%] Cz [%] Cx [%] Cy [%] Cz [%]

CHAMP 1.6 - 7.9 5.8 - 42.9 13.7 - 66.2

GRACE 3.0 - 6.6 11.2 - 32.3 24.8 - 55.5

GOCE 2.4 - 5.2 8.6 - 22.8 19.8 - 43.5

Swarm 2.9 - 5.5 11.3 - 24.6 24.6 - 46.0

Table 4.1: Force coefficient differences for different αE ranges along X and Z satellite reference frame axes for
the selected attack angle variation range.

αE range 0.0-0.2 0.8-1.0 0.0-1.0

Satellite Cx [%] Cy [%] Cz [%] Cx [%] Cy [%] Cz [%] Cx [%] Cy [%] Cz [%]

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 2.4 6.2 - 8.6 29.3 - 19.8 52.0 -

Swarm 0.9 3.1 9.8 3.1 11.8 63.8 7.7 25.8 82.1

Table 4.2: Force coefficient differences for different αE ranges along X, Y and Z satellite reference frame axes
for the selected side-slip angle variation range.
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Figure 4.1: 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.

Figure 4.2: Polar plots of the aerodynamic coefficients as a function of the side-slip angle (between 0◦ and
360◦) and energy accommodation coefficient for the CHAMP satellite.

Figure 4.3: 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 3.9, the force coefficients for the CHAMP, GRACE, GOCE and Swarm satellites are
shown for different attack and side-slip angles. Within the GOCE mission, large attitude
manoeuvres were not performed. Therefore, the side-slip angle range is smaller (be-
tween -16◦ and 16◦). All these figures (including the previous polar plots) are obtained
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for a speed ratio of 7. A complete analysis which shows the different coefficients for the
complete analyzed range of speed ratios is provided in 3.10. In this additional section,
the Cx , Cy and Cz coefficients are shown in the 0.5–14 speed ratio range and for different
side-slip angle configurations (i.e. 0◦, 45◦ and 90◦).

As a further investigation, it is interesting to study the influence of how the latitude
variations influence the satellite aerodynamics. In Fig. 4.4, the CHAMP force coefficients
along the satellite longitudinal axis are shown for three different solar activity levels. The
three days were already selected by (March et al., 2019a). High, moderate and low activi-
ties correspond to 2002-10-27, 2005-05-15 and 2009-08-28, respectively. From this anal-
ysis, it is possible to notice that peaks in drag are reached at the equator for 0 and 180
degrees in argument of latitude. This is especially clear for high and low activity cases.
Relevant trend differences among different values of αE are not present. Indeed, averag-
ing the full day of observations, between different energy accommodation coefficients a
mean bias can be identified as main effect on the satellite aerodynamics.

The figures and analyses of this section and mentioned annexes aim to provide in-
sight for further aerodynamic studies and possible experimental campaigns investigat-
ing orbital aerodynamics. The presented aerodynamic data sets for the selected satellites
are available as part of the publication’s supplemental material.

Figure 4.4: CHAMP force coefficients along the longitudinal axis as a function of the argument of latitude in
three selected days describing high, moderate and low solar activity.
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4.4. GAS-SURFACE INTERACTIONS INFLUENCE ON NEUTRAL

DENSITY

The thermospheric density is retrieved with the algorithm discussed in Doornbos (2011)
and March et al. (2019a). The methodology is based on the processing of the accelera-
tions derived from satellite observations. The CHAMP, GRACE and GOCE on-board ac-
celerometers provided high-precision information. Unfortunately, for the Swarm satel-
lites, many anomalies occurred in the accelerometer measurements (Siemes et al., 2016)
and for this reason a new density product based on GPS-derived accelerations was intro-
duced as part of the official ESA documentation (van den IJssel et al., 2020). For CHAMP
and GOCE the cross-track component can be investigated. However, for GRACE and
Swarm, winds are difficult to retrieve due to the high altitudes (around 500 km) and the
lack of sufficiently precise accelerometer measurements as previously mentioned.

In this chapter, the optimal αE values from March et al. (2019b) are implemented in
the density processing in order to generate the newly derived data sets. Quickly com-
paring the new and the previously adopted αE value of 1.00 from March et al. (2019a),
the average difference between new and previous densities is around 6% for CHAMP
and 11% for GOCE. The comparisons with semi-empirical models are influenced by so-
lar and geomagnetic activity, because models perform differently for different geomag-
netic and solar activity conditions (Emmert, 2015). The semi-empirical models are com-
monly closer to the observed density during periods of high solar activities and, within
this condition, the agreement with the new results is better. However, when these mod-
els are introduced for comparisons the results provide a qualitative information which
needs to be interpreted carefully. The presented results are fundamental for atmospheric
scientists and modellers that constantly improve empirical and physics-based available
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 Fig. 4.5, the density ratio with respect to the NRLMSISE-00
model is shown for three different solar activity levels. The high activity is represented
by F10.7 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 F10.7

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 dete-
rioration of the agreement between different satellites for low values of F10.7. This is due
to the lower signal magnitude, the larger error in the solar radiation pressure modelling,
but also to the lower performances of the semi-empirical model during deep–low solar
activity. However, for the results for high activity, a clear optimal value of the accommo-
dation coefficient which guarantees a higher consistency or lower variabilities among
different missions cannot be identified. This is mostly due to the large uncertainties of
the MSIS model.
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Figure 4.5: Long period density ratios with respect to the NRLMSISE-00 model for different ranges of F10.7.

For fully accommodated reflections (αE = 1.0), the maximum in variability among
the satellites is registered. This further confirms that the optimal accommodation co-
efficient is not the full accommodation case. From this analysis, as explained before,
it is not possible to retrieve an optimal αE coefficient, and it is shown just in order to
provide characteristics of the new modelled data in comparison with a semi-empirical
model and the energy accommodation 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.

The new density presented in this work is based on a constant energy accommoda-
tion coefficient. This creates a constraint in specific features like differences in chemical
composition during day–night transitions and along the orbit. To quantify the difference
with other models like the CLL, a comparison with other densities is performed for the
CHAMP satellite. In Figures 4.6, 4.7 and 4.8, a comparison between different models is
analysed for high, moderate and low solar activity, respectively. The new density from
this work is compared with the one obtained with the same SPARTA modelling with full
accommodation (March et al., 2019a) and the ones by Mehta et al. (2017) and Doornbos
(2011). Mehta et al. (2017) adopts an approach based on the CLL model, while Doorn-
bos (2011) uses the DRIA model applied to a simplified macromodel geometry. Only the
first three hours for each selected day are shown to fully appreciate the variations within
around two orbits. As expected, the densities by March et al. (2019a) are greater than the
others. This is due to the higher energy accommodation coefficient set to unity. How-
ever, it is clear from the density ratio plot that the difference between the SPARTA simu-
lations for full accommodation and theαE = 0.85 case are not purely differing with a bias
over short periods. This is related to the different collisions physics implemented with
the new αE value. Comparing the new density with the ones derived with the CLL model
by Mehta et al. (2017), larger variations can be noticed. The recorded discrepancies have
a periodic behaviour associated to the satellite location. The greater peaks are over the
poles and reach a maximum difference with respect to the new results of around 10–15%.
Higher fluctuations in densities and their ratios are also localized nearby polar regions,
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this is mostly due to the complex dynamics in those areas. A more stable behaviour can
be shown for the densities by Doornbos (2011), which similarly to the previous results by
March et al. (2019a) are characterized by low frequency variations with respect to the new
density. This is associated to the use of the same chemistry inputs from the NRLMSISE-
00 model. With this comparison it is possible to quantify the discrepancies between CLL
and DRIA models. Most of the times, orbit variations are within ±10%, however peaks
can reach up to 15% over poles. These cyclic variations are expected to be associated to
the different chemical constituents adsorbed over satellite surfaces along the orbit.

Figure 4.6: Comparison between the new densities and the ones derived by March et al. (2019a), Mehta et al.
(2017), and Doornbos (2011) for the CHAMP satellite under high solar activity condition.
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Figure 4.7: Comparison between the new densities and the ones derived by March et al. (2019a), Mehta et al.
(2017), and Doornbos (2011) for the CHAMP satellite under moderate solar activity condition.

Figure 4.8: Comparison between the new densities and the ones derived by March et al. (2019a), Mehta et al.
(2017), and Doornbos (2011) for the CHAMP satellite under low solar activity condition.
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4.5. DENSITY CONSISTENCY FOR SWARM-A AND -C
In the time window between the 13th and 14th of May 2014, the Swarm A and C satel-
lites 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 satellite orientation with respect to incoming atmospheric flow to retrieve information
on the satellite aerodynamics. An animation of the manoeuvres and associated data and
models that were used in this Section is available as part of the supplemental material
for March et al. (2020).

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 si-
multaneous 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 signal strength is suitable for further processing. In-
deed, during high activity the average ratio between the two densities are consistent to
within 1%, and these small differences in density generally agree with the expected di-
urnal density 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 were to be re-
peated, it would therefore be necessary to wait for when high solar activity conditions
and/or significantly lower orbit altitudes are reached by the mission.

In the two analyzed days in 2014, the average F10.7 value was around 165 sfu, which
is characterized by high solar activity conditions. The absence of geomagnetic activity
events provided a suitable time window without undesired spikes in the data. In Fig. 4.9,
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 ac-
count for the analysis. All orbits containing large slew rates have been discarded be-
cause of high thruster activity and uncertainty induced by the Kalman-filter approach in
the GPS-derived accelerations. In the bottom part of Fig. 4.9, the density ratio between
Swarm A and C measurements is illustrated 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 accommodation coefficients, it is possible to notice
a variation in the slope of the density ratios. With the green markers, the intersections
between different periods are highlighted. The intersections appear to be concentrated
around the value of 0.85.
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Particular attention needs to be focused on the orbits which, at the same time, are
characterized by different satellite shapes with respect to the flow. Two of these orbits are
numbered 11 and 17. For these two specific cases, the satellites are respectively in back-
wards and sideways orientation with respect to the nominal flight. Having the capability
to estimate the densities within the range of 0–1 for αE , it is possible to create a map
of density ratios within the two orbits, setting a different accommodation coefficient for
each satellite. The two maps for the two selected orbits are available in Fig. 4.10. In this
representation in the αE values for Swarm A and C, an area can be identified where the
density ratio between the two satellites is close to one. Highlighting the optimal ratios
with dashed lines, the intersections for both orbits with the diagonal of the map coincide
with an αE value of 0.85. Similar conclusions can be drawn looking at other interesting
periods as the orbits number 5 and 23. In this case the two satellites are in the nominal
and sideways configurations. For these two periods an intersection is achieved for an
αE value of 0.81. Similar results can be found including all the remaining selected orbits
(Fig. 4.11). All values found are below the currently adopted αE value of 0.93.

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 op-
timal αE of around 0.85 and 0.82 for the two missions, respectively. Looking at the
overall intersections available in Fig. 4.9 and the other results from this section, a value
of 0.85 is recommended for future Swarm density processing. Comparing the current
densities processed with a value of 0.93 for the accommodation coefficient (available at
https://swarm-diss.eo.esa.int/), the new data would be slightly lower in magni-
tude with a 4–5% difference. This new presented αE value will be adopted in the future
ESA product releases.

Figure 4.10: Swarm A and C density ratios for periods 11 and 17 (on the left and right side, respec-
tively). The optimal density ratios for which satellites are in better agreement are highlighted with
dashed lines.

https://swarm-diss.eo.esa.int/
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Figure 4.11: Swarm A and C optimal density ratios for May 2014 manoeuvres and selected periods.

4.6. COMPARISONS WITH ATMOSPHERIC MODELS
In order to compare and validate the new density data, a further analysis is performed
using the results from the NRLMSISE-00 and the WACCM-X models. The choice of these
two models was based on their wide use among scientific users and their applications to
past and current TU Delft and ESA projects.

The WACCM-X model is a physics-based model developed at the High Altitude Ob-
servatory (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 are
investigated and shown in Fig. 4.12. 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 nor-
malization is performed at 250 km in order to provide a more representative altitude for
that mission. This normalization was especially necessary for the Swarm satellites be-
cause 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. For
this reason, within this section no further details about new density data of GRACE satel-
lites are available. Additional studies would require a deeper investigation after repro-
cessing current GRACE data. This would be especially useful for the second phase of the
mission, which was characterized by a dramatic degradation of accelerometer measure-
ments (Klinger and Mayer-Gürr, 2016).
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As shown in Fig. 4.12, 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 un-
der 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 atmospheric
models’ errors which allow just for a qualitative representation. For GOCE, the density
ratios show high agreement for both NRLMSISE-00 and the physics-based model, how-
ever 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. If we look at the low activity periods, very differ-
ent 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 the solar radiation pressure modelling have a strong contribution. An improvement of
this additional contribution would enhance the quality of derived neutral densities and
this is currently under investigation.

Figure 4.13: Comparison between the mean density ratios (µ∗) between the NRLMSISE-00 model and the
full accommodation (March et al., 2019a) and the newly generated densities with the new αE values for
the CHAMP, GOCE and Swarm satellites. The density ratios computed with αE =0.93 are also available for
the old panels method (0.93 + Panels) and the new SPARTA modelling (0.93 + SPARTA), always compared to
NRLMSISE-00. Dashed lines indicate the maximum variability range among the satellites.

In order to provide an overview over longer periods, the average density ratios with
respect to the NRLMSISE-00 model have been computed (Fig. 4.13). The illustrated pe-
riods are between 2003 and 2005 for CHAMP, 2010 and 2012 for GOCE and July 2014 and
February 2019 for the Swarm satellites. The newly derived densities are compared with
the previous results from March et al. (2019a) for fully accommodated reflections (αE =
1.00). Fig. 4.13 shows that the new densities are lower with respect to the ones presented
in March et al. (2019a). However, even if the agreement with the semi-empirical models
is not improving, the results are found to be more consistent among the selected mis-
sions. Indeed, the scale with respect to the NRLMSISE-00 model is now more constant
across the missions. As highlighted with the dashed lines, the new αE bars are within



4.6. COMPARISONS WITH ATMOSPHERIC MODELS

4

95

3% of the variation among the satellites, whereas for the previous version of the data this
value reached 8%. Introducing theαE = 0.93 value, with the old panel method differences
reach 23%. The variability decreases to 5–6% when the new geometries and the SPARTA
modelling are adopted. Therefore, for the newly presented GSI modelling a higher de-
gree of consistency seems to be achieved although it is necessary to take the empirical
model uncertainties into account for more quantitative investigations. This study pro-
vides an indication that the new data are more consistent also when compared with an
empirical model, but especially when the densities are inter-compared among different
missions. However, it is necessary to take into consideration that the uncertainties as-
sociated with the semi-empirical models do not allow to use such an approach for the
energy accommodation coefficient determination. This analysis indicates that satellite
drag data processed with improved geometry and aerodynamic modelling can be used
to enhance current semi-empirical and physics-based models.

To compare the presented density observations with those produced with a GSI
model based on a variable energy accommodation coefficient, we obtained CHAMP and
GRACE density observations from Mehta et al. (2017). Figure 4.14 illustrates the con-
sistency of the two density observation data sets with two representative thermosphere
models. We selected the NRLMSISE-00 model (top panel), which is widely used, and the
DTM-2013 model (bottom panel), which is one of the most recent thermosphere mod-
els. The figure shows the mean density ratio (µ∗) of the model and the observations as
an index of their consistency. In the legend of the figure, we provide the difference ∆ be-
tween the CHAMP and GRACE mean density, which is a measure of the self-consistency
of the multi-mission observations. The figure is based on the period between 2003-01-
01 and 2004-12-31, when the solar activity was high. This enhances the accuracy of the
analysis because of the higher aerodynamic signal level and better atmospheric model
performance during such high solar activity conditions. The new GRACE density obser-
vations were computed with αE = 0.85, which is a preliminary assumption introduced to
equally compare to the CHAMP results under the same conditions. For a more quantita-
tive analysis, this assumption needs a dedicated investigation, which is out of the scope
of this chapter.

Since our primary objective is a high self-consistency of the multi-mission density
observations, we focus in the discussion of Fig. 4.14 on the the differences∆. The highest
self-consistency is achieved for the density observations presented in this work, where
the difference between the two missions is 2.87% for the NRLMSISE-00 model and 2.66%
for the DTM-2013. Using the fully accommodated condition αE = 1 as in March et al.
(2019a) leads to differences of more than 7% for both thermosphere models. For a fixed
energy accommodation coefficient αE = 0.93, the differences are still around 7% when
a panel model is used, which is reduced to 4–5% when the panel model is substituted
by the SPARTA model. Introducing a variable accommodation coefficient in the den-
sity processing as in Mehta et al. (2017) gives differences around 4.4% for both density
models.
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Figure 4.14: Comparison of the mean ratios (µ∗) between the densities according to the NRLMSISE-
00 (top) and DTM-2013 (below) models and the observed densities resulting from the full accom-
modation (March et al., 2019a), the newly generated densities with the new αE value of 0.85 for
the CHAMP and GRACE satellites. The density ratios computed with αE = 0.93 are also available
for the old panels method (0.93 + Panels) and the new SPARTA modelling (0.93 + SPARTA). Variable
energy accommodation coefficient densities are obtained from Mehta et al. (2017). Note that the
0.85 coefficient for GRACE is introduced just for inter-comparing equal conditions with CHAMP.
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The low percentages achieved within this work need a careful interpretation due to
the uncertainties associated with the atmospheric models. However, the high degree
of self-consistency between the CHAMP and GRACE density observations for both ther-
mosphere models is a promising result. It could be a starting point for further enhancing
both fixed and variable accommodation coefficient approaches.

The newly derived density data for CHAMP, GOCE and Swarm A and B are illustrated
in Section 4.10. The GRACE satellites were excluded because the energy accommodation
needs further study and the accelerometer data processing requires further improve-
ment.

4.7. CONCLUSIONS
In the presented research, the influence of GSI on aerodynamic and density modelling
is investigated. This study provides new data sets for satellite aerodynamics, which are
made available to the science community as part of the supplemental material and on
the new website http://thermosphere.tudelft.nl. The possibility to further vali-
date this work with dedicated test campaigns is given through the new aerodynamic co-
efficients described in Section 4.3. New neutral density data sets for the CHAMP, GOCE
and Swarm satellites are obtained and investigated as a function of the energy accom-
modation coefficient. This parameter plays a crucial role in the GSI modelling. The com-
monly adopted value of 0.93, which was used in the past at TU Delft in the processing
of density observations, is higher than the optimal values that are found in this research
and in March et al. (2019b). Based on a study of the neutral winds presented in March
et al. (2019b), a value of 0.85 for CHAMP and 0.82 for GOCE are recommended, which is
already implemented in the data sets available on the above-mentioned webpage.

All of our comparisons of thermosphere models and observations show that the
models overestimate density. Introducing these models in the density data processing,
and knowing that these might be biased by past decisions on satellite aerodynamic mod-
elling based on orbital decay data, prevents quantitative analyses of the energy accom-
modation 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 manoeuvre in May 2014. The two satellites provided the unique op-
portunity to compare simultaneous measurements at high solar activity with large aero-
dynamic signal magnitude. Through investigating the density ratios, the optimal value
of the energy accommodation coefficient is found to be in the range of 0.80–0.90. This is
in agreement with the previous analysis of thermosphere wind observed by the CHAMP
and GOCE satellites. For the Swarm satellites, we recommend to use an average value
of 0.85 for the energy accommodation coefficient in future data processing. The new
Swarm densities are lower in magnitude than the ones that we obtained with αE = 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 encouraged. However, at
the currently low solar activity in combination with the altitude, the aerodynamic signal
magnitude is too low for additional meaningful analyses.

The presented research would strongly benefit from an improved solar radiation
pressure modelling, especially for the GRACE and Swarm satellites, which have spent

http://thermosphere.tudelft.nl
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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 radiation pressure models are currently on-going.

We also see potential to improve our processing of the GRACE accelerometer data,
which would aid among others GSI investigations as presented in this chapter. In partic-
ular the accelerometer data calibration for the last 7 years of the mission has a great po-
tential for improvement. The reason is that from April 2011 onward, the thermal control
of the accelerometer was deactivated to save battery life, which resulted in significant
perturbations related to the fluctuating instrument temperature.

The assumption that the energy accommodation coefficient is constant for all solar
and geomagnetic conditions needs to be further investigated as well. This is an open
issue, which deserves a deeper investigation to further characterize the impact of the
chemical composition, which changes significantly during the solar cycle and dayside–
nightside transitions, 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 coefficients. However, accurate in-situ measurements of the
chemical composition are needed to reliably estimate these GSI parameters. In particu-
lar, additional information on Helium and atomic Oxygen adsorbed by the satellite sur-
faces is crucial in this context. Dedicated satellite missions are strongly recommended
to remove current uncertainties. As shown in this research, GSI can currently only be in-
vestigated in an indirect and imperfect way, making use of scarce data from satellite con-
stellations, 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 instrumentation 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 independently and ac-
curately measure the temperature, composition, wind and density on the same platform
as input to the satellite aerodynamic model. Ideally, such experiments would eventually
have to 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.
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Figure 4.15: 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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Figure 4.16: 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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Figure 4.17: Aerodynamic coefficients in the satellite reference frame as function of the attack angle and energy
accommodation coefficient for the GRACE satellite.

0 30 60 90 120 150 180
−6

−4

−2

0

2

4

6

Side-slip angle [deg]

C
x

[-]

0.0
0.2
0.4
0.6
0.8
1.0

αE

0 30 60 90 120 150 180

0

2

4

6

8

Side-slip angle [deg]

C
y

[-]

Figure 4.18: Aerodynamic coefficients in the satellite reference frame as function of the side-slip angle and
energy accommodation coefficient for the GRACE satellite.



4.8. APPENDIX-A: NEW AERODYNAMICS DATA SETS

4

101

−10−8 −6 −4 −2 0 2 4 6 8 10
−5.8

−5.6

−5.4

−5.2

−5

−4.8

−4.6

−4.4

−4.2

Attack angle [deg]

C
x

[-]

−10−8 −6 −4 −2 0 2 4 6 8 10
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

Attack angle [deg]

C
z

[-]

0.0
0.2
0.4
0.6
0.8
1.0

αE

Figure 4.19: 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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Figure 4.20: 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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Figure 4.21: 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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Figure 4.22: Aerodynamic coefficients in the satellite reference frame as function of the side-slip angle (be-
tween 0◦ and 360◦) and energy accommodation coefficient for the Swarm satellites.
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4.9. APPENDIX-B: SPEED RATIO INFLUENCE OVER SATELLITE

AERODYNAMICS

The following figures show that an attitude variation affects the sensitivity of the aerody-
namic 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. Moreover, 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 ap-
proaches a constant value towards higher speed ratios. However, due to the different
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 re-
spect to the X–Y plane.

Figure 4.23: 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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Figure 4.24: 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.

Figure 4.25: 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.



4.9. APPENDIX-B: SPEED RATIO INFLUENCE OVER SATELLITE AERODYNAMICS

4

105

Figure 4.26: 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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4.10. APPENDIX-C: NEWLY GENERATED DENSITY DATA SETS
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Figure 4.27: Newly generated density for the CHAMP satellite between 2002-01-01 and 2009-01-01. The white
line shows the orbit mean density.
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Figure 4.28: Newly generated density for the GOCE satellite between 2010-01-01 and 2013-01-01. The white
line shows the orbit mean density.
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Figure 4.29: Newly generated density for the Swarm-A satellite between 2014-07-20 and 2019-03-01. The white
line shows the orbit mean density.

0
100
200
300

a
p
 (

n
T

),
 F

1
0

.7
 (

s
fu

)

J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F
2014 2015 2016 2017 2018

0

90

180

270

360

A
rg

u
m

e
n
t 
o
f 
la

ti
tu

d
e
 (

d
e
g
)

J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F
2014 2015 2016 2017 2018

0.0

0.5

1.0

1.5

1
0

−
1

2
 k

g
/m

3

Figure 4.30: Newly generated density for the Swarm-B satellite between 2014-07-20 and 2019-03-01. The white
line shows the orbit mean density.





5
CONCLUSION

The previous Chapters 2, 3 and 4 already provided preliminary conclusions on their spe-
cific content. In this chapter a general overview of conclusions is presented together
with recommendations for follow-on research. Section 5.1 provides answers to the re-
search questions posed at the beginning of this dissertation. Next, in Section 5.2, the new
thermospheric data sets are addressed together with their possible applications. Finally,
ideas for further work are offered in Section 5.3 with a detailed list of recommendations.

5.1. RESEARCH QUESTIONS AND GOAL
Following the structure of the dissertation, the research questions have been addressed
and mainly answered in Chapters 2, 3 and 4. In this section all previous conclusions are
combined.

5.1.1. QUESTION 1

What is the influence of high-fidelity geometry inputs on satellite aerodynamics and the
derivation of neutral thermospheric density?

The effects of high-fidelity geometries on satellite aerodynamics and density prod-
ucts have been analyzed and quantified. This coincided with the required study to an-
swer the first research question posed in Section 1.5. In the study presented in Chap-
ter 2, the high-fidelity surfaces, designed using technical drawings and pre-launch pho-
tographs, raised the accuracy level of the geometry modelling. Physics-based drag co-
efficients were obtained with the use of a DSMC simulator, and a quantitative analysis
on the improvements with respect to the previous approaches resulted in new thermo-
spheric density data sets. The new data are in better agreement with the empirical mod-
els and results reached a higher level of consistency among different missions over long
periods, and within short time intervals analyzing single missions. Indeed, analyzing
manoeuvres, densities in short time periods turned out to be more consistent. From
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density discrepancies of around 40%, the new densities reached a variability down to
1–2% within short time periods. The newly derived densities turned out to be higher in
magnitude than the previous generation based on simple panel models. Indeed, differ-
ences of +11% for CHAMP, +5% for GRACE, +9% for GOCE and +32% for Swarm have
been detected. These values showed high correlation between differences and satellite
geometry complexity. Simpler geometries, like the one for GRACE, indeed had smaller
differences with respect to other complex satellites (e.g. Swarm and CHAMP).

Therefore, concerning the first primary question of Section 1.5, it can be concluded
that the geometry fidelity level has a large influence on aerodynamics and derivation
of density. The enhanced geometry models provide a great improvement in the consis-
tency of density data with also a better agreement with the empirical models. The imple-
mentation of new geometries were used to determine density scale factors, which were
applied to an intermediate version of the official Swarm data. These data were based
on ideal gas-surface interactions assumptions and needed a further development. More
realistic gas-surface interactions are described in Chapters 3 and 4.

5.1.2. QUESTION 2

What are the enhanced gas-surface interactions parameters which allow for more
consistent thermospheric data products?

Once the geometry modelling was implemented in the thermospheric products gen-
eration, it was necessary to improve the description of the gas-surface interactions. This
research was covered by the studies presented in Chapters 3 and 4. The associated in-
vestigations focused on finding enhanced gas-surface interactions parameters which al-
low for more consistent thermospheric data products. In Chapter 3, the study included
neutral wind estimations using accelerometer-derived measurements from the CHAMP
and GOCE satellites selecting a single value of the energy accommodation coefficient
αE from the full range of possible gas-surface interactions parameters. An overview of
the influence of different accommodation coefficients on the consistency of thermo-
spheric wind was shown. The combination with the high-fidelity geometries previously
designed helped to improve the accuracy level of wind estimations. A diffusive reflec-
tion mode with incomplete accommodation was introduced to replace the previous
fully accommodated condition (αE = 1) used in Chapter 2. Analyzing seasonal varia-
tions and particular attitude manoeuvres, it was possible to achieve a higher level of
self-consistency in the wind data. This was the result of introducing a lower energy ac-
commodation coefficient with respect to the commonly adopted value of 0.93. Indeed,
this analysis provided optimalαE values of 0.85 and 0.82 for the CHAMP and GOCE ther-
mospheric products, respectively. This mainly produced more accurate and consistent
data with a decrease of wind magnitude for both missions.

In Chapter 4, the same research question was addressed studying the gas-surface
interactions influence on the aerodynamics and density modelling. For this study the
CHAMP, GOCE and Swarm satellites were reintroduced. This chapter described the new
data sets for satellite aerodynamics and density. This was possible due to the selection
of a single energy accommodation coefficient for all the selected missions. An overview
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of the effects of different gas-surface interactions modes was provided for the selected
missions. Once again, the originally and currently adopted αE value of 0.93 turned out
to be higher than the new values that were found to be more optimal in this chapter.
A value of 0.85 for Swarm-A and -C satellites is now recommended based on the inves-
tigation on the attitude manoeuvres in May 2014. Indeed, aiming for identical density
values between the two satellite measurements, it was possible to find a more accurate
value of the energy accommodation coefficient between 0.80 and 0.90 with an average
value of 0.85. This is in agreement with the previous wind analysis for CHAMP and GOCE
(Chapter 3). Following these results, the new density values are lower in magnitude than
the previous generation introduced in Chapter 2. The magnitude with respect to the
products with αE =0.93 is around 5% lower. Density ratios with respect to atmospheric
model densities decrease with a lower accommodation coefficient. However, comparing
the ratios among the selected missions and the NRLMSISE-00 atmospheric model, the
variability is now limited to 3% of variation within the selected missions. This variability
was around 8% for the intermediate results before improving the gas-surface interac-
tions modelling. Therefore, a further improvement was achieved with the new values for
the αE coefficients.

5.1.3. GOAL

The goal of this dissertation is to improve estimates of aerodynamic parameters and
assess the quality of accelerations-derived thermospheric density and wind data, by

introducing high-fidelity geometry and aerodynamic information with a special focus on
the gas-surface interactions.

With this work, a detailed description of the satellite aerodynamics is now available.
This was possible because of the introduction of the new high-fidelity geometries and
the capability to model different collision modes for the atmospheric particles hitting
the satellite. As shown in this dissertation the gas-surface interactions can be investi-
gated in an indirect way, exploiting the data from satellite constellations, manoeuvres
and seasonal cycles. Enhancements can be reached with such analyses to improve ther-
mospheric products consistency. This enabled addressing all the research questions and
achieving the overarching goal of this dissertation. As an outcome of this research, new
and more consistent thermospheric data sets were produced. The developed algorithms
can be applied to any LEO satellite with accelerometers and/or GPS instrumentation.

5.2. THE NEWLY DERIVED THERMOSPHERIC DATA SETS
New thermospheric density and wind data sets based on the high-fidelity geometries
and new energy accommodation coefficients were generated and can be downloaded
at http://thermosphere.tudelft.nl. On this website, further information on the
aerodynamic data sets and geometry models for the CHAMP, GRACE, GOCE and Swarm
satellites are now publicly accessible (status May 2020).

The retrieved information will enhance the existent and new atmospheric models
and provide an improved knowledge of the atmosphere dynamics. The previous density
bias differences between different satellite missions are now reduced and this allows for

http://thermosphere.tudelft.nl
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working on multiple data sets providing the possibility to compare and combine con-
sistent information. This aspect is particularly useful when combining data from simul-
taneously flying missions. Using the new derived products, thermospheric analyses will
benefit from a minimal bias difference. A similar enhancement can be obtained for stud-
ies of long term change in the thermosphere-ionosphere region. Spanning several solar
cycles requires data from multiple missions and reduced inter-missions density scale in-
consistencies are going to improve current models. Unbiased data sets are also required
when studying coupling between different systems like the thermosphere-ionosphere-
magnetosphere; for example, the density scale needs to be unbiased to compute the
influence of heating currents on the magnetosphere-ionosphere system. Therefore, the
presented data are going to help clarifying also the effects between different couplings
of atmosphere and magnetosphere regions.

Introducing more practical applications, the decoupling of the absolute scale of the
thermosphere density and physical drag coefficients modelling are important for drag
analyses following a reverse approach. In the design of new missions and manoeuvres
planning, satellite drag estimations are indeed crucial for reducing the uncertainties in
predicted lifetime and fuel consumption.

The new data are also excellent inputs for data assimilation in the physics-based
models. The multiple solar and geomagnetic conditions in the investigated years are
indeed fully representing all possible atmospheric scenarios. This allows for a deep char-
acterization of thermospheric density and winds.

5.3. OUTLOOK FOR FUTURE RESEARCH
The research described in this dissertation resulted in more consistent thermospheric
density and wind data sets for several satellites. It is however expected that further en-
hancements are possible by future research and new satellite missions. Open issues that
arose from the dissertation introduce the following suggested tasks. The listed points
include recommendations on how further improvements can be achieved and how the
open issues can be further addressed.

• Provide an improved macro model based on new high-fidelity geometries.
The performed research was based on the combination of high-fidelity geometries
with a DSMC rarefied gas-dynamic solver. The computational cost for performing
the large number of simulations was relatively high. Therefore, for preliminary
and quick analyses, it would be recommended to update the original macro
models with the information gained with the new detailed surfaces. Applying
analytic solutions to the new macro models would not reach the fidelity level
described in this research, but would be an improvement of the past panel models
applied to the macro geometries, which require a low computational cost and are
commonly used by the scientific community. This will be beneficial especially for
satellites with complex and elongated shapes.

• Develop a new Solar Radiation Pressure (SRP) modelling with the new high-
fidelity geometry information.
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Missions like GRACE and Swarm would highly benefit from this new SRP model.
Indeed, at relatively high altitudes (> 500 km) and in low solar activity periods,
the accelerations due to the solar radiation pressure are comparable in magnitude
with the aerodynamic contribution (Figures 5.1 and 5.2). This is especially visible
in Fig. 5.2 for the Swarm-B satellite which flies about 50 km higher than Swarm-A
and -C.

Figure 5.1: Time series of modelled aerodynamic and solar radiation pressure accelerations for Swarm-A
(van den IJssel et al., 2020).

Figure 5.2: Time series of modelled aerodynamic and solar radiation pressure accelerations for Swarm-B
(van den IJssel et al., 2020).
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Moreover, the SRP modeling for high altitude and low solar activity is the predom-
inant error source in density and wind retrieval (van den IJssel et al., 2020). Im-
proved solar radiation satellite force models can be generated based on the new
detailed satellite surfaces. Accelerations due to the direct solar radiation can be
easily modeled. Additional contributions from albedo and infrared emissions can
be also introduced. Such an approach would fully exploit the high-fidelity geome-
tries, with an accurate description of shadowing and surface areas. A validation
with simple geometries (e.g. spheres, cubes) will be necessary, afterwards further
implementations in the processing software will be also required to generate new
products from the CHAMP, GRACE, GOCE and Swarm satellites.

• Provide a detailed uncertainty quantification for density and wind.
A detailed quantification of the overall modelling uncertainties needs to be de-
fined for a better understanding of the quality of derived density and wind. This
process also involves the uncertainty in inputs regarding atmospheric chemical
compositions, temperatures and solar flux and geomagnetic indexes, which are so
far based on empirical models and ground or space observations. Improving the
current solar radiation pressure modelling would allow for a detailed uncertainty
estimation, which is suggested to be performed together with the SRP modelling
enhancement. In particular, it is recommended to analyze the variations in density
and winds within a range of the F10.7 input values and within a specific percentage
of difference from the molar masses obtained with the NRLMSISE-00 model.

• Attitude manoeuvres and variable energy accommodation coefficient analyses.
Unluckily, only a few suitable manoeuvres for Swarm and CHAMP missions
can be fully exploited. In order to provide significant extra information, these
manoeuvres need to have long periods between thruster activations. This helps
in providing data without big gaps due to thruster accelerations. Therefore, the
estimated density and winds within multiple orbits can potentially provide useful
information for comparisons between data with the same attitude orientation
and time windows. In this research the analyzed periods were characterized by
high solar activity. This provided high quality measurements because the drag
signal is strong during such periods. It would be extremely useful to study similar
manoeuvres in solar minimum conditions. However, this could be challenging
because, for example, instead of 1–2% in density differences between Swarm-A
and -C measurements, with the current low solar activity the estimated densi-
ties can differ up to 50%. It would be valuable if these manoeuvres could be
repeated once or twice a year. This will help to validate and provide more data
for GSI investigations. If accelerometers with higher precision will be adopted
in future missions, it will be interesting to investigate the solar activity influence
on the energy accommodation coefficient. For the presented study the energy
accommodation coefficient is fixed to a specific value for the complete duration
of each mission. This approach has been widely used for density and wind data
sets together with a simplified geometry modelling. However, this assumption
might create alterations in the thermospheric products for periods far from the
conditions for which optimal values are retrieved. Studying the influence of
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different solar activity conditions would provide a further enhancement of the
presented data sets.

• GRACE and GRACE-FO (re)processing.
Many scientists are interested in the reprocessing of the GRACE density data with
the application of high-fidelity models and improved GSI assumptions. This could
also include the second part of the mission (after 2009), which contains many
anomalies due to the batteries deterioration which affected the temperature and
the on-board accelerometers. New geometry and GSI modelling can be applied
together with the new accelerometer calibration parameters provided via private
communication from the Centre National d’Etudes Spatiales (CNES, France) in
order to process new density products. With these new parameters it is possible
to process the data until the end of 2016. Currently, at TU Delft the calibration
parameters are only available until the end of 2009. GRACE-FO would require
a new geometry model and the density data set and the aerodynamic model
generation can be based on the SPARTA simulator. The developed expertise from
this research can be easily applied to this task.

• New dedicated missions with accelerometers and mass spectrometers.
Current uncertainties in the local chemistry of the atmosphere are mainly associ-
ated to the errors in the empirical models. Within this dissertation the NRLMSISE-
00 model was used to generate the inputs in mass composition for the main atmo-
spheric species. If on-board measurements about species concentrations would
be available, this would benefit the scientific studies on thermospheric density
and winds. The combination of mass spectrometers with accelerometers would
be highly preferred instead of having only a mass spectrometer. The state of
the art in the accelerometer processing is highly developed and provides a solid
base for density and wind processing. Additional information based on spec-
tometry would provide the complementary information to highly enhance cur-
rent thermospheric estimations. This coincides with the opportunity provided by
the Daedalus Earth Explorer candidate mission (Sarris et al., 2019). Indeed, this
mission will be equipped with a mass spectrometer in combination with an ac-
celerometer. The very low altitudes (≤ 150 km) which are planned to be inves-
tigated along an elliptical orbit with an apogee between 2000–3000 km can fur-
ther cover unexplored altitudes. This will create a great opportunity for improving
current density and wind models. Beyond on-board instrumentation, it is always
recommended to exploit the data from multiple satellites covering multiple local
times and altitudes. Therefore, a constellation of two or three (or more) satellites
is highly recommended instead of a single-satellite mission.
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