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SUMMARY

Knowledge of thermosphere mass density and wind is essential for a wide range of appli-
cations, including the development of thermosphere models and advancing the under-
standing of thermosphere–ionosphere coupling and solar–terrestrial physics. It is also
widely used in space operations, such as mission planning, fuel budget estimation, reen-
try prediction, and collision risk assessment. Thermosphere mass density and wind can
be obtained in situ from accelerometer measurements onboard Low Earth Orbit (LEO)
satellites combined with precise GNSS positioning. Since the beginning of the 21st cen-
tury, numerous LEO satellites equipped with accelerometers have been launched, pro-
viding several invaluable mass density and wind datasets. This dissertation focuses on
two accelerometer-carrying LEO missions: the Gravity Field and Steady-State Ocean Cir-
culation Explorer (GOCE), which was part of ESA’s Living Planet Program, and the Grav-
ity Recovery and Climate Experiment Follow-On (GRACE-FO), a joint initiative between
NASA and DLR.

The accuracy of the accelerometer-derived thermosphere mass density and wind
datasets is coupled with uncertainties in the aerodynamic and radiation pressure mod-
elling, where the latter plays a major role, especially during the periods of low solar ac-
tivity. This dissertation aims to advance the radiation pressure models for GRACE-FO
and GOCE. This is achieved by using satellites’ high-fidelity geometries supplemented
by the thermo-optical properties of the surface materials. These thermo-optical proper-
ties are first redefined and fine-tuned using numerical optimisation, satellite photos and
synergy with other missions. Finally, the augmented satellite models are analysed using
the ray-tracing technique, which additionally accounts for self-shadowing and multiple
reflections, to derive the force coefficients.

For Earth-orbiting satellites, the thermal radiation pressure accounts for one-fifth
of the total cross-track radiation pressure acceleration. This research utilises the ther-
mal model based on the concept of thermal inertia, in which the satellite heats up by
absorbing incoming radiation and cools down by emitting radiation. This process was
implemented using thermal model control parameters such as the internal heat gener-
ation from batteries and onboard electronics, heat capacity of the panels, conductance
towards the satellite’s inner parts, and efficiency of the solar panels. Moreover, this re-
search leverages in-situ measurements from onboard thermistors, which provide addi-
tional insights for selecting realistic thermal model control parameters.

The goal of this dissertation was to improve the accelerometer-derived thermosphere
mass density and wind datasets of the GRACE-FO and GOCE satellites by advancing the
modelling of radiation pressure and satellite thermal emission. The newly produced
datasets were then compared with the previously available products and models. Ad-
ditionally, the impact of introducing various modelling approaches was assessed and
quantified.

ix



x SUMMARY

Current accelerometer-derived thermosphere mass density and wind data are pro-
vided without comprehensive uncertainty information. This information is particularly
important for data assimilation and for comparing thermosphere products obtained by
different measurement techniques. This dissertation builds on the recently developed
thermosphere density error propagation method and extends it to propagate errors in
wind data. In this research, a sensitivity analysis was performed to assess the impact of
uncertainties arising from measurement noise, radiation pressure, relative velocity, and
aerodynamics on the GRACE-B satellite thermosphere mass density and wind data. The
objective of this study was to explore the potential of the propagation tool to augment
the existing density and crosswind datasets with uncertainty information.



SAMENVATTING

Kennis van de massadichtheid en de wind in de thermosfeer is essentieel voor een breed
scala aan toepassingen, waaronder de ontwikkeling van thermosfeermodellen en het
vergroten van het begrip van de thermosfeer-ionosfeer koppeling en zonne-terrestrische
fysica. Het wordt ook veel gebruikt in ruimtevaartoperaties, zoals missieplanning, schat-
ting van brandstofverbruik, voorspelling van terugkeer in de atmosfeer en van moge-
lijke botsingen. De massadichtheid en wind in de thermosfeer kunnen in situ worden
verkregen uit versnellingsmetermetingen aan boord van Low Earth Orbit (LEO) satellie-
ten, gecombineerd met nauwkeurige GNSS-positiebepaling. Sinds het begin van de 21e
eeuw zijn tal van LEO-satellieten uitgerust met versnellingsmeters gelanceerd, die ver-
schillende waardevolle datasets over massadichtheid en wind hebben opgeleverd. Dit
proefschrift richt zich op twee LEO-missies met versnellingsmeters: de Gravity Field and
Steady-State Ocean Circulation Explorer (GOCE), die deel uitmaakte van ESA’s Living Pla-
net Program, en de Gravity Recovery and Climate Experiment Follow-On (GRACE-FO),
een gezamenlijk initiatief van NASA en DLR.

De nauwkeurigheid van de uit versnellingsmeters afgeleide massadichtheid en wind
in de thermosfeer hangt samen met onzekerheden in de modellering van aerodynami-
sche en stralingsdruk, waarbij die laatste een grote rol speelt, vooral tijdens perioden
met lage zonneactiviteit. Dit proefschrift heeft als doel de stralingsdrukmodellen voor
GRACE-FO en GOCE verder te ontwikkelen. Dit wordt gerealiseerd door gebruik te ma-
ken van zeer gedetailleerde satellietgeometrieën die worden aangevuld met de thermo-
optische eigenschappen van de uitwendige materialen. Deze thermo-optische eigen-
schappen worden eerst opnieuw gedefinieerd en verfijnd met behulp van numerieke
optimalisatie, satellietfoto’s en synergie met andere missies. Tot slot worden de gedetail-
leerde satellietmodellen geanalyseerd met behulp van de ray-tracingtechniek, die bo-
vendien rekening houdt met zelfschaduw en meervoudige reflecties, om zo de krachtco-
ëfficiënten af te leiden.

Voor satellieten die om de aarde draaien, is de thermische stralingsdruk verantwoor-
delijk voor een vijfde van de totale zijdelingse stralingsdrukversnelling. In dit onderzoek
wordt gebruikgemaakt van het thermische model dat gebaseerd is op het concept van
thermische inertie, waarbij de satelliet opwarmt door het absorberen van inkomende
straling en afkoelt door het uitzenden van straling. Dit proces is geïmplementeerd met
behulp van controleparameters voor het thermische model, zoals de interne warmte-
ontwikkeling door batterijen en boordelektronica, de warmtecapaciteit van de panelen,
de geleiding naar de binnenkant van de satelliet en de efficiëntie van de zonnepanelen.
Daarnaast maakt dit onderzoek gebruik van in-situ-metingen van boordthermistors, die
extra inzicht geven bij het kiezen van realistische controleparameters voor het thermi-
sche model.

Het doel van deze dissertatie was om de uit versnellingsmeters afgeleide datasets
van de massa- en windsnelheid van de thermosfeer, verkregen met de GRACE-FO- en
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xii SAMENVATTING

GOCE-satellieten, te verbeteren door het modelleren van stralingsdruk en thermische
emissie van de satellieten verder te ontwikkelen. De nieuw geproduceerde datasets zijn
vervolgens vergeleken met eerder beschikbare producten en modellen. Daarnaast werd
de impact van het toepassen van verschillende modelleerbenaderingen geëvalueerd en
gekwantificeerd.

Huidige datasets van uit versnellingsmeters afgeleide massadichtheid en wind in de
thermosfeer worden aangeboden zonder uitgebreide onzekerheidsinformatie. Deze in-
formatie is met name belangrijk voor data-assimilatie en voor het vergelijken van ther-
mosfeerproducten verkregen met verschillende meettechnieken. Dit proefschrift bouwt
voort op de recent ontwikkelde methode voor foutvoortplanting van thermosfeermas-
sadichtheid en breidt deze uit om ook fouten in windgegevens te kunnen voortplanten.
In dit onderzoek werd een gevoeligheidsanalyse uitgevoerd om de impact te beoorde-
len van onzekerheden die voortkomen uit meetruis, stralingsdruk, relatieve snelheid en
aerodynamica op de massadichtheid- en windgegevens van de GRACE-B-satelliet. Het
doel van deze studie was om de potentie van het propagatie-instrument te verkennen
om de bestaande densiteits- en crosswind-datasets aan te vullen met onzekerheidsin-
formatie.



1
INTRODUCTION

The conceptual boundary that defines the frontier of space is the so-called Kármán line.
Below it lie the layers of the atmosphere most familiar to humans, where most weather
phenomena form, commercial flights operate, and the ozone layer protects life on Earth
from harmful ultraviolet radiation. Above the Kármán line (100 km altitude) we enter the
realm of space, into the thermosphere. In this layer, we no longer experience weather
as it is known on Earth; instead, we encounter space weather phenomena, driven by the
activity of the Sun. Though unfavourable to human life, the thermosphere hosts some of
the most beautiful natural phenomena: the Aurora Borealis and Aurora Australis. These
stunning displays occur when some of the charged particles from solar wind penetrate
the Earth’s magnetosphere and interact with atmospheric gases.

The thermosphere is also where many of the Low Earth Orbit satellites operate, con-
tinuously orbiting the Earth, roughly every 90 minutes, allowing us to enjoy high-speed
internet access, precise weather forecasting, and timely warnings about natural hazards,
such as floods or wildfires.

In recent years, the growing demand and availability of space technologies have led
to an exponential increase in space traffic in Low Earth Orbit. Moreover, many satellites
remain in space even after the end of their operational lifetime, sometimes fragment-
ing into dangerous clouds of debris. Increased congestion in Low Earth Orbit amplifies
the likelihood of collisions. This could potentially trigger a cascade of an increasingly
dense population of debris around Earth, eventually impeding the satellite operations
and manoeuvres, causing what is called the Kessler Syndrome (Kessler & Cour-Palais,
1978). With increasing launch rates and without active space debris removal systems,
this poses one of the most challenging risks of the modern space era.

The Low Earth Orbit satellites operating within the thermosphere layer (between
100 km to 600 km) encounter various orbital perturbations, with aerodynamic drag be-
ing the biggest one after gravity. The density of the thermosphere is at least a billion
times lower compared to the air density we experience at Earth’s surface. However, due
to the high temperatures, the gas particles have high kinetic energy and thus move at
high speeds. Although the atmosphere is much thinner than at Earth’s surface, repeated
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collisions between the gas particles and fast-moving satellites cause aerodynamic drag,
which can alter their orbits. Moreover, the variations in thermosphere density result in
thermospheric horizontal winds, which affect the dynamics of the upper atmosphere
and its interaction with the ionosphere.

Therefore, accurate knowledge of thermosphere density and wind is essential for
multiple applications. It is needed for precise prediction of satellite motion to plan space
operations, including issuing collision warnings, planning manoeuvres, predicting satel-
lite re-entry, or estimating mission lifetime. Furthermore, it is essential for scientific
space missions, where accurate knowledge of the satellites’ trajectory is a prerequisite to
meet the research objectives. The scientific investigation of solar-terrestrial physics also
relies on the thermosphere density and wind measurements for developing mathemati-
cal models describing the upper atmosphere’s dynamics.

The goal of the dissertation is to improve in-situ thermosphere density and wind
datasets using satellite observations. The main focus of this research is modelling the
non-gravitational accelerations which act on satellites, besides the aerodynamic drag,
specifically: the accelerations due to radiation pressure and satellite thermal emission.
Furthermore, this work advances the method for quantifying uncertainties in the density
and wind datasets.

This chapter introduces the relevant concepts and provides an overview of the topics
that will be further elaborated in this work. Sections 1.1.1 and 1.1.2 give background on
the thermosphere dynamics, as well as thermosphere modelling and observation tech-
niques. The following two sections 1.2 and 1.3 cover the core of this work: the radiation
pressure and thermal emission modelling techniques. Section 1.4 describes the space
missions analysed within this dissertation. Last but not least, Section 1.5 summarises
the overarching objective of the work and lists research questions.

1.1. THERMOSPHERE
The Earth’s atmosphere is composed of five major layers characterised by different com-
position and temperature profile, which, besides the altitude depends on the solar activ-
ity (Figure 1.1). The first layer, spanning from the Earth’s surface up to 10 km, is the tro-
posphere. While travelling upward through the troposphere, the atmospheric pressure
decreases, causing the air warmed by the Earth’s surface to expand and cool. Above the
troposphere lies the stratosphere (10 km to 50 km), hosting the ozone layer. The ozone
molecules absorb ultraviolet radiation from the Sun, converting it into heat, causing the
temperature to rise. In the third layer, called the mesosphere (50 km to 100 km), the
temperature gets progressively colder to increase again in the thermosphere (100 km to
600 km), a layer abundant in atomic oxygen and nitrogen molecules absorbing the ultra-
violet radiation from the Sun. Below the thermosphere, the mean free path, described as
the average distance a gas molecule must travel before colliding with another, is short,
resulting in a well-mixed gas. When entering the thermosphere, the mean free path is
much longer, which means that the collisions between the satellite and the particles are
more frequent than the collisions between particles. We call this a free molecular regime.
Above the thermosphere lies the exosphere, whose outer boundary is usually not strictly
defined; instead, it gradually extends into the vacuum of space.
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Figure 1.1: Altitude profile for number density (left, middle) and temperature (right) from the NRLMSISE-00
model for high solar activity (1-Nov-2003) and low solar activity (1-Nov-2008) above Bilbao, Spain. The F10.7
stands for solar radio flux at a wavelength of 10.7 cm and is provided in solar flux units (sfu), where 1 sfu =
10→22 Wm→2 Hz→1.

1.1.1. THERMOSPHERE DYNAMICS
The primary source of changes in thermospheric temperature is absorption of ultraviolet
(UV) radiation from the Sun (Knipp et al., 2004), which ionises, dissociates, and excites
the thermospheric constituents. An increased amount of UV radiation heats the thermo-
sphere, causing it to expand, which results in higher density and consequently in higher
aerodynamic drag acting on the satellites. On the contrary, when receiving less UV light,
the thermosphere contracts and density decreases. While the solar spectrum remains
relatively constant in the visible range, it is highly variable at shorter wavelengths, such
as UV and X-rays.

Multiple factors are driving the changes in the thermosphere density, including the
Sun-Earth geometry, solar irradiance variability, and geomagnetic activity.

The changes in Sun-Earth geometry result in the diurnal and seasonal variations.
During the day, the illuminated part of the globe develops a diurnal bulge, resulting in
a density increase of up to a factor of 5 at an altitude above 500 km (E. Doornbos, 2011).
Variations in the density are also observed, depending on the season, due to the change
in the Sun-Earth geometry, including the Sun-Earth distance, and the tilt of Earth’s axis.
These changes are usually smaller (up to a factor of 1) in comparison to the diurnal vari-
ations, with the maximum near the equinoxes, and the minimum in the northern hemi-
sphere in summer, and the southern hemisphere during winter (Paetzold & Zschörner,
1961; Qian et al., 2009).

The second driver is the variability of solar irradiance triggered by the 11-year so-
lar cycle and solar rotation. Approximately every 11 years, the Sun’s magnetic poles
reverse. During this phase, the Sun is at its most active state, producing more UV ra-
diation together with more frequent outbursts of energy and charged particles. These
outbursts usually come from active regions, visible as sunspots. The amplitude of the
thermosphere density changes is individual for each solar cycle, but typically increases
by a factor of 10 during the solar maximum (at 400 km altitude) (Emmert, 2015). The
density changes due to the 27-day solar rotation are smaller, and their effect is mostly
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prominent during high solar activity.
Effects mentioned above cause slow, cyclical variations in the thermosphere density.

More dynamic, short-lived changes are triggered by geomagnetic storms caused by the
interaction between the solar wind, consisting of charged particles, and Earth’s magnetic
field. Such storms can pose operational disturbances for satellites in LEO orbit due to an
abrupt increase in aerodynamic drag. One of the recent examples is the geomagnetic
storm that occurred in February 2022, causing the loss of 38 deployed Starlink satellites
(Fang et al., 2022; He et al., 2023). While the storm was classified as moderate in magni-
tude, stronger storms, such as the one in May 2024, can result in a density increase of up
to six times (Parker & Linares, 2024).

The thermosphere density cannot be decoupled from the thermosphere winds, cre-
ating a complex dynamic system that interacts and influences each other. Thermo-
sphere winds have two primary components: horizontal (zonal and meridional) and
vertical. Zonal flow refers to the wind that blows parallel to lines of latitude in east-west
or west-east direction. The meridional flow indicates north-to-south or south-to-north
air motion. Typical horizontal wind speed varies between 0 ms→1 to 200 ms→1; however,
in the polar cap region, it can reach 1000 ms→1 (Förster et al., 2008; Lühr et al., 2007).

The horizontal winds are primarily driven by the pressure gradients caused by the
spatial differences in the thermosphere density and temperature. The diurnal variation
in the thermosphere density drives a strong horizontal wind flow towards the nightside.
Around the poles, ions, set in motion by magnetospheric convection, drag the neutral
particles, producing high-latitude wind (Förster et al., 2011). This effect is particularly
strong during geomagnetic storms.

Contrary to the horizontal winds, the exact drivers for the vertical winds are still not
well understood (Larsen & Meriwether, 2012). The magnitude of the vertical wind flow
is smaller and more localised, with the strongest wind magnitude observed around the
polar caps and aurora oval (Innis & Conde, 2002).

1.1.2. THERMOSPHERE: MODELS AND OBSERVATIONS
Deriving information about the thermosphere density and wind is possible both through
models and in-situ observations. There are two main types of thermosphere models:
empirical and physics-based. Physics-based models rely on first-principles physics and,
therefore, allow for a better understanding of the processes driving thermospheric dy-
namics and have good forecasting capabilities (Mehta et al., 2018). However, this comes
at the cost of higher computational demand. Among the most commonly used physics-
based models are TIE-GCM (Peymirat, 1998) and WACCM (Liu et al., 2010).

Availability of observational thermospheric data in the 1970s drove the rapid increase
in development of empirical models. These models use past measurements from mul-
tiple instruments to provide a parameterised mathematical description of the thermo-
sphere (Mutschler et al., 2023). Empirical models specify the average behaviour of the
thermosphere and are effective for real-time satellite operations, while being less com-
putationally demanding in comparison to the physics-based models. On the other hand,
their forecasting capabilities are limited (Mehta et al., 2019). The most commonly used
empirical models include NRLMSISE-00 (Picone et al., 2002), Jacchia-Bowman (Bow-
man et al., 2008), and the DTM-2020 (Bruinsma, 2014). The work presented in this
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dissertation relies primarily on NRLMSISE-00 for thermospheric density modelling and
dataset comparison.

The most comprehensive empirical wind model currently available is the Horizontal
Wind Model (HWM). This model is based on incoherent scatter radar, Fabry–Perot in-
terferometer, rocket and satellite measurements and provides information on zonal and
meridional winds. The most recent version of the model, HWM14 (Drob et al., 2015),
extended the previous HWM07 (Drob et al., 2008) by including additional satellite and
ground-based wind observations.

Besides the two main types, another class are data-assimilation models, in which
observed measurements are incorporated to update and correct the respective model,
either empirical or physics-based, resulting in better forecasting abilities. An example of
the assimilative density model is High Accuracy Satellite Drag Model (HASDM) (Storz,
2005), which uses an empirical background model (originally Jacchia 1970) and assimi-
lates satellite drag measurements to produce updated global density fields.

Finally, the thermosphere density and wind can be observed in-situ using ground
and space-based observations (Lühr et al., 2007). A large amount of wind observa-
tions comes from the Fabry-Perot interferometers (FPI) (T. Killeen et al., 1986; Rees et
al., 1980). FPIs are optical remote-sensing instruments measuring the Doppler shift of
the spectral emission lines from airglow. A number of ground-based FPIs are located in
high-latitude regions, around the South and North poles. FPIs have limitations: obser-
vations can only be made when it is dark and under clear skies. Besides ground-based
observations, multiple spaceborn interferometers successfully measured thermosphere
winds onboard satellites such as Dynamics Explorer 2 (DE-2) (T. Killeen & Roble, 1992),
Upper Atmosphere Research Satellite (UARS) (Emmert et al., 2001) and the TIMED mis-
sion (Thermosphere, Ionosphere, Mesosphere Energetics and Dynamics) (T. Killeen et
al., 2006; Niciejewski et al., 2006).

Another ground-based technique for deriving wind data is through incoherent scat-
ter radars, such as EISCAT (Aruliah et al., 1996; Witasse et al., 1998), which consists of
multiple radar stations located in Northern Europe. The downside of this type of mea-
surement is its strict limitation to the observation site.

To derive in-situ thermosphere density, the most straightforward and long-
established approach is the analysis of the spacecraft orbital decay rate (Swartz et al.,
1972). If the spacecraft is additionally equipped with a GNSS receiver, its trajectory can
be continuously tracked. This allows to retrieve the thermosphere density using tech-
niques such as precise orbit determination (POD) (van den IJssel et al., 2020), or by mon-
itoring orbital energy dissipation from the semi-major axis (Fitzpatrick et al., 2025).

The most precise technique to derive both thermosphere density and thermosphere
wind is to combine a precise GNSS receiver with a high-accuracy onboard accelerometer.
In the last 20 years, the number of LEO satellites carrying accelerometers has increased
(Section 1.4). Although these missions’ primary objectives are typically related to Earth
observation, gravimetry, or geodesy, they also enable the retrieval of thermosphere den-
sity and wind. These satellites typically carry a high-accuracy electrostatic accelerometer
placed in the satellite’s centre of mass, sensing non-gravitational accelerations acting on
the spacecraft. The working principle of such an accelerometer is based on the measure-
ment of the electrostatic force necessary to maintain the proof-mass motionless with
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respect to the surrounding sensor cage (Touboul et al., 1999). The thermosphere den-
sity and wind can be derived using information on aerodynamic acceleration, measured
by the accelerometer (Bruinsma & Biancale, 2003; H!adczuk et al., 2025; Siemes et al.,
2023). However, an accelerometer measures the total non-gravitational acceleration, i.e.
besides the aerodynamic force, this instrument also measures other non-gravitational
accelerations such as radiation pressure originating from the Sun, Earth, and the satel-
lite itself. To arrive at aerodynamic acceleration, these signals must be separated, which
is done using various modelling techniques. The modelling of radiation pressure and
thermal emission is the core of this work, and the necessary concepts and details are
discussed in Sections 1.2 and 1.3.

1.2. RADIATON PRESSURE ACCELERATION
In January 2008, the NASA MESSENGER robotic space probe was preparing for its first
flyby of Mercury. The original flyby plan relied on using the proven strategy of propulsion
manoeuvres. However, during the approach phase, the engineers realised that instead of
using extra propulsion, a simple adjustment of the solar panels’ orientation could pro-
duce an additional force, sufficient to successfully perform a flyby (O’Shaughnessy et
al., 2009). This additional force was produced by the pressure of photons from the Sun,
known as solar radiation pressure (SRP). After the success of the first Mercury flyby,
the MESSENGER team continued to use SRP, eliminating some planned propulsive ma-
noeuvres. This allowed to save fuel and enabled a planned 1 year orbital mission to be
extended to 4 years of operations (Gold et al., 2017).

The example of MESSENGER illustrates the effect of intentional use of the SRP to im-
pact the trajectory of a spacecraft. SRP is the force caused by the exchange of momentum
between the photons emitted by the Sun and the satellite’s surface. The incoming pho-
tons can be either absorbed or reflected, depending on the properties of the materials
(Farrés et al., 2023). This concept lies the foundation of solar sailing, an innovative way
of propelling a spacecraft without using fuel. The core idea of a solar sail is a large, re-
flective surface that transfers momentum from photons emitted by the Sun, generating
acceleration (Farrés et al., 2023).

Contrary to the missions using the solar sail as a propulsion, most Low Earth Orbit
(LEO) satellites treat the SRP as a disturbance. The effect of SRP on LEO satellites is par-
ticularly profound during low solar activity. The amount of photons emitted by the Sun
in the visible range remains relatively stable through the solar cycle. However, during low
solar activity, the Sun produces less ultraviolet radiation, resulting in a less dense ther-
mosphere and thus less aerodynamic drag on satellites. In such a condition, the solar
radiation pressure becomes a significant non-gravitational disturbance.

Apart from the Sun, any illuminated planetary body can exert radiation pressure on
the spacecraft. In the case of Earth, the Earth radiation pressure (ERP) consists of two
elements: Earth’s infrared emission and planetary albedo. In comparison to the SRP,
the effect of ERP on the LEO satellite is smaller, but cannot be neglected for satellite
operations (Vielberg & Kusche, 2020).

To evaluate the impact of the SRP and ERP on spacecraft, various models are devel-
oped. The most crucial part of these models is the exact knowledge of the spacecraft ge-
ometry together with the material properties (Siemes et al., 2023), followed by precisely
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modelling the Earth’s eclipses (Robertson et al., 2015), and knowledge of Earth albedo,
among others.

1.3. THERMAL EMISSION ACCELERATION
A spacecraft continuously loses heat towards its environment through thermal emis-
sion (P. W. Fortescue et al., 2011), with the largest temperature variation occurring while
transitioning from the sunlight into the shadowed part of the orbit. Dissipation of the ex-
cess heat generated by spacecraft electronics is usually done by installing radiators. To
maintain optimal temperature for its instruments, the spacecrafts are covered in thermal
insulation, such as multi-layer insulation (MLI) blankets.

The heat loss results in a thermal acceleration, which, according to the Stefan-
Boltzmann law, is proportional to the temperature of the surface to the power of four.
Thermal emission, together with the solar radiation pressure and Earth radiation pres-
sure, represents three main non-gravitational radiative forces acting on spacecraft.

A prerequisite for modelling a satellite’s thermal emission is accurate knowledge of
the materials’ infrared absorption and emissivity properties. There are various mod-
elling approaches, ranging from instantaneous heat re-radiation models (Montenbruck
et al., 2015; Vielberg & Kusche, 2020), through panel models (Siemes et al., 2023; Y. Wang
et al., 2023; Wöske et al., 2019), to finite element models (Vigue et al., 1994). If the space-
craft is additionally equipped with in-situ temperature sensors, the thermal emission
model can be additionally verified and improved (H!adczuk et al., 2024).

1.4. ANALYSED LOW EARTH ORBIT MISSIONS
Since the beginning of the 21st century, multiple satellites carrying precise accelerome-
ters have been launched, allowing for continuous in-situ observations of thermospheric
density across multiple solar cycles (Figure 1.2).

The mission that paved the way for modern thermospheric density observations was
the CHAllenging Minisatellite Payload (CHAMP), launched in 2000. Its objective was to
generate exact and simultaneous gravity and magnetic field measurements, and to per-
form GPS-based radio-occultation measurements for atmospheric profiling. CHAMP
was the first mission equipped with a high-precision accelerometer combined with
a high-quality dual-frequency GPS receiver (Reigber et al., 2002). Following CHAMP,
the Gravity Recovery and Climate Experiment (GRACE) mission was launched in 2002.
This pioneering mission consisted of twin satellites that measured temporal changes
in Earth’s gravity field with unprecedented precision (S. V. Bettadpur, 2007). In 2009,
the Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) was launched
(Floberghagen et al., 2011a), followed by the three Swarm satellites in 2013 (Olsen et
al., 2013). Finally, in 2018, shortly after the decommissioning of GRACE, the GRACE
Follow-On (GRACE-FO) mission was placed in orbit. It continues the work of tracking
the temporal variations in Earth’s gravity field, started by its predecessor, to this day.

This dissertation relies primarily on data from the GOCE and GRACE-FO satellites,
which are described in more detail in the following subsections.
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Figure 1.2: Historical and present missions enabling retrieval of thermosphere density and thermosphere wind
data. The top panel shows the altitude. The bottom panel shows the solar activity described by 10.7 cm solar
radio flux (F10.7). 1 sfu = 10→22 Wm→2 Hz→1.

1.4.1. GOCE
The Gravity Field and Steady-State Ocean Circulation Explorer (GOCE), which was
launched on 17 of March 2009 and re-entered the atmosphere on 11 November 2013,
was the first satellite mission within the framework of the Living Planet Program of the
European Space Agency. GOCE operated in a near-circular, Sun-synchronous dusk-
dawn orbit. The objective of the mission was to map Earth’s gravity field and model
the geoid height with unprecedented accuracy and spatial resolution. To make it possi-
ble, GOCE was placed close to Earth, just 260 km above the surface. The satellite carried
the state-of-the-art Electrostatic Gravity Gradiometer (EGG), measuring the gravity gra-
dients along its orbit. To meet its scientific objectives, the mission design had to comply
with stringent mechanical requirements, making the satellite a pioneer in the develop-
ment of several novel technologies.

The low operational altitude allowed the satellite to precisely sense the small-scale
structure of Earth’s gravity field. However, this came with the challenge of overcoming in-
creased aerodynamic drag. To mitigate this, GOCE featured a prominent, arrow-shaped
aerodynamic design, as visible in Figure 1.3. In addition to its sleek shape, GOCE contin-
uously counteracted aerodynamic drag by employing a novel drag compensation system
including electric ion propulsion.

To ensure optimal performance of the scientific instruments, the mission was de-
signed using a large low-expansion 3D carbon–carbon honeycomb structure (Fehringer
et al., 2008), assuring structural stability. The satellite subsystems were powered by
four body-mounted and two wing-mounted solar panels with triple-junction gallium
arsenide (GaAs) solar cells, making GOCE the first gravimetry mission to use this tech-
nology.
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Figure 1.3: GOCE in the Large Space Simulator at ESA’s Test Centre in Noordwijk, the Netherlands. Source: ESA
Multimedia.

1.4.2. GRACE-FO
The Gravity Recovery And Climate Experiment Follow-On (GRACE-FO) is continuing the
successful legacy of the GRACE mission, measuring the temporal changes in Earth’s grav-
ity field, to monitor surface mass changes, e.g., due to the terrestrial water cycle. The
mission, consisting of the twin satellites shown in Figure 1.4, was launched on 22 May
2018 and continues operation up to this day (Kornfeld et al., 2019). As for GOCE, both
satellites carry GPS receivers for precise positioning and timing, and high-accuracy ac-
celerometers. The satellites share the same orbital plane, flying in a near-polar orbit with
an initial altitude of approximately 510 km, separated by 220±50 km along the orbit.

Figure 1.4: GRACE-FO twin satellites. Testing the dispenser structure (left). Source NASA. Preparations for the
acoustic noise test (right). Source: AIRBUS.

The measurement concept is based on the change in along-track separation be-
tween the leading and trailing satellite induced by the gravitational pull (Wolff, 1969).
To detect the small variations in the inter-satellite distance, the satellites are equipped
with a micrometre-level precision microwave ranging instrument. In addition to the
microwave ranging instrument, the mission carries a laser ranging interferometer as a
technology demonstration and pathfinder for future gravity missions.

https://www.esa.int/ESA_Multimedia/Images/2008/02/GOCE_in_the_Large_Space_Simulator
https://www.esa.int/ESA_Multimedia/Images/2008/02/GOCE_in_the_Large_Space_Simulator
https://gracefo.jpl.nasa.gov/news/118/airbus-successfully-tests-dispenser-structure-for-grace-fo-satellites/
https://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful
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1.5. GOAL AND RESEARCH QUESTIONS
Deriving in-situ thermosphere mass density and wind data using accelerometer mea-
surements requires modelling of non-gravitational forces acting on the spacecraft (Sec-
tion 1.1.2). This dissertation focuses specifically on modelling the forces due to radia-
tion pressure and the satellite’s thermal emission.

The basic approach to modelling radiation pressure relies on a so-called panel
model, in which the satellite shape is approximated by a set of flat panels. Each panel
is augmented with thermo-optical coefficients describing the surface material’s reflec-
tive and absorptive properties, enabling the efficient evaluation of radiation pressure
using analytic expressions (E. Doornbos, 2011). This approach is suitable for simple,
convex satellite shapes but cannot account for self-shadowing and multiple reflections.
State-of-the-art approaches overcome this limitation by using highly detailed geometric
models of the satellite’s shape, also augmented with coefficients describing the surface
material’s reflective and absorptive properties. This is done in combination with the ray-
tracing method, which models the intersection between the rays emitted by the radia-
tion source and the satellite surface (Bhattarai et al., 2022b; Li et al., 2018; Ziebart, 2004).
Therefore, the accuracy of the radiation pressure model is driven, among other factors,
by knowledge of the satellite geometry and the surface material’s thermo-optical prop-
erties, which are usually provided by the manufacturer in the satellite handbook. Highly
detailed geometric models have been developed for satellites carrying accelerometers
(March, Doornbos, & Visser, 2019; Siemes et al., 2023), thereby reducing errors aris-
ing from incorrect geometric representation. In contrast, the material’s thermo-optical
properties are sometimes poorly documented in the satellite handbooks. For instance,
the GRACE-FO and its predecessor GRACE mission had the same set of solar panels
thermo-optical coefficients specified in the missions’ handbooks. However, it is known
that GRACE used silicon solar cells, while GRACE-FO used state-of-the-art triple junc-
tion gallium arsenide cells (Kornfeld et al., 2019; NASA GRACE Fact Sheet, 2004), which
results in different cell efficiency and absorption characteristics.

Satellite thermal emission can be modelled using the instantaneous heat re-
radiation approach (Montenbruck et al., 2015; Vielberg & Kusche, 2020), which assumes
that the absorbed energy is immediately re-emitted as thermal radiation. Such a sim-
plified approach has the advantage that it can be easily applied by solely changing the
thermo-optical coefficients, and often is less computationally demanding. However, it
does not account for thermal inertia and assumes that there is no heat conduction be-
tween satellite panels or heat gain from the satellite’s onboard electronics. In recent
years, significant progress has been made in modelling of the satellite thermal emission,
where state-of-the-art models reproduce the satellite outer temperature, taking into ac-
count their thermal inertia (W. Wang et al., 2021; Wöske et al., 2019) and use in-situ
temperature measurements from thermistors (Vielberg et al., 2025). Nevertheless, these
models still rely on assumptions, e.g., on the heat capacity of the satellite’s outer panels,
and it is often unclear where thermistors are located, making it difficult to assess how
accurately the thermal emission is modelled. A final complication arises for solar arrays,
which convert part of the absorbed radiation into electricity instead of heat. To model a
solar array’s temperature more realistically, a parameter describing the efficiency of the
solar cells is introduced (Adhya, 2005; Duan & Hugentobler, 2022; Y. Wang et al., 2023).
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The accelerometer measurements not only allow for deriving density and wind ob-
servations. They also offer a valuable opportunity to verify advances in radiation pres-
sure and thermal emission modelling. From all satellites carrying accelerometers, the
GRACE-FO and the GOCE satellites provide the most precise accelerometer measure-
ments.

The GRACE-FO satellites were launched at an altitude of about 510 km during a pe-
riod of very low solar activity. In these conditions, the acceleration due to radiation pres-
sure and thermal emission is far larger than the aerodynamic acceleration. Therefore,
when comparing modelled non-gravitational accelerations with calibrated accelerom-
eter measurements, differences are expected to arise primarily from errors in radiation
pressure and thermal emission. Such differences can be used as input for numerically
optimising the thermo-optical coefficients, while also leveraging documentation and
photos of the satellites, as well as similarities to other satellites, e.g., GRACE or the Swarm
satellites. Furthermore, the GRACE-FO satellites have thermistors located on the outside
of the solar arrays, enabling the estimation of the thermal emission model’s parameters.

In contrast, the GOCE satellite was orbiting at an extremely low altitude of approx-
imately 250 km, experiencing much larger aerodynamic accelerations than the GRACE-
FO satellites. Consequently, errors in modelling radiation pressure and thermal emis-
sion are expected to have a much smaller impact on GOCE density and wind observa-
tions compared to those from GRACE-FO. Thus, the GOCE satellite serves to test whether
accurate modelling of radiation pressure and thermal emission is relevant at such low
altitudes, when the objective is to derive thermosphere mass density and wind observa-
tions. Further, several thermistors were placed on the backside of the GOCE satellite’s
wings, enabling further verification of the thermal emission model.

Based on the above, the overarching objective of this dissertation can be defined as
follows:

The goal of this dissertation is to improve the accelerometer-derived thermosphere mass
density and wind datasets of the GRACE-FO and GOCE satellites by advancing the

modelling of radiation pressure and satellite thermal emission.

This goal can be achieved by answering the following research questions:

1. How do various radiation pressure modelling approaches affect the modelled radi-
ation pressure acceleration?

2. What thermal emission modelling accuracy can be achieved using the data from the
satellite on-board thermistors, and what are the associated limitations?

3. What is the impact of enhanced radiation pressure and thermal emission mod-
elling on the thermosphere mass density and wind observations derived from accelerome-
ter measurements?

Accelerometer-based in-situ thermosphere mass density and wind data are subject
to uncertainties, which are particularly relevant for data assimilation and observation-
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model comparison purposes. Quantifying these uncertainties is difficult due to the
number and diversity of error sources. Recently, a method for propagating the errors
and quantifying their impact on thermosphere density observations was developed by
Siemes et al. (2024). However, the method neither addresses wind observations nor iden-
tifies the error sources to which density and wind observations are most sensitive. Thus,
an additional objective of this dissertation is to extend the method developed by Siemes
et al. (2024) to quantify the uncertainty in wind observations and identify which param-
eters have the most significant impact on the output uncertainty.

This leads to the additional research question:

4. Which parameters are the most impactful drivers on the thermosphere mass density
and winds uncertainty?

The first three research questions are addressed in both Chapter 2 (H!adczuk et al.,
2024) and Chapter 3 (H!adczuk et al., 2025). While Chapter 2 focuses on the GRACE-FO
satellite, Chapter 3 answers these questions for GOCE. The fourth research question is
answered in Chapter 4. Finally, Chapter 5 concludes this research and includes recom-
mendations for future missions, as well as an outlook on future work.
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N.A. H"adczuk, J. van den IJssel, T.Kodikara, C. Siemes, P.N.A.M. Visser

Uncertainties in radiation pressure modelling play a significant role in the thermospheric
density and crosswind observations derived from the GRACE-FO accelerometer, especially
during low solar activity. Under such conditions, the radiation pressure acceleration
matches the magnitude of the aerodynamic acceleration along the track and exceeds it
in the cross-track direction. The GRACE-FO mission has been operating for several years
at such high altitudes during both low and rising solar activity, providing a perfect op-
portunity to study the effects of radiation pressure. This research uses ray tracing based on
a high-fidelity satellite geometry model to calculate the radiation pressure acceleration.
We numerically fine-tuned the coefficients describing the thermo-optical surface proper-
ties to obtain more accurate radiation pressure accelerations than those specified in the
GRACE-FO mission manual. We also used in-situ temperature measurements from ther-
mistors on the solar arrays to model the satellite’s thermal emission. These temperature
measurements allowed a realistic setup of the thermal model, extended by the parameter
describing the efficiency of the solar cells, and reproduced the acceleration of the thermal
emission with an accuracy of RMS 0.148 nms→2. The combination of the updated thermal

This chapter has been published in Advances in Space Research 73(5), 2355-2373, 2024 H!adczuk et al., 2024.
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model and the fine-tuning of the surface coefficients improved the accuracy of the cross-
wind acceleration to an RMS of 0.55 nms→2, compared to an RMS of 4.22 nms→2 when us-
ing panel models and instantaneous thermal radiation. We compared the observed cross-
wind with two models: HWM14 and TIE-GCM. While both models capture most of the
salient features of the observed crosswind, HWM14 shows particularly good agreement
at high latitudes. Compared to the previously employed radiation pressure model, the
crosswind observations have been improved in low and mid-latitudes, especially during
periods of higher solar activity. Since the effect of radiation pressure is most significant in
the crosswind direction, the effect on density was small compared to previously published
datasets.
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2.1. INTRODUCTION
The Gravity Recovery And Climate Experiment Follow-On (GRACE-FO) mission’s pri-
mary objective is measuring Earth’s time-variable gravity field to deduce mass changes
with high precision. GRACE-FO was launched in May 2018 and remains operational until
today. The mission consists of two identical satellites flying in a near-polar orbit around
Earth at an initial altitude of approximately 510 km (Kornfeld et al., 2019), and a current
altitude of 500 km, as of September 2023. The satellites share the same orbital plane with
a nominal along-track separation of 220±50 km, continuously measuring the relative dis-
tance between each other. GRACE-FO extends the scientific legacy of its predecessor,
the GRACE mission (Tapley et al., 2004). Both missions share the same principal design
features, however, a laser-ranging interferometer was added to GRACE-FO as a tech-
nology demonstration. The GRACE-FO satellites are equipped with a dual-frequency
GPS receiver, star trackers and high-precision accelerometers. These instruments al-
low for measuring the non-gravitational forces acting on the satellites, from which we
deduce neutral mass density and crosswind observations (E. Doornbos, 2011). Shortly
after launch, the GRACE-D accelerometer data degraded, and its measurements were re-
placed by a synthetic data transplant (Landerer et al. (2020), Harvey et al. (2022)). There-
fore, this article focuses solely on the better-performing GRACE-C satellite. This study
will enhance the radiation pressure and thermal emission models for GRACE-FO to ob-
tain a more accurate neutral mass density and crosswind dataset, which complements
earlier published data from the CHAMP, GRACE, GOCE, and Swarm missions (Siemes
et al., 2023). Producing thermosphere density and crosswind observations relies on the
aerodynamic acceleration obtained by subtracting the radiation pressure from the cali-
brated acceleration. Therefore, uncertainties in the radiation pressure modelling prop-
agate directly into the density and crosswind datasets. This effect is particularly pro-
found for GRACE-FO altitude during low solar activity. In such conditions, the radiation
pressure matches the magnitude of the aerodynamic acceleration in the along-track di-
rection and even surpasses it in the cross-track. Since the GRACE-FO mission has been
operating for several years at such high altitudes during both low (2018–2021) and rising
solar activity, it provides a perfect opportunity to study the effects of radiation pressure.
The foundation of the non-gravitational force modelling is the definition of the satel-
lite geometry model. Its complexity varies, starting from the straightforward approach
based on a satellite panel model. Such a model implies using a limited number of flat
panels to characterise the satellite’s outer geometry (S. Bettadpur, 2012). Replacing com-
monly used panel models with high-fidelity geometries for aerodynamic modelling has
increased the accuracy and consistency of thermospheric density and crosswind data
(March, Doornbos, & Visser, 2019). To take advantage of the high-fidelity geometry
models for the radiation pressure modelling, we must first augment them with thermo-
optical surface properties. These models can then be used in ray-tracing simulations to
determine the radiation pressure force coefficients. Ray-tracing is an efficient method
for modelling the momentum exchange between each ray and satellite surface. It can
cope with complex satellite shapes while accounting for self-shadowing and multiple
reflections. One way to implement the ray-tracing simulation is to perform calculations
for each position along the orbit independently (Kenneally & Schaub, 2020). Regard-
less of its simple implementation, this method requires high computational resources



2

16
2. GRACE-FO RADIATION PRESSURE MODELLING FOR ACCURATE DENSITY AND

CROSSWIND RETRIEVAL

and is, therefore, not a feasible option to process the entire GRACE-FO mission data. In
this study, we perform the ray-tracing simulations in advance and store the results as a
lookup table. This approach is very similar to the one proposed by Klinkrad et al. (1991)
and applied by E. Doornbos et al. (2002). It has been later adopted by different groups
working on GNSS precise orbit determination (Ziebart (2004), Li et al. (2018), Bhattarai
et al. (2022a)).

Thermal acceleration typically accounts for one-fourth of total cross-track radiation
pressure acceleration. A common approach to model thermal emission relies on the
assumption of simple instantaneous heat reradiation and no heat conduction between
and through elements (Montenbruck et al. (2015), Vielberg and Kusche (2020)). The
state-of-the-art thermal models reproduce the temperatures of the outer panels, taking
into account their thermal inertia (Wöske et al. (2019), Y. Wang et al. (2023)). In this sce-
nario, the satellite surface heats up by absorbing incoming radiation and cools down by
emitting radiation. This process can be implemented using thermal model control pa-
rameters such as internal heat generation, heat capacity of the panels, and conductance
towards the inner parts.

Within the last few years, significant progress has been made in the field of radiation
pressure and thermal emission modelling. Nevertheless, specific gaps can still be iden-
tified, such as insufficient knowledge of the thermo-optical properties of the satellite
material. According to the GRACE-FO Level-1 Data Product User Handbook (Ying et al.,
2019), the reflection coefficients do not differ between GRACE and GRACE-FO. However,
there are numerous design differences between the two missions. One of them is the so-
lar arrays illustrated in Fig. 2.1, which were upgraded from silicon ones used on GRACE
to triple-junction panels (GaAs), previously qualified for the Swarm mission and charac-
terised by higher absorption of visible light (Kornfeld et al., 2019). The need to update the
thermo-optical surface properties for GRACE-FO has already been addressed by Siemes
et al. (2023). However, the proposed set of reflection coefficients was selected empiri-
cally based on the visual inspection of the accelerometer data and prelaunch satellite
photos. The same publication introduced the thermal inertia model, with the heat ca-
pacity and conductivity of the panels based on the theoretical values of the respective
panels. However, it ignored that part of the radiation absorbed by the solar arrays con-
verts to electricity, commonly referred to as the electric efficiency of the solar arrays.

This research aims to provide new insights into selecting the thermo-optical surface
coefficients for GRACE-FO using numerical optimisation. Additionally, we tuned a ther-
mal model to accurately match the actual surface temperature measurements obtained
from the GRACE-FO thermistors. To achieve even more realistic thermal behaviour, we
introduced the efficiency of the solar arrays (Duan & Hugentobler, 2022), which was not
the case in previously published GRACE-FO data (Siemes et al., 2023).

This paper is organised as follows. Section 2.2 describes the input data and mod-
els used in this study. Section 2.3 elaborates on methodology in the context of thermal
emission and radiation pressure modelling. We summarise the results in Section 2.4,
comprising the thermal modelling and surface reflection coefficients fine-tuning, the ef-
fect on the cross-track acceleration and updated crosswind and density datasets. Finally,
Section 2.5 provides conclusions and an outlook on future work.
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(a) GRACE-FO1 (b) Swarm2

(c) GRACE3

Figure 2.1: Comparison between the solar arrays of Swarm, GRACE and GRACE-FO.

2.2. DATA AND MODELS

2.2.1. GRACE-FO DATA
This study utilises Level 1 GRACE-FO data publicly available via FTP ftp://isdcftp.
gfz-potsdam.de, specifically, the acceleration, attitude, position, velocity, thruster, satel-
lite mass, and accelerometer temperature data. We rely on the higher temporal reso-
lution of the Level 1A accelerometer data to enable easier removal of the acceleration
due to thruster activations. Additionally, we use the NRLMSISE-00 model (Picone et al.,
2002) to model the atmospheric composition and temperature. Wind in the direction of
the satellite’s x-axis is accounted for by the HWM07 model (Drob et al., 2008). To mea-
sure the non-gravitational accelerations, the GRACE-FO satellites were equipped with
the SuperSTAR-FO accelerometers, an advanced version of the ones used previously for
the GRACE mission (Christophe et al., 2015). The accelerometer noise level in the along-
track is about 0.1 nms→2, whereas the cross-track measurements are about 10 times less
precise by design.

1URL https://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful,
accessed on 03/10/2023.

2URL https://www.esa.int/ESA_Multimedia/Images/2012/02/Swarm_constellation_in_IABG_cleanroom2,
accessed on 03/10/2023.

3URL https://www.wetteronline.de/wetternews/astro, accessed on 19/10/2023.

ftp://isdcftp.gfz-potsdam.de
ftp://isdcftp.gfz-potsdam.de
https://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful
https://www.esa.int/ESA_Multimedia/Images/2012/02/Swarm_constellation_in_IABG_cleanroom2
https://www.wetteronline.de/wetternews/astro
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2.2.2. THERMISTOR DATA
This study took advantage of in-situ measurements from GRACE-FO thermistors pro-
vided by NASA Jet Propulsion Laboratory (JPL) to select realistic thermal model control
parameters. Thermistors monitor the temperature on the inner and outer satellite’s sur-
faces in several locations. Sensors on the solar arrays were particularly useful since they
provided the most representative temperature readings due to their external location.
Numerous other thermistors were mounted on the inner side of the panels or below in-
sulating foils, making their measurements unsuitable for thermal analysis.

Fig. 2.2 shows the location of the temperature sensors on GRACE-FO solar arrays and
their registered temperature measurements for the year 2020. The horizontal and verti-
cal axis of the temperature data correspond to time and the argument of latitude. Each
column denotes a single orbital revolution, where 0↑ is the ascending equator crossing,
90↑ indicates the northernmost point of the orbit, 180↑ marks the descending equator
crossing, and 270↑ is the southernmost point of the orbit. The 360↑ point marks the start
of the next revolution at the equator.

Figure 2.2: GRACE-FO top view with the thermistors’ location on solar arrays (indicated by blue dots) and
corresponding temperature measurements. The thermistors’ IDs are indicated in the title (e.g., THT10014).
The grey colour indicates data gaps.

We compared the temperature readings from thermistors on the same panel to ex-
amine thermal gradients across the surface. Thermistors located closer to the satellite’s
rear register at maximum 10 K higher temperatures, in comparison to the central sensors
(Fig. 2.3). We consider such temperature differences small enough to assume a uniform
temperature over the whole panel area.
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Figure 2.3: Comparison between the temperature measurements from thermistors on the same solar array.
The thermistors’ IDs are indicated in the title (e.g., THT10014).

2.2.3. GEOMETRY MODELS
Accurate aerodynamic and radiation pressure modelling requires detailed satellite ge-
ometries rather than simple panel models. Such geometries were already created for
multiple low Earth orbit satellites such as CHAMP, Swarm, GOCE and GRACE (March,
Doornbos, & Visser, 2019). This article relies on the high-fidelity GRACE-FO geometry
(Fig. 2.4), first published by Siemes et al. (2023). This model, which consists of 23,746
facets, acted as a baseline for deriving aerodynamic coefficients and calculating radi-
ation pressure accelerations. For the radiation pressure modelling, different surface
properties were assigned to individual materials, defining absorption and reflection co-
efficients for both visible and infrared parts of the spectrum. We initially selected the
thermo-optical surface properties from the GRACE-FO Level-1 Data Product User Hand-
book (Ying et al., 2019). For materials that remained unspecified in the documentation,
we used the properties specified by P. Fortescue et al. (2011a).

Figure 2.4: Rendered GRACE-FO geometry model used as an input for the ray-tracing algorithm. Colours cor-
respond to individual material properties. The axes are aligned with the satellite reference frame.

2.2.4. TIE-GCM
We use the physics-based thermosphere-ionosphere-electrodynamics general circula-
tion model (TIE-GCM; Richmond et al., 1992) to validate the crosswind data. It is a



2

20
2. GRACE-FO RADIATION PRESSURE MODELLING FOR ACCURATE DENSITY AND

CROSSWIND RETRIEVAL

time-dependent three-dimensional numerical model of the coupled thermosphere and
ionosphere system. This work is based on TIE-GCM version 2.0 (2016) and resolves the
system at a horizontal resolution of 2.5↑x2.5↑ in latitude and longitude and a vertical
resolution of 0.25 scale height. The exact configuration of the model used in this study
along with the simulated data are provided in Kodikara (2023).

2.2.5. HWM14
The Horizontal Wind Model is an empirical model of the horizontal neutral wind in
the upper thermosphere. The model consisted primarly of data from two NASA satel-
lites (Explorer 55 and Dynamics Explorer 2), ground-based incoherent scatter radar and
Fabry-Perot optical interferometers (FPI). As described in subsection 2.2.1 we used the
HWM07 model (Drob et al., 2008) to account for wind in the direction of the satellite’s x-
axis. However, for the comparison with observation data, we used the most recent model
version HWM14, which was updated with ground-based 630 nm FPI measurements in
the equatorial and polar regions, as well as cross-track winds from the Gravity Field and
Steady State Ocean Circulation Explorer (GOCE) satellite (Drob et al., 2015). The updates
in HWM14 fill important gaps in both latitude and local time coverage and provide an
improved specification of the upper atmospheric tides and general circulation patterns.
Currently, the model does not account for solar activity dependence. The variations with
geomagnetic activity are specified via the Ap index.

2.2.6. DTM2020
The Drag Temperature Model (DTM2020) is a semi-empirical model providing informa-
tion on the Earth’s thermosphere temperature, density and compositions (Bruinsma &
Boniface, 2021). This study used the operational version of the model to assess the neu-
tral mass density datasets. The DTM2020 is driven by the F10.7 and Kp indices for so-
lar and geomagnetic activity. The core of the model is CHAMP, GOCE and GRACE ac-
celerometer data together with GNSS measurements from the Swarm-A satellite. In ad-
dition, very accurate laser tracking data from the Stella satellite have been incorporated.

2.2.7. NRLMSISE-00 MODEL
NRLMSISE-00 is a semi-empirical atmosphere model based on a wide range of data, in-
cluding mass spectrometer and incoherent scatter radar data. It is also based on neutral
mass density datasets derived from accelerometer measurements and orbital decay of
objects that flew during the 1960s and 1980s (Picone et al., 2002). We point out that the
NRLMSISE-00 model is independent of the density datasets produced after 2000. The
model provides the thermosphere density, temperature, and composition. We used the
latter two as input for density and crosswind data processing and the first for comparing
to the density observations.

2.3. METHODOLOGY
For satellites, such as GRACE-FO, where the accelerometer placement coincides with
the satellite’s centre of mass, the aerodynamic acceleration vector aaero can be obtained
by subtracting the radiation pressure acceleration, arp, and thermal acceleration, athe,
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from the calibrated accelerometer acceleration, acal:

aaero = acal →arp →athe. (2.1)

The total radiation pressure acceleration is the sum

arp = asrp +a ir +aalb, (2.2)

where asrp stands for the solar radiation pressure acceleration, and a ir and aalb are
Earth’s infrared radiation and albedo, respectively.

Figure 2.4 shows the satellite body-fixed reference frame. During nominal opera-
tions, the satellite x-axis is oriented in the anti-flight and in-flight directions for the lead-
ing and trailing satellites, respectively. The y-axis corresponds to the direction perpen-
dicular to the orbital plane (cross-track), and the z-axis to the nadir direction (toward
Earth). Since the satellite’s x-axis is approximately aligned with the flight direction, it
captures most of the drag signal. Therefore, we use the x-component of the aerodynamic
acceleration, aaer o,x , to derive the neutral mass density:

ω =
2 m aaero,x

Caero,x V 2
r el

. (2.3)

Here, m denotes the satellite mass, Caer o,x is the x-component of the aerodynamic coef-
ficient vector intrinsically multiplied by the reference area, and Vr el is the velocity rela-
tive to the atmosphere. Neutral mass density and crosswinds retrieval rely on accurate
aerodynamic acceleration estimation, formerly derived using the radiation pressure ac-
celeration (Eq. 2.1). This reliance creates a dependency between the radiation pressure
modelling uncertainty and the density and crosswind quality. The impact of radiation
pressure modelling errors is most prominent at altitudes above 450 km during low solar
activity. In such conditions, the along-track component of radiation pressure acceler-
ation matches or even surpasses the magnitude of the aerodynamic acceleration. This
effect was already quantified for the Swarm satellites (van den IJssel et al., 2020), as well
as GRACE (Wöske et al., 2019), and GRACE-FO, in which case the radiation pressure ac-
celeration doubled the magnitude of aerodynamic acceleration during deep solar mini-
mum in 2018-2020 (Siemes et al., 2023).

The crosswind retrieval is based on the iterative algorithm proposed by E. Doornbos
et al. (2010). In the cross-track direction, the aerodynamic acceleration signal is much
smaller (Fig. 2.5), resulting in a strong impact of radiation pressure modelling errors on
the crosswind estimate.



2

22
2. GRACE-FO RADIATION PRESSURE MODELLING FOR ACCURATE DENSITY AND

CROSSWIND RETRIEVAL

Figure 2.5: Non-gravitational forces acting on the GRACE-C satellite: aerodynamic acceleration (aero), So-
lar Radiation Pressure (SRP), Thermal Radiation Pressure (TRP), Earth’s Infrared radiation (IR), Earth’s Albedo
(Alb).

This chapter presents the methodology, starting from the radiation pressure mod-
elling approach in Section 2.3.1, complemented by thermo-optical surface coefficients
finetuning in Section 2.3.3, and the thermal emission modelling description in Section
2.3.2.

2.3.1. RADIATION PRESSURE MODELLING
Radiation pressure acceleration acting on the satellite can be calculated as

aext(ε,ϑ) = Pext(ε,ϑ)
m

C w(ε,ϑ), (2.4)

where Pext stands for the radiation pressure originating from external sources such as
solar radiation, Earth’s infrared radiation and Earth’s albedo, C w is the coefficient inte-
grated over the relevant wavelength domain, and m is the satellite mass. The ε and ϑ
angles describe the satellite orientation toward the incident radiation. They can be de-
rived using a unit vector fixed to the satellite reference frame, usat , pointing from the
radiation source towards the satellite:

usat =




ux
uy
uz


 , ε= arcsin(uz ), ϑ= arctan2(uy ,→uz ). (2.5)

The main contributor to the radiation pressure is solar radiation pressure, commonly
defined as

Psrp =
(

1AU
↓r sat → r Sun↓

)2

P1AU, (2.6)

where r sat and r Sun are the positions of the satellite and Sun, respectively. P1AU is the so-
lar radiation pressure at one astronomical unit (AU), commonly calculated as the ratio of
the solar constantω= 1367Wm→2 and the speed of light c, i.e. P1AU =ω/c = 4.56µNm→2.
The calculation of radiation forces originating from Earth’s albedo and infrared radiation
is described by Vielberg and Kusche (2020), noting that we use monthly averaged albedo
and Earth infrared emission maps based on Earth Radiation Budget Experiment (ERBE)
satellite data (E. Doornbos et al., 2014).
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This study employs a ray-tracing technique to calculate the radiation pressure coeffi-
cient C w . This technique uses the high-fidelity GRACE-FO geometry as input, previously
described in Section 2.2.3. Ray-tracing simulates the scenario in which a distant radia-
tion source emits parallel rays towards a much smaller satellite body. The algorithm ac-
counts for both self-shadowing and multiple reflections. Emitted rays intersect with the
satellite surface and spawn additional rays, whose energy depends on the surface prop-
erties. We use the ray tracing technique to calculate the solar radiation pressure, Earth’s
infrared radiation, and albedo (Siemes et al., 2023).

2.3.2. THERMAL EMISSION MODELLING
The thermal model proposed in this article is similar to the approach suggested and im-
plemented by Wöske et al. (2019). We modelled the satellites by 12 independent pan-
els and the inner body. The panels heat up uniformly by absorbing incoming radiation
Q̇abs, j , cool down by emitting radiation Q̇emit, j and exchange heat Q̇cond, j conductively
with the satellite body, resulting in the net heat change

Q̇ j = (1→e j )Q̇abs, j →Q̇emit, j →Q̇cond, j , (2.7)

where e j stands for the electric efficiency, and subscript j indicates the panel. The
electric efficiency represents the fraction of absorbed energy converted into electric-
ity. Therefore, e j > 0 for the solar arrays while e j = 0 for the other panels not covered
by photovoltaic cells. Introducing the efficiency parameter into the thermal model has
been done by multiple authors (Duan and Hugentobler (2022), Y. Wang et al. (2023)).
However, it was not the case in formerly published GRACE-FO datasets (Siemes et al.,
2023).

The radiation ω that originates from solar and Earth fluxes, as well as albedo, is ab-
sorbed in both visible and infrared bandwidths following the equation

Q̇abs, j =ωca, j A j cosϖ j , (2.8)

where ca, j is the absorption coefficient, A j is the area of the panel, and ϖ is the angle
between the panel’s normal and the vector from the satellite to the radiation source. The
heat loss toward space follows the Stefan-Boltzmann law of diffuse irradiation:

Q̇emit, j = A jϱ jςT 4
j , (2.9)

where ϱ j is the emissivity, ς is the Stefan-Boltzmann constant and T j is the absolute
temperature of the satellite panels.

The thermal conduction between the satellite walls and the inner body Tbody is

Q̇cond, j = k j (T j →Tbody), (2.10)

where k j is the thermal conductivity. The total heat exchange for the satellite body is

Q̇body = Q̇gen +
∑

j
Q̇cond, j , (2.11)

where Q̇gen stands for the internal heat generated by, e.g., the batteries and electronics.
The Q̇gen value was selected to assure the realistic operational inner temperature Tbody
of about 25 ↑C.
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In the numerical implementation, panels and body temperatures are updated at
each timestep following the equations

T j (t +εt ) = T j (t )+
Q̇ j

C j
εt , (2.12)

and

Tbody(t +εt ) = Tbody(t )+
Q̇body

Cbody
εt , (2.13)

where C j and Cbody are the thermal capacity of the panels and the satellite body, respec-
tively.

Finally, the thermal radiation pressure acceleration is derived using the following for-
mula

athe =→2
3

∑

j

Q̇emit, j

m c
n j , (2.14)

where n j is the outer panel normal of the j surface element.
The following control parameters describe the thermal model: heat capacity of the

panels, thermal conductance towards the inner parts, solar cell efficiency, and inter-
nal heat generated by the payload and other electronic parts. We optimise the con-
trol parameters by minimising the Root Mean Square (RMS) of the difference in the y-
component of the accelerations athe,y as calculated in Eq. 2.14 and âthe,y derived directly
from the thermistor measurements:

RMS =

√ ∑n
n=1(âthe,y →athe,y)2

n
, (2.15)

where n is the number of data points in 2020. We selected this year because of the satel-
lite’s high altitude and low solar activity.

2.3.3. SURFACE COEFFICIENTS FINE-TUNING
As previously explained in Section 2.3.1, the radiation pressure coefficients were derived
using the ray-tracing algorithm. We introduce the sum of the contributions of the indi-
vidual materials m:

arp(ε,ϑ) = Pext(ε,ϑ)
m

∑
m

(
C a,mca,m +C d,mcd,m +C s,mcs,m

)
. (2.16)

The factors ca,m, cd,m, and cs,m denote coefficients of absorption, diffuse and specu-
lar reflections, respectively, while C a,m, C d,m, and C s,m are radiation pressure coefficient
vectors. These vectors originating from the intersection of the i -th ray, with the j -th
surface element, and then summing all intersections with surface elements of the same
material (sum over index i), are defined as

C a,m =
∑

i
Ai r i (2.17)

for absorption,
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C d,m =
∑

i
Ai (ri →

2
3

n j ) (2.18)

for diffuse reflection, and

C s,m =
∑

i
2Ai (ri ·n j ) ·n j (2.19)

for specular reflection. Calculating the sum of all surface elements with the same
material allows us to extract the individual materials’ contribution to the total radiation
pressure. This equation holds for both infrared and visible light. However, this analysis
focuses only on the latter. It is because the magnitude of the Earth’s infrared radiation
is much smaller than the solar radiation in the along-track and cross-track directions
(Vielberg & Kusche, 2020), which are relevant for the density and crosswind observa-
tions. In the selected period for GRACE-C, the infrared radiation pressure acceleration
was smaller than 0.5 nms→2 in both x and y directions. In comparison, the size of the SRP
acceleration was about 12 nms→2 in the along-track and about 28 nms→2 in the cross-
track direction, respectively.

To realistically represent GRACE-FO characteristics, a new set of finetuned coeffi-
cients cm , describing surface properties is necessary. In the first step, the density based
on the along-track acceleration (Eq. 2.3) was used to derive the acceleration in the y-
direction due to aerodynamic side forces,

aaero,y,der =
Caero,y

Caero,x
aaero,x , (2.20)

where Caero,y is the aerodynamic coefficient vector, multiplied by the corresponding
cross-section area, and aaero,y,der stands for the y-component of aerodynamic accelera-
tion derived from the along-track signal.

Afterwards, we calculated the difference

εaaero,y = aaero,y →aaero,y,der , (2.21)

between the derived cross-track acceleration and the observed one. We selected a time
period of one year (2020) to optimise the radiation pressure model. This selection is
motivated by the high GRACE-FO altitude of approximately 510 km, the very low so-
lar activity during that period, and the fact that all local solar times are covered within
one year. Under such conditions, the acceleration due to crosswind is negligible, and
εaaero,y should thus equal zero. Since the aerodynamic acceleration depends on the ra-
diation pressure acceleration arp and thermal acceleration a the (cf. Eq. 2.1 and Eq. 2.2),
we used it directly to determine new coefficients. We note that a the was calculated from
the thermistor measurements as described in Section 2.3.2.

In the next step, a highpass filter was applied toεaaero,y to eliminate the influence of
the accelerometer data calibration, which affects daily and longer periods (Siemes et al.,
2023):

εaaero,y, f i l t = filt (εaaero,y ). (2.22)
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In contrast to the accelerometer data calibration, radiation pressure modelling errors
also affect the sub-daily variations in εaaero,y , e.g., step-like changes at the eclipse en-
try and exit locations. Applying a highpass filter allows us to focus on these errors and,
therefore, optimise the reflection coefficients without any impact from the accelerome-
ter data calibration.

The radiation pressure acceleration can be defined as a function of the absorption
and reflection coefficients per material:

f (ca,m ,cd ,m ,cs,m) = ↓εaaero,y, f i l t ↓. (2.23)

Finally, we use the Sequential Least SQuares Programming (SLSQP) technique origi-
nally implemented by Kraft (1988) to minimise f (ca,m ,cd ,m ,cs,m). The SLSQP algorithm
allows minimising a linear function of several variables subject to bounds and con-
straints, here defined as:

ca,m ↔ [0,1], cd,m ↔ [0,1], cs,m ↔ [0,1], ca,m +cd,m +cs,m = 1. (2.24)

The optimum solution was computed after 15 iterations. The fine-tuned surface co-
efficients are provided in Table 2.2 (Section 2.4.2).

Apart from optimising the surface properties,εaaero,y as defined in Eq. 2.21 serves to
calibrate the cross-track acceleration. When the calibration is only based on precise or-
bit determination (POD), the cross-track calibration accuracy suffers from, e.g., dynamic
force model errors, which renders the crosswind observations unusable. To resolve this,
we first optimise the radiation pressure modelling to mitigate errors from this source
as much as possible. Then, we recalculate εaaero,y and apply a lowpass filter that re-
moves sub-daily variations to extract the accelerometer data calibration and remaining
radiation pressure modelling errors (Siemes et al., 2023). The lowpass filtered εaaero,y is
directly applied as a correction to the cross-track accelerations.

2.4. RESULTS AND DISCUSSION

2.4.1. THERMAL EMISSION MODELLING
The design of solar arrays of GRACE and GRACE-FO differs. While the GRACE satellites
were equipped with silicon cells, its successors utilize modern triple-junction gallium ar-
senide (GaAs) cells with an efficiency of 28% (Kornfeld et al., 2019). Since the proposed
thermal model is based on the panel model, we must distinguish between the area cov-
ered by photovoltaic cells and the panel area, partly covered by multi-layer insulation
(MLI) foil, star trackers, and other elements. Based on the technical drawings (Fig. 2.2)
the exact number of solar cells n was estimated for solar arrays nS A = 656 and the zenith
panel nzeni th = 479. The area of the individual cell is known to be Acel l =31.36 cm. Using
this information, the packing factor p can be calculated as a ratio between the effective
area covered by the solar cells, and the total panel area

p = Acel l ↗n
Atot al

. (2.25)

Following this equation the packing factor was estimated to be 0.66 for the side pan-
els and 0.69 for the zenith panel, resulting in the panel efficiency of 18% and 19%, re-
spectively.
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The design difference between GRACE and GRACE-FO solar arrays also affects the
visible and infrared surface coefficients as they control how much energy is absorbed or
reemitted. Table 2.2 provides optimised coefficients for visible light. The emissivity was
specified according to the Swarm technical note on thermo-optical properties (Siemes,
2019), noting that the Swarm solar array is the same as on GRACE-FO. In the proposed
modelling approach the emissivity, as well as efficiency, fulfil the same function of con-
trolling how much radiation is reemitted. This means that both parameters have almost
the same effect on the cross-track acceleration, and therefore cannot disentangle. For
this reason, we only modify the efficiency.

We used the in-situ thermistor measurements to select the remaining thermal model
control parameters, the heat capacity and conductivity. As described in Section 2.2.2,
only external thermistors located on the solar arrays on the side panels and the zenith
panel were suitable for such analysis. Since the thermal emission contributes mainly to
the cross-track acceleration, the thermistor’s locations perfectly align with our modelling
requirements.

The first step in optimising the heat capacity and conductivity was to convert ther-
mistors measurements and modelled temperatures into the accelerations following
Eq. 2.14. Since each solar array on the side panels has two temperature sensors, we de-
termined the acceleration difference between both sensor pairs. Fig. 2.6 shows that the
differences do not surpass 0.6 nms→2, which was used as a reference for the maximum
reachable modelling accuracy, noting that our model assumes a uniform temperature
per panel.

Figure 2.6: Comparison between the measurements of thermistors located on the same solar array, translated
into acceleration.

In the second step, we compared the accelerations based on the measured tempera-
tures, âthe,y , and the modelled temperatures, athe,y , for a range of capacity and conduc-
tivity values using the RMS defined in Eq. 2.15. Fig. 2.7 and Fig. 2.8 summarise the re-
sults. For the solar arrays, the best fit (RMS = 0.148 nms→2) was obtained for heat capacity
C = 8200.0JK→1 and conductivity k = 0.4WK→1. Such parameter selection assures that
the thermal model accuracy is within the earlier defined range of 0.6 nms→2 (Fig. 2.6).
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Figure 2.7: Root Mean Square (RMS) acceleration difference between the thermal model and the
THT10005/THT10031 thermistors. The best fit was obtained for capacity C =8200.0 JK→1 and conductivity
k=0.4 WK→1 The best RMS fit is indicated with the dark circle.

Figure 2.8: Differences between the accelerations (top) and the temperatures (bottom), derived from the ther-
mal model and measured by thermistors.

We performed a similar analysis for the zenith panel, for which external temperature
sensors are also available. The best fit was found for C = 5800.0JK→1 and k = 0.7WK→1.
The difference between solar arrays and zenith thermal parameters is likely caused by
different packing factors of the solar cells.

This analysis focused on optimising the thermal model for the panels for which the
thermistor measurements were available. The remaining values of heat capacities and
conductivities were defined according to the GRACE-FO thermal model developed by
Siemes et al. (2023). Table 2.1 summarises the updated parameters and previously used
values.
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Table 2.1: GRACE-FO thermal radiation panel model. The internal heat generation was set to 55 W, and the
satellite body heat capacity to 1↘105 JK→1.

Siemes et al. (2023) New thermal model
Panel A j nx, j ny, j nz, j C j k j C j k j e j

(m2) (-) (-) (-) (JK→1) (WK→1) (JK→1) (WK→1) (-)
Front 0.9552 1.0 0.0 0.0 4000.0 0.1 4000.0 0.1 -
Rear 0.9552 -1.0 0.0 0.0 4000.0 0.1 4000.0 0.1 -
Starboard (outer) 3.1555 0.0 0.7660 -0.6428 18000.0 0.1 8200.0 0.4 0.18
Starboard (inner) 0.2283 0.0 -0.7660 0.6428 800.0 0.1 800.0 0.1 -
Port (outer) 3.1555 0.0 -0.7660 -0.6428 18000.0 0.1 8200.0 0.4 0.18
Port (inner) 0.2283 0.0 0.7660 0.6428 800.0 0.1 800.0 0.1 -
Nadir 6.0711 0.0 0.0 1.0 10000.0 0.5 10000.0 0.5 -
Zenith 2.1674 0.0 0.0 -1.0 12000.0 0.1 5800.0 0.7 0.19
Boom 0.0462 - - - 400.0 0.01 400.0 0.01 -

* Planar projection area of the cylindrical Boom, along X-Y plane.

2.4.2. SURFACE COEFFICIENTS FINE-TUNING
This section reports the results of the surface coefficient optimization using the method
described in Section 2.3.3 and summarized in Table 2.2. The first column describes the
material, whereas the next column provides initial values of the optical coefficients from
the GRACE-FO Level-1 Data Product User Handbook (Ying et al., 2019) and recently re-
defined values from Siemes et al. (2023). The last columns consist of the coefficients
optimized within this study. The coefficients for infrared radiation are defined in the
handbook and were not modified. These coefficients have an insignificant effect on the
y-acceleration and could not be finetuned with the method presented in this paper.

Table 2.2: Comparison between GRACE-FO surface coefficients for visible light: defined in Level-1 Data Prod-
uct User Handbook (Ying et al., 2019) (1), provided by Siemes et al. (2023) (2), and fine-tuned within this study
(3). Surface coefficients for infrared radiation are defined in Level-1 Data Product User Handbook.

(1) Material
(1) Level-1
Handbook (2) Siemes et al. (2023)

(3) Fine-tuned
coefficients

ca cd cs ca cd cs ca cd cs
SiOx/Kapton (Front/Rear) 0.34 0.26 0.40 0.34 0.26 0.40 0.14 0.15 0.71

SiOx/Kapton (Apron) 0.34 0.26 0.40 0.34 0.26 0.40 0.05 0.79 0.16
Si Glass (Solar Arrays) 0.65 0.30 0.05 0.90 0.07 0.03 0.90 0.10 0.00

Si Glass (Zenith) 0.65 0.30 0.05 0.90 0.07 0.03 0.88 0.00 0.12
Teflon (Nadir) 0.12 0.20 0.68 0.12 0.20 0.68 0.00 0.05 0.95

In addition to the SLSQP fitting of the coefficients, we inspected the satellite photos
visually to cross-check updated thermo-optical surface coefficients. One of the funda-
mental design differences between GRACE-FO (Fig. 2.1) and its predecessor was replac-
ing the silicon solar cells (Si Glass) with state-of-the-art triple-junction gallium arsenide
(GaAs) cells, previously certified for the Swarm mission (Kornfeld et al., 2019). These so-
lar arrays absorb more light and, thus, have a higher efficiency. This design similarity
between Swarm and GRACE-FO justifies the selection of optical absorption (ca=0.90),
which coincides with the value provided in Swarm technical note on thermo-optical
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properties (Siemes, 2019).
The second dissimilarity visible in the prelaunch photos (Fig. 2.1) is the difference

in the solar arrays’ packing factor of the side panels and the zenith panel. The zenith
panel is more densely populated by the solar cells (black) compared to the two side pan-
els, which reveal more of the background MLI foil (red). Since the ray-tracing algorithm
treats the MLI and solar cells (depicted as red and black surface elements) uniformly, the
packing factor affects the overall absorptivity of this material (cs =0.90 ≃ cs =0.88).

Another distinctive element between GRACE and GRACE-FO is the nadir panel (red
circles in Figs. 2.9a and 2.9b). The GRACE nadir panel has a much more creased surface
than the reflective GRACE-FO material. This difference justifies finetuning the specular
reflection coefficient to the higher value (cs =0.68 ≃ cs =0.95).

Ultimately, we finetuned the satellite’s apron surface coefficients. This small geom-
etry element proved to have a significant impact on the radiation pressure acceleration.
The Handbook defines the surface properties of the apron and the rear/front panels as
identical. However, the photos reveal that the front/rear panels have a reflective surface,
whereas the apron is creased and, thus, reflects light more diffusely than a flat surface of
the same material (Fig. 2.9c). Such difference validates the increase in the diffuse reflec-
tion component (cd =0.26 ≃ cd =0.79).

(a) GRACE-FO4 (b) GRACE5 (c) GRACE-FO6

Figure 2.9: Prelaunch photos of GRACE and GRACE-FO satellites. Red circles (a) and (b) show the differences
in the nadir panel design between two satellites. Blue circles (c) indicate the differences in the material of the
apron and the rear panel.

2.4.3. EFFECT OF RADIATION PRESSURE MODEL ACCURACY ON THE CROSS-
TRACK ACCELERATION

As discussed before, the cross-track calibration purely based on POD suffers from low
accuracy, affecting the quality of crosswind data. The exact steps undertaken to resolve

4URL https://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful,
accessed on 03/10/2023.

5Gath (2016)
6https://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful, accessed

on 03/10/2023.

https://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful
https://www.airbus.com/en/newsroom/press-releases/2017-05-grace-fo-satellites-get-an-earful
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this issue were described in Section 2.3. Here, we used theεaaer o,y parameter derived in
Eq. 2.21 to assess the performance of various radiation pressure and thermal emission
modelling approaches. The calibration parameters were estimated based on the final
model (Case (e), Table 2.3) and applied consistently to all previous cases. This approach
enabled disentangling the calibration parameters’ accuracy and focus on the sole impact
of the radiation pressure modelling.

Table 2.3 summarises models used in this study, together with their input parame-
ters: thermal emission model, geometry model and the thermo-optical surface coeffi-
cients used. The last column states the RMS estimate as the model quality indicator.

Table 2.3: Summary of GRACE-FO radiation pressure modelling approaches implemented in this study.

Case Thermal model Geometry model Surface properties RMS
- - - (nms→2)

(a) - Panel Level-1 Handbook 4.22
(b) Instantaneous reradiation Panel Level-1 Handbook 3.04
(c) Thermal inertia Panel Level-1 Handbook 1.70
(d) Thermal inertia Ray-tracing Siemes et al. (2023) 0.88
(e) Thermal inertia Ray-tracing Fine-tuned coefficients 0.55

The most straightforward approach to radiation pressure modelling is presented in
Fig. 2.10a. It utilizes the simplest geometry consisting of 6 panels and does not account
for thermal emission. The thermo-optical surface properties used for the radiation pres-
sure modelling follow the guidelines provided in the Level-1 Handbook. In this mod-
elling variant, the acceleration difference εaaer o,y exceeds the RMS of 4.22 nms→2. The
largest offset occurs when the satellite solar arrays on the sides of the satellite (red area in
Fig. 2.4) are oriented perpendicular to the Sun. These locations are indicated by yellow
dashed rectangles (Fig. 2.10a). At this stage, the cross-track acceleration errors originate
mainly from ignoring the thermal emission of the solar arrays, as demonstrated in the
next paragraphs.

The second model, illustrated in Fig. 2.10b, assumes instantaneous heat reradiation
for all panels (Montenbruck et al., 2015), i.e. the absorbed radiation is instantly re-
emitted in accordance with Lambert’s cosine law. The main difference in comparison to
Case (a) can be noted in the radiation pressure errors originating from the solar arrays.
It occurs when the solar arrays are oriented approximately perpendicular to the Sun,
which takes place between the arguments of latitude 90↑ and 270↑, during April 2020 for
the (+Y) solar array and November 2020 for (-Y) solar array. Similar to the previous fig-
ure, these locations are indicated by yellow dashed rectangles. The second effect can be
spotted near the eclipse regions, which can be identified based on the shadow function
shown in Fig. 2.10f, indicated as green crosses. This effect occurs when the satellite en-
ters the eclipse, and the nadir panel receives direct radiation, which is then re-radiated.
Since this scenario better reflects reality, the radiation pressure errors decrease com-
pared to Case (a). Using the instantaneous heat re-radiation model, the overall radiation
pressure error εaaero,y reduces to RMS 3.04 nms→2.

Figure 2.10c was produced using a thermal model that accounts for the thermal in-
ertia of the panels as described in Section 2.3.2. The optimized thermal control param-
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eters are provided in Table 2.1. In this variant, the panel geometry was used for both
radiation pressure and thermal emission modelling. After accounting for the thermal
inertia theεaaero,y decreases significantly, to RMS 1.70 nms→2. In the next step, we com-
plemented the advanced thermal modelling with ray-tracing utilizing the high-fidelity
geometry and the thermo-optical surface coefficients proposed by Siemes et al. (2023),
provided in Table 2.2. The model’s output is depicted in Fig. 2.10d. Including additional
geometry elements creates a more uniform error pattern. An interesting effect, exhibit-
ing as εaaero,y reduction around the eclipse transitions, was identified as a shadowing
effect from the satellite’s apron. In this step, the cross-track acceleration RMS is reduced
to 0.88 nms→2.

Last but not least, Fig. 2.10e shows the thermal emission modelling improvements
combined with the ray-tracing method, detailed satellite geometry, and fine-tuned
thermo-optical surface coefficients (Table 2.2). Introducing these improvements alto-
gether results in the significant reduction of the εaaero,y errors below 0.55 nms→2.

The remaining radiation pressure residuals could be caused by errors in the ther-
mistors’ measurements, as well as the modelling limitations, e.g., the assumption of the
uniform temperature of the panels. To resolve this issue, we could introduce a finite ele-
ment thermal model. However, such a modelling approach is computationally demand-
ing and unlikely to give significant improvement due to other error sources, which are
out of the scope of this work. These error sources include the assumption about negligi-
ble cross-wind during low solar activity while fine-tuning the surface coefficients, aero-
dynamic coefficient modelling errors originating from the gas-surface interaction mod-
elling uncertainties, and accelerometer data calibration errors. To model the penumbra
transitions, this paper utilizes the Solar radiation pressure with Oblateness and Lower
Atmospheric Absorption, Refraction, and Scattering Curve Fit (SOLAARS-CF) (Robert-
son et al., 2015). However, using this approach results in noticeable artefacts remaining
around the eclipse entrances/exits. Therefore, these times were excluded while calculat-
ing the RMS.
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(a) Not accounting for the thermal emission accelera-
tion.

(b) Instantaneous thermal reradiation.

(c) Thermal inertia and panel method. (d) Thermal inertia and ray-tracing method.

(e) Thermal inertia and fine-tuned thermo-optical sur-
face properties.

(f) Shadow function.

Figure 2.10: Difference between observed and derived cross-track acceleration εaaero,y defined in Eq. 2.20 for
cases (a)–(e) (cf. Table 2.3) and the shadow function. White and black areas indicate when the satellite is in the
sunlight or shadow. The yellow dashed-line rectangles indicate when the satellite solar arrays were oriented
perpendicular to the Sun. The green crosses mark locations when the satellite is close to the penumbra regions.

2.4.4. DENSITY AND CROSSWIND OBSERVATIONS
The new GRACE-FO density and crosswind datasets, labelled V2b, are available from
the FTP server ftp://thermosphere.tudelft.nl7. Compared to the previous version V2 in
Siemes et al. (2023), this new version contains two major improvements. Firstly, it is
based on the fine-tuned surface coefficients for the radiation pressure modelling. Sec-
ondly, it introduces the electrical efficiency of the solar arrays into the thermal model
and optimises its parameters based on real temperature data.

7Since 2026 HTTPS Server https://thermosphere.tudelft.nl/data/

ftp://thermosphere.tudelft.nl
https://thermosphere.tudelft.nl/data/
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CROSSWIND

To analyse the impact of the radiation pressure modelling on the crosswind data, we se-
lected a time period of increasing solar activity from 2022 until mid-2023. Figure 2.11
shows the 3-hourly geomagnetic activity index ap and 10.7cm solar radio flux (F10.7).
Figure 2.12 compares the log RMS ratio of the radiation pressure acceleration to the
aerodynamic acceleration for GRACE-C with a sliding window of one week. For the se-
lected period, the magnitude of the aerodynamic acceleration surpasses the magnitude
of radiation pressure in the along-track direction. For the cross-track direction, the RMS
ratio reflects the trend of the F10.7 curve (Figure 2.11). At the beginning of 2022, the
magnitude of the radiation pressure acceleration is 10 times larger in comparison to the
aerodynamic acceleration. Figure 12 shows that this difference gradually decreases with
increasing solar activity in 2023. The low periodic RMS ratio values for cross-track accel-
eration occur when the Sun is aligned with the orbital plane, resulting in accelerations
from the right and left solar array cancelling out.

Figure 2.11: 3-hour ap (source: GFZ German Research Center for Geosciences) and 10.7cm solar radio flux
(F10.7). 1 sfu = 10→22 ·W ·m→2 ·Hz→1.

Figure 2.12: Size of the radiation pressure acceleration relative to the aerodynamic acceleration for GRACE-C,
where the size is measured by the RMS of the acceleration within a sliding one-week window.

Figure 2.13 compares versions V2 and V2b of the observed GRACE-C crosswind. The
argument of latitude used in the figures in this section is described in Section 2.2.2. Qual-
itatively, both versions have several similarities. The wind speeds peak near the poles
(close to arguments of latitude 90↑ and 270↑), which is associated with the auroral oval
(Lühr et al., 2007), and are generally less than 150 ms→1 in the low- and mid-latitudes.
Around the north pole (90↑±20↑), 4% of wind speed exceeds 500 ms→1, whereas 9% is
larger than 400 ms→1. Around the south pole (270↑±20↑) the wind speed is slightly lower,
with only 2% exceeding 500 ms→1, and 5% being larger than 400 ms→1. Magnetospheric
convection and particle precipitation contribute to energy and momentum transfer be-
tween ions, drifting rapidly in electric and magnetic fields, and neutrals, which strongly
influence the high-latitude thermosphere, including neutral winds (e.g., Barreto-Schuler
et al., 2021; T. L. Killeen & Roble, 1984; Richmond et al., 2003).

The sharp curve features present in both V2 and V2b in Figure 2.13 are an artefact
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due to eclipse transitions caused by inaccurate modelling of the Earth’s shadow. The
high wind speeds around January and August/September 2022 visible in both versions in
Figure 2.13 also correspond to periods of low signal-to-noise in the measured along track
acceleration. Under such conditions, meaningful wind retrieval is limited. This results
in spurious features that cannot be mitigated by improvements in radiation pressure
modelling alone. In order to distinguish the useful wind data from the spurious features,
we have introduced flagging in the published dataset.

The two versions show large differences in 2022, when the ratio of the radiation pres-
sure to aerodynamic acceleration is still significant (see Fig. 2.12). This demonstrates
that the radiation pressure models used to produce V2b are superior to V2. In 2023, as
solar activity and hence density increase, the difference between the two versions grad-
ually converges. However, the improvements are still visible in periods such as Febru-
ary/March 2023 during the entry and exit of the eclipse, when the wind speed decreases
at mid-latitudes.

Figure 2.13: GRACE-C crosswind speed version V2 (top, cf. Siemes et al. (2023)), version V2b (middle, this
work), and the difference between the two versions (bottom). The values on the x-axis are common for all
plots.

In Figure 2.14, we compare the new V2b crosswind data with the physics-based TIE-
GCM and the empirical HWM14 models. The crosswind data are given in the same ref-
erence frame as the models, and the zonal (east-west), meridional (north-south) and
vertical unit vector components are provided in the dataset to accurately project the
model winds. The contributions from the vertical wind component are much weaker
than the horizontal components and are therefore ignored in this study, similar to Lühr
et al. (2011) using CHAMP observations. The model wind vector projected onto the di-
rection of the observed crosswind is obtained as follows:

Mcw,i = Mzonal ,i ·uzonal ,i +Mmer i d ,i ·umer i d ,i , (2.26)
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where Mcw,i is the projected model crosswind at time epoch i , and Mzonal and Mmer i d
are the model zonal and meridional wind vectors, respectively. uzonal and umer i d are the
corresponding unit vector components.

Figure 2.14 shows that both models capture most of the salient features of the ob-
served crosswind, especially at low and mid latitudes. The time period shown in the
figure corresponds to relatively high solar activity, which improves the quality of the re-
trieved wind signal. Compared to the TIE-GCM, the HWM14 shows better agreement
at high latitudes and well reflects some of the high wind speed around 90↑ and 270↑ oc-
curring during the significant geomagnetic storms in late February, March, and April
2023 (see Fig. 2.11). In general, the data-model agreement is better in 2023 than in 2022.
While the crosswind speeds are greater than the model estimates, this agreement has
improved in 2023 to the extent that the mean model wind speed is about half that of the
observed crosswind. Further investigation is needed to determine the extent to which
the TIE-GCM underestimates the winds, particularly at high latitudes. Neutral winds at
high latitudes are strongly influenced by the direction and strength of the interplanetary
magnetic field (IMF) and ion collisions (Richmond et al., 2003). The TIE-GCM runs in
this study do not use observed IMF conditions and use, among other parameterisations,
an empirical ion convection model based on the 3-hr Kp index, which may have some
limitations in accurately modelling ion drag and winds on the observed timescale.

Figure 2.14: Crosswind speed observed by the GRACE-C satellite (top), wind speed from the HWM14 model
(middle) and TIE-GCM (bottom). The negative values in the model winds indicate that the wind direction is
opposite to the observed wind. The values on the x-axis are common for all plots.

Figure 2.15 shows some general statistics of the data-model comparison from Jan-
uary 2022 to April 2023. The two top panels show the daily mean and standard devia-
tion, respectively. Two bottom panels show the Pearson correlation coefficient, which
describes the linear correlation between the models and the observations. Since both
TIE-GCM and HWM14 underestimate the high-latitude wind speeds (Fig. 2.14) the Pear-
son coefficient was calculated for two subsets: including all data, and considering only
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low- and mid-latitude crosswinds, by excluding data between arguments of latitude 60↑–
120↑ and 240↑–300↑. The penumbra regions were discarded while calculating the statis-
tical data.

The figure shows a remarkable improvement in the GRACE-C retrieved winds after
September 2022, when the daily mean stabilises, the standard deviation is consistently
low, and the correlation increases. We observe an exceptionally good correlation after
January 2023 reaching 0.6 for all data and 0.8 if only low- and mid-latitude wind speeds
are considered. The figure also shows that the GRACE-C crosswinds are quite stable from
April to June 2022. There are a few periods in 2022 with large wind speeds and high
standard deviations (e.g. January, March and August). As explained earlier, this is due
to the spurious features in the crosswind data resulting from an insufficient signal-to-
noise ratio in the acceleration data (see Fig. 2.13). Finally, the figure also highlights the
importance of a comprehensive further analysis of the winds to identify the reasons for
different model responses to observed geophysical conditions, including the periods of
anticorrelated winds in October 2022 and late March 2023.

Figure 2.15: Statistical comparison of the crosswind speed observed by the GRACE-C and model estimates
from HWM14 and TIE-GCM. Two top panels show the daily mean and the daily standard deviation. Two bot-
tom panels show the Pearson’s correlation coefficient for TIE-GCM and HWM14, respectively, for two types of
subsets: all data and low- to mid-latitudes. The values on the x-axis are common for all plots.

DENSITY

The newly estimated neutral mass density (V2b) was compared with the previously pub-
lished data (V2) and two thermosphere models: NRLMSIS 2.0 and DTM2020. The mean
density ratio (Sutton, 2018) was used for comparison

µ(ω1,ω2) = exp

(
1
N

N∑

n=1
ln
ω1,n

ω2,n

)
, (2.27)
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where ω1/ω2 is the ratio between the observed and modelled density.
Fig. 2.16a shows the yearly mean of the observation-model density ratio. The solid

lines represent the comparison between atmospheric models and version V2 (Siemes et
al., 2023), whereas the dashed lines introduce version V2b, produced using new radiation
pressure and thermal emission models. It can be seen that the ratio between the obser-
vations and DTM2020 is always larger than unity. This means that both previous and
new observations consistently show a 5–10% higher density than the DTM2020 model.
The only exception is 2021, where the annual mean increases to 25%. The observation-
model ratio for NRLMSIS 2.0 is about 0.65 during the solar minimum (2018–2020). This
indicates the model’s tendency to overestimate the density, which was already pointed
out for Swarm data (van den IJssel et al., 2020). As solar activity increases from 2021
onward, the mean density ratio gets closer to one, indicating better agreement between
observations and model during medium–high solar activity.

Comparison within versions does not show significant scale differences. This is ex-
pected since both V2 and V2b datasets share the same aerodynamic model and differ
only in the radiation pressure and thermal emission, which average to zero in the yearly
mean.

To compare the variability across the density data, the standard deviation of the den-
sity ratio was used:

ς(ω1,ω2) = exp




 1
N →1

N∑

n=1

(
ln
ω1,n

ω2,n
→ lnµ(ω1,ω2)

)2

 (2.28)

Fig. 2.16b shows the annual standard deviation. The annual standard deviations
have continuously decreased since the beginning of the mission in 2018. This is likely
caused by radiation pressure modelling errors playing a smaller role when the solar ac-
tivity, and hence density, increases towards 2023. The annual standard deviation for
DTM2020 is always lower compared to NRLMSIS 2.0, which indicates a better model
agreement with observations’ variability. Nevertheless, considerable values can still be
seen for DTM2020, starting from 32% in 2018 to 22% in 2023. For NRLMSIS 2.0, the stan-
dard deviations range from 45% in 2018 to 28% in 2023. These larger values could be
explained by the fact that the NRLMSIS 2.0 model is independent of the density obser-
vations produced after 2000.

Similarly to the annual mean, the standard deviations of V2 and V2b follow almost
the same pattern. However, a small difference of about 1–2% can be spotted for the
DTM2020 model. One may conclude that the V2b density observations are slightly
worse. Yet, it is important to note that DTM2020 is based on the data where not all ad-
vances in radiation pressure modelling have been implemented. NRLMSIS 2.0 also in-
dicates that the V2b data agrees less with the model, though the standard deviations are
much larger than those of DTM2020, obscuring the subtle differences between V2 and
V2b. Given the clear improvements in the crosswind observations, further investigation
is needed to confirm if the changes in the variability of the V2b density data represent a
worsening or improvement.
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(a) GRACE-FO observation-model mean. (b) GRACE-FO Observation-model standard deviation.

Figure 2.16: Comparison of GRACE-FO density observations to DTM2020 and NRLMSIS 2.0. Observations of
version V2 are based on Siemes et al. (2023) and V2b was developed within this study.

2.5. CONCLUSIONS AND OUTLOOK
The motivation for this study was twofold: to determine the impact of radiation pres-
sure and thermal emission modelling during periods of low solar activity and to derive
updated density and crosswind datasets. The first was achieved by fine-tuning the re-
flection coefficients to characterise satellite surface properties better. A thermal emis-
sion model based on heat transfer was introduced together with the solar panel electric
efficiency parameter. Achievements in radiation pressure modelling allowed for better
cross-track calibration and improved crosswind datasets.

The accessibility of the thermistor measurements from the top and side panels was
key to the success of this research. By knowing the external surface temperature, it was
possible to disentangle the thermal emission from the other sources of radiation pres-
sure and model it separately. To further improve the radiation pressure modelling ac-
curacy, reliable data from thermistors in suitable locations on accelerometer-carrying
satellites would be desired. Equipping future missions with thermistors that are dis-
tributed externally in multiple places would allow for an even more advanced modelling
approach, for example, a finite-element thermal analysis. On the contrary, the inacces-
sibility of meaningful thermistor readings poses limitations on thermal emission mod-
elling for past missions. This is the case for GRACE, where multiple temperature sensors
were placed below the insulation foil, making a similar analysis as the one performed in
this study meaningless since the thermistor data do not represent the topside tempera-
ture of the panel.

The thermal model accounting for thermal inertia significantly reduced the error
compared to the instantaneous heat re-radiation. However, it is also more computa-
tionally demanding, as the calculations cannot be performed up-front but must be done
along the orbit instead. Therefore, the choice of the appropriate thermal model depends
on the required accuracy.

Taking into account the design similarities between GRACE-FO and Swarm solar ar-
rays, it would be recommended to update the GRACE-FO documentation with the solar
arrays’ thermo-optical surface properties as specified for the Swarm mission. The sur-
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face coefficients defined for other materials should also be revisited. It was shown for the
GRACE-FO apron, that in the case of foils, the reflection coefficients may vary depending
on the wrinkling, and thus should be specified per separate foil sheet, and not globally
for the whole material.

The improvements in the radiation pressure modelling did not have a significant im-
pact on the density observations. In the case of the crosswind, a low aerodynamic signal
along the track prevented the derivation of usable observations for some periods and
manifested itself as spurious features in the crosswind data. To distinguish these spu-
rious features from real geophysical signals, and to better attribute observation-model
discrepancies, it would be be beneficial to define reliable error bounds. Such error quan-
tification should include errors in radiation pressure modelling, aerodynamic coefficient
estimation, calibration errors and accelerometer measurement noise, as well as errors in
external models providing thermosphere characteristics, such as uncertainty in the ra-
diation fluxes and thermosphere composition. This work is currently in progress.
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The Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) satellite, which
operated at an altitude of ⇐250 km, provided neutral thermosphere mass density and
crosswind observations in the dawn-dusk sectors throughout most of its operational life-
time (2009–2013). As a result of its Sun-synchronous orbit, GOCE’s large solar panels re-
mained at a near-perpendicular angle to the incoming solar radiation, leading to a sig-
nificant radiation pressure acceleration. In this research, we focused on revisiting and
reprocessing GOCE thermosphere mass density and crosswind data. We selected the coeffi-
cients describing the thermo-optical surface properties and employed a high-fidelity satel-
lite geometry in a ray-racing simulation. Additionally, we distinguished between the solar
flux in the visible and infrared bands and introduced a model for the satellite’s thermal
emission. The availability of the in-situ thermistor measurements allowed for the vali-
dation of the thermal model. Moreover, we replaced the Level-1b ion thruster data with
raw telemetry, filling multiple data gaps. We analysed how incremental improvements
in the radiation pressure modelling affected the observed crosswind speed. By replacing
the panel model with the high-fidelity satellite geometry, the crosswind speed decreased
up to 5 ms→1. The biggest difference reduction of 40 ms→1 resulted from introducing the

This chapter has been published in Advances in Space Research 76(11), 6899-6917, 2025 H!adczuk et al., 2025.
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thermal model. Splitting the solar flux further decreases the observed crosswind speed
by up to 8 ms→1. The reduction in crosswind speed was most prominent during the first
years of the mission when the solar activity was low. We compared the newly processed
GOCE zonal wind data with respect to the most recent previous release. We observed a me-
dian absolute deviation decrease of 10 ms→1 around the south magnetic pole in the dawn
sector. The yearly consistency of low-latitude zonal winds did not change significantly.
The main obstacle in quantifying the improvement compared to the previous crosswind
dataset stemmed from the fact that the previous and new datasets were generated with
different crosswind estimation algorithms. The difference in thermosphere density com-
pared to previously published datasets is minor since the effect of radiation pressure is
most prominent in the cross-track direction. Finally, we verified the assumption about
the energy accommodation coefficient of 0.82 and concluded that it remains valid after
implementing the radiation pressure modelling improvements.
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3.1. INTRODUCTION
The Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) was the first Eu-
ropean Space Agency (ESA) Core Earth Explorer Mission, launched in March 2009 and
operated until November 2013 (Floberghagen et al., 2011b). Its primary objective was to
map Earth’s gravity field and model the geoid height with unprecedented accuracy. The
mission successfully achieved a range of multidisciplinary scientific goals, including ap-
plications in geodesy, geophysics, oceanography, glaciology, and climate research.

GOCE flew in a near-circular, Sun-synchronous dusk-dawn orbit with an inclination
of 96.5↑. The satellite altitude was 270 km at the beginning of the mission and was low-
ered to 240 km by the end of operations. This orbit was selected to provide optimal Earth
coverage while minimizing the time spent in eclipses. As a result, one side of the satellite
was always directed toward the Sun while the other was never directly illuminated by
sunlight. The satellite’s subsystems were powered by four body-mounted and two wing-
mounted solar panels equipped with triple-junction gallium arsenide (GaAs) solar cells,
which made GOCE the first gravimetry mission to use this technology.

GOCE was equipped with a Satellite-to-Satellite Tracking Instrument, which was
used to determine the position and velocity, and star trackers that provided information
on attitude (Drinkwater et al., 2007). Maintaining the satellite’s low operational altitude
was made possible by a drag-free control system enabled by ion propulsion (Andreis &
Canuto, 2005). The core instrument onboard the spacecraft was the Electrostatic Grav-
ity Gradiometer (EGG), measuring the gravity gradients along GOCE’s orbit. The EGG
consisted of three pairs of three-axis, servo-controlled accelerometers, providing inde-
pendent measurements of the gravity gradient components (Drinkwater et al., 2007).

GOCE’s low altitude, where aerodynamic accelerations are significant, provided
unique conditions for obtaining highly accurate crosswind estimates. The availability
of four years of GOCE wind data facilitated a number of studies. Because of its near-
polar orbit and mostly fixed local time, GOCE winds remain uncontaminated by local
solar time variations, providing an opportunity to study seasonal dependencies. GOCE
data allowed the analysis of the spatial and temporal variability of thermospheric zonal
winds (Molina & Scherliess, 2023)), helped to identify wind jets (Liu et al., 2016), and gave
insights into intra-annual oscillations in upper thermospheric winds (M. S. Dhadly et al.,
2020). Furthermore, GOCE cross-track wind data has been assimilated into wind mod-
els, effectively filling gaps in the twilight regions that are typically inaccessible through
ground-based measurements such as Fabry–Perot Interferometers (Drob et al., 2015).
However, studies also revealed that GOCE winds obtained from non-gravitational ac-
celerations show substantial offsets compared to other space-based and ground-based
observations (M. Dhadly et al. (2017) and M. S. Dhadly et al. (2018)). Moreover, charac-
teristic jumps in GOCE winds have been identified at the locations where the satellite
entered and exited eclipses (E. Doornbos et al., 2014).

The most recent version of GOCE data, prior to the one presented here, was version
2.0 in the ESA GOCE Data Collections Website, which is the exact same dataset as version
V01, found in http://thermosphere.tudelft.nl. This dataset, consisting of both vertical
and horizontal winds, was produced using an algorithm based on linear and angular
accelerations as described in T. Visser et al. (2019). The algorithm relies on the measured
accelerations to calculate a net force and torque acting on the satellite. Therefore, the

https://earth.esa.int/eogateway/missions/goce/data
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algorithm output is a pair of wind datasets, one force-derived and one torque-derived,
which, after applying an offset correction, results in a final wind estimate.

The derivation of density and winds from the satellite’s accelerometer data relies on
the precise modelling of non-gravitational forces. For GOCE, the thrust exerted by the
drag-free control system acts as an additional acceleration, which must first be added
to the calibrated acceleration. Afterwards, the aerodynamic acceleration is obtained by
subtracting the radiation pressure from the remaining signal. Likewise version V01, this
study uses a high-fidelity GOCE geometry (March, Doornbos, & Visser, 2019) to model
the aerodynamic drag.

This study aims to provide new insights into GOCE horizontal winds by reprocessing
all data using enhanced processing standards and models. Crosswind data are partic-
ularly sensitive to acceleration modelling errors in the cross-track direction, where the
main contributors are solar radiation pressure and the satellite’s thermal emission. To
take advantage of the high-fidelity geometry for radiation pressure modelling, we as-
signed appropriate thermo-optical surface properties to each geometry element. Such
a model is then used in ray-tracing simulations to determine radiation pressure force
coefficients. Ray-tracing is an efficient method for modelling the momentum exchange
between incident radiation and the satellite surface while accounting for self-shadowing
and multiple reflections. To optimize computational efficiency, the ray-tracing simula-
tion is performed once for all directions of incidence, and the resulting coefficients are
stored in a lookup table (H!adczuk et al., 2024; Siemes et al., 2023). This approach has
been already adopted by various research groups (Bhattarai et al., 2022b; Li et al., 2018;
Ziebart, 2004).

In the standard approach to Solar Radiation Pressure (SRP) modelling, the solar spec-
trum is assumed to be fully in the visible wavelength range. However, in reality, the in-
teraction between the solar flux and the satellite surface is frequency-dependent. This
aspect is often neglected or simplified due to uncertainties in the satellite surface prop-
erties. In this study, we divided the solar flux between the two main contributing wave-
lengths, infrared and visible, following a similar approach as Vielberg and Kusche (2020).

In addition to the SRP, the acceleration due to the satellite’s thermal emission is the
second largest contributor to the cross-track radiation pressure acceleration, accounting
for one-fourth of the signal. Typically, the thermal effect is either neglected or modelled
as simple instantaneous heat re-emission (Montenbruck et al., 2015; Vielberg & Kusche,
2020). State-of-the-art models account for transient heat conduction and characterize
the heat exchange using thermal control parameters such as heat capacity, conductivity,
and heat generation by the inner parts (Siemes et al., 2023; Wöske et al., 2019). Some
studies additionally account for the efficiency of the solar arrays, defined as the amount
of absorbed radiation converted into electricity instead of heat (Adhya, 2005; H!adczuk
et al., 2024; Y. Wang et al., 2023).

In this study, we provide new insights into radiation pressure modelling by apply-
ing a ray-tracing technique and revisiting the selection of the thermo-optical properties
of satellite materials. For a more realistic SRP model, we accounted for the visible and
infrared contributions of the solar spectrum. We proposed a thermal model based on
the transient heat conduction and accounted for the heat transfer through the satellite
wing - a distinctive feature of the GOCE design. Finally, we validated the choice of model
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control parameters by comparing the modelled temperatures to the readings from the
GOCE thermistors.

The paper is structured as follows. First, in Section 3.2, we discuss the input data.
Then, in Section 3.3, we explain the methodology of the radiation pressure modelling,
including thermal emission and heat transfer through the satellite wing. Section 3.4
presents the results, including new crosswind estimates. Finally, Section 3.5 discusses
the conclusions and opportunities for future work.

3.2. DATA

3.2.1. GOCE DATA
All GOCE Level-1b and Level-2 data collections, including the temperature readings, are
freely available on ESA GOCE Data Collections Website. The GOCE satellite operated
under drag-free control, using an ion thruster to continuously compensate for atmo-
spheric drag in the in-flight direction. Previously published GOCE datasets were based
on Level-1b ion thruster data. In this work, we used raw telemetry thruster data instead.
This allowed us to fill numerous data gaps (280 gaps longer than 5 minutes). For the
remaining data products, we used the most recent version of the Level-1b data. Addi-
tionally, we updated the accelerometer bias estimation (P. Visser & van den IJssel, 2016)
to be consistent with that version of the accelerometer data.

To process GOCE density and crosswind data, we utilize the following models:
NRLMSISE-00 model (Picone et al., 2002) to obtain the atmospheric composition and
temperature and HWM07 (Drob et al., 2008) to account for in-track wind.

3.2.2. THERMISTORS DATA
Each panel of GOCE was equipped with a pair of Rosemount 0118MF temperature sen-
sors, as shown on Figure 3.1. Unlike GRACE-FO (H!adczuk et al., 2024) and Swarm,
GOCE’s thermal sensors were installed on the rear side of each panel, making them un-
suitable for direct use in thermal modelling. However, these thermistors can still serve
as reference temperature. Being located beneath the panels and thus better insulated,
their temperature readings record less extreme values than the outer temperatures we
aim to model. An exception is a thermistor located on the rear side of the wing, which
can be directly used to compare modelled and measured temperatures.

https://earth.esa.int/eogateway/missions/goce/data
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Figure 3.1: Approximate locations of the GOCE thermistor pairs on each panel. The pairs named
THT17/THT03 and THT19/THT05 were mounted on the inner body-mounted solar panels (BMSP), whereas
THT16/THT02 and THT18/THT04 were mounted on the outer BMSP. The sensors THT14/THT00 and
THT15/THT01 were placed on the wing solar panels (WSP). Note that the thermistors are located on the rear
side of the panels.

Figure 3.2 shows the temperature variation during a few orbits as well as the orbit
mean temperature. We compared the temperature readings from thermistors on the
same panel throughout the mission lifespan to examine thermal gradients across the
surface. The difference within the thermistor measurements was at most 10 ↑C in the
sunlight and 20 ↑C in the eclipse.

Figure 3.2: Temperature measurements of the thermistors placed on the same panel. The horizontal black
lines show the orbit mean temperature of the corresponding thermistors. Acronym BMSP refers to the body-
mounted solar panels, whereas WSP refers to the wing solar panels.
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3.2.3. HIGH-FIDELITY GEOMETRY MODEL
For GOCE aerodynamic and radiation pressure modelling, we utilised the detailed geom-
etry model illustrated in Fig. 3.1, similar to the ones developed for CHAMP, Swarm, and
GRACE. The model, which consists of 2474 mesh triangles, was created using CAD soft-
ware and constructed from technical drawings and pre-launch images (March, Doorn-
bos, & Visser, 2019). The GOCE high-fidelity geometry model was used as input for a
ray-tracing simulation to calculate radiation pressure force coefficients. To achieve this,
we enhanced the model by assigning surface material properties to each mesh element.
These properties were defined for both visible and infrared wavelengths. Details on the
selection of surface coefficients are provided in Section 3.4.2.

3.3. METHODOLOGY
GOCE was equipped with the Electrostatic Gravity Gradiometer consisting of three or-
thogonal pairs of accelerometers, providing independent measurements of the gravity
gradient components in the along-track, cross-track and vertical directions. Since GOCE
accelerometers do not coincide with the satellite centre of mass, we are using the so-
called common mode acceleration, which is obtained by averaging the accelerations
measured along the corresponding axis of the gradiometer (P. Visser & van den IJssel,
2016).

To retrieve the aerodynamic signal, aaero, we subtract the other nongravitational ac-
celerations from the calibrated common-mode accelerations acal. These other nongrav-
itational accelerations consist of solar radiation pressure (SRP), asrp, Earth albedo, aalb,
Earth infrared radiation, a ir, and thermal acceleration, ate. The continuous thrust ap-
plied by the ion thruster as part of the drag-free control system acted as an additional
acceleration, athr, which cancelled the aerodynamic acceleration in the thrust direction.
Therefore, we must add athr to acal to obtain the aerodynamic acceleration aaero

This amounts to

aaero = acal →asrp →a ir →aalb →ate →athr. (3.1)

The neutral mass density ω can be calculated from the acceleration along the satel-
lite’s x-axis aaero,x by

ω =
2 m aaero,x

Caero,x V 2
r el

, (3.2)

where m denotes the satellite mass, and Vr el is the satellite’s velocity relative to the atmo-
sphere. Since the satellite’s x and y-axes are approximately aligned with the along-track
and cross-track directions, respectively, we refer to the accelerations in these directions
as the along-track and cross-track accelerations. The term Caer o,x is the x-component
of the aerodynamic coefficient vector (approximately aligned with the flight direction)
intrinsically multiplied by the reference area. Due to the drag-free flight, information
about GOCE’s density primarily comes from thruster activation data.

Both neutral mass density and crosswind estimations rely on the accurate modelling
of aerodynamic acceleration. Consequently, the errors in crosswind data arise from in-
accuracies in the cross-track acceleration, with radiation pressure being a significant
contributor. The effect of the radiation pressure mismodelling has been already studied
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for higher-altitude satellites such as Swarm (van den IJssel et al., 2020), GRACE (Wöske
et al., 2019), and GRACE-FO (H!adczuk et al., 2024; Siemes et al., 2023).

Figure 3.3 shows the ratio between the size of radiation pressure acceleration com-
ponents with respect to the size of the aerodynamic acceleration. The magnitude of ac-
celerations was calculated using a sliding one-month window root mean square (RMS).
At GOCE altitude, during the early phase of the mission when the solar activity was low,
the solar radiation pressure acceleration had magnitude up to 1% of the aerodynamic
acceleration in the along-track direction (Fig. 3.3.a) and 50% in cross-track direction
(Fig. 3.3.b). The reason for the small ratio of radiation pressure to aerodynamic accel-
eration in the along-track direction compared to the cross-track direction is twofold:
drag, which acts approximately in the along-track direction, is much larger than the side
forces acting in the cross-track direction. Second, the radiation pressure acceleration in
the along-track direction is much smaller than that in the cross-track direction because
of the dawn-dusk orbit.

The next largest contribution stems from thermal emission, with a magnitude of ap-
proximately one-fifth of the aerodynamic acceleration in the cross-track direction. The
accelerations due to albedo and Earth’s infrared emission have a negligible impact on
the cross-track acceleration. As solar activity increases towards the end of the mission,
the ratio between the radiation pressure acceleration component and the aerodynamic
acceleration decreases.

Apart from the radiation pressure, additional error sources are accelerometer cross-
track bias and accelerometer scale factor errors, as well as the misalignment of the thrust
vector.

3.3.1. RADIATION PRESSURE MODELLING
The radiation pressure acceleration is defined as

aext(ε,ϑ) = 1
m



ϕ
Pext(ε,ϑ,ϕ)C (ε,ϑ,ϕ)dϕ (3.3)

where m is the satellite mass and Pext is an external radiation pressure source such
as the Sun (solar radiation pressure) or the Earth (infrared radiation and albedo). The
coefficient C depends on the radiations’s wavelength ϕ, and the angles ε and ϑ, which
describe the orientation of the satellite to incident radiation. The angles can be derived
using a unit vector fixed to the satellite reference frame, usat, pointing from the radiation
source towards the satellite:

usat =




ux
uy
uz


 , ε= arcsin(uz ), ϑ= arctan2(uy ,→ux ). (3.4)

The solar radiation pressure Psrp(ϕ) at the position of the satellite is calculated using
the solar radiation pressure at one astronomical unit, P1AU, and the distance from the
Sun to the satellite ↓r sat → r Sun↓:

Psrp(ϕ) =
(

1AU
↓r sat → r Sun↓

)2

P1AU(ϕ). (3.5)
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(a)

(b)

Figure 3.3: Ratio between the radiation pressure components and the aerodynamic coefficient (aero). The
radiation pressure components are: solar radiation pressure (SRP), thermal radiation pressure (TRP), Earth
albedo (Alb), and Earth infra-red radiation (IR). The magnitude of accelerations was calculated using a sliding
one-month window root mean square (RMS).

The solar radiation pressure at 1AU is commonly approximated by the ratio of
the mean solar constant ω = 1361Wm→2 to the speed of light c, (i.e. P1AU = ω/c =
4.53µNm→2). The mean solar constant was estimated using CERES data from 2000 to
2024. We found the temporal variation in the solar flux to have a negligible effect on the
acceleration and, therefore, did not account for it in this work.

The solar constant is an average of the Sun’s energy flux integrated over all wave-
lengths. We accounted for dependency on both visible and infrared frequency bands of
the solar spectrum, departing from the standard approach that considers only the visi-
ble range. Since the satellite material properties are typically available only for the visible
and infrared wavelengths, we approximate the total flux by evenly distributing it between
these bands (50% visible and 50% infrared). This method is similar to the extended SRP
model proposed by Vielberg and Kusche (2020). Subsequently, we introduced the solar
constant values for the visible and the infrared parts of the spectrumωvi s = 680.5Wm→2

andωi r = 680.5Wm→2, respectively.
To model the visible and infrared radiation pressure coefficient C vi s and C i r , we aug-

mented the GOCE aerodynamic model with thermo-optical surface properties and em-
ployed a ray-tracing technique. The advantage of this method is that it accounts for
both self-shadowing and multiple reflections. The details on the ray-tracing algorithm
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can be found in Siemes et al. (2023) and H!adczuk et al. (2024). The method was used
to calculate the acceleration due to solar radiation pressure, Earth’s infrared radiation,
and albedo. For albedo and Earth’s thermal emission, we use monthly averaged maps
based on Earth Radiation Budget Experiment (ERBE) satellite data (E. Doornbos et al.,
2014). We evaluated the impact of replacing the ERBE data with more precise Clouds
and Earth’s Radiant Energy System (CERES). However, the differences at the acceleration
level were negligible given the size of the radiation pressure acceleration contributions,
as shown in Figure 3.3.

3.3.2. THERMAL EMISSION MODELLING
The implemented thermal model is based on independent panels outlining the GOCE
satellite’s geometry. The net heat exchange of an individual panel j is

Q̇ j = (1→e j )Q̇abs, j →Q̇emit, j →Q̇cond, j , (3.6)

where Q̇abs, j denotes absorbed radiation, Q̇emit, j emitted radiation, and Q̇cond, j conduc-
tive heat exchange either with the satellite body or through the satellite wing depending
on the panel. The efficiency e j represents the fraction of absorbed energy converted into
electricity (H!adczuk et al., 2024; Y. Wang et al., 2023).

Since the panel model does not account for self-shadowing, using such a model to
account for the satellite’s thermal emission may introduce errors. Therefore, we imple-
mented a modified version of the panel model of Dumontel (2010), estimating the illu-
minated area of the Sun-opposing horizontal stabiliser instead of using the total area.
This was possible due to GOCE’s distinctive orbit, where the orientation of the Sun-
facing and Sun-opposing panels remains roughly fixed.

In the first step of numerical implementation, panels absorb the incoming radiation
originating from the Sun and Earth, including albedo. Our calculations account for the
dependency on both visible and infrared parts of the solar spectrum. The change in heat
due to absorbed radiation is

Q̇abs, j = (ωvi s cvis,a, j +ωi r cir,a, j )A j cosϖ j , (3.7)

where cvis,a, j is the absorption coefficient for visible light, cir,a, j is the absorption coeffi-
cient for infrared radiation, A j is the area of the panel, and ϖ j is the angle between the
panel’s outward normal and the vector from the satellite to the radiation source. The
heat absorption is followed by heat loss toward space following the Stefan-Boltzmann
law,

Q̇emit, j = A j cir,a, jςT 4
j , (3.8)

where T j is the absolute temperature of the satellite panels and ς is the Stefan-
Boltzmann constant.

In the case of the GOCE satellite, two scenarios can be distinguished. For the panels
attached directly to the satellite body, thermal conduction k j between the satellite walls
and the inner body Tbody occurs

Q̇cond, j = k j (T j →Tbody). (3.9)
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The heat change of the satellite body Q̇body is then defined as

Q̇body = Q̇gen +
∑

j
Q̇cond, j , (3.10)

where Q̇gen stands for the internal heat generated by the payload and satellite systems.
The second scenario concerns elements where the surface area connected to the

satellite body is significantly smaller than the panel area, such as the satellite wings or
the stabilizers. In these cases, instead of the thermal conduction towards the satellite
body we consider the heat transfer through the panel

Q̇cond, j =
(T j1 →T j2 )

R j
, (3.11)

where T j1 and T j2 denote two sides of the panel, and R j is the panel’s thermal resistance,
noting that R j = k→1

j .
The panels and body temperatures are updated by

T j (t +εt ) = T j (t )+
Q̇ j

C j
εt , (3.12)

and

Tbody(t +εt ) = Tbody(t )+
Q̇body

Cbody
εt , (3.13)

where C j and Cbody are the thermal capacity of the panels and the satellite body, t is
time, and εt is the time difference to the next time step.

In the last step, the thermal radiation pressure acceleration

ate =→2
3

∑

j

Q̇emit, j

m c
n j (3.14)

is calculated, where n j is the outer panel normal of the j -th surface element.

THERMAL MODEL CONTROL PARAMETERS

The proposed thermal model includes the following control parameters: heat capac-
itance of the panels (C j ) and the body (Cbod y ), thermal resistance of the panels (R j ),
efficiency of the solar cells (e j ), and internally generated heat (Q̇gen). Due to the charac-
teristics of the GOCE orbit, the geometry can be divided into Sun-facing elements (solar
panels) and Sun-opposing elements (insulation foil). Since the main thermal impact
originates from the illuminated parts of the satellite (Eq. 3.8), we focus in this section
solely on describing the thermal properties of the Sun-facing panels.

The GOCE satellite was equipped with four body-mounted solar panels, consisting
of two larger inner panels and two smaller outer panels, along with two wing solar pan-
els, as shown in Fig. 3.1. GOCE solar panels contain triple-junction Gallium Arsenide
(GaAs) solar cells, similar in design to those used on the Swarm and GRACE-FO missions
(Kornfeld et al., 2019).
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The efficiency of the solar cells decreases with the temperature, as shown in Fig-
ure 3.4. Since the efficiency is only relevant when the solar panels are sunlit, we con-
sider the following temperatures: For the satellite front wings, we assume a temper-
ature of around 70 ↑C, for the outer body-mounted panels 100 ↑C, and for the inner
body-mounted panels 140 ↑C, which translates to cell efficiencies of 23%, 21%, and 18%,
respectively. These temperatures are consistent with those predicted by our thermal
model. For reference efficiency, we used the values provided at the beginning-of-life.
However, it should be noted that the difference in the beginning and end-of-life effi-
ciency provided by the documentation is less than 1%.

Figure 3.4: Efficiency of GOCE solar cells in the beginning-of-life (BOL) and end-of-life (EOL) provided in the
technical documentation (Dutch Space, 2006).

The area of a single solar cell is 30.18 cm2 (Dutch Space, 2005) and the number of
cells per panel is 676 for each of the WSP, 338 for each of the outer BMSP and 390 for
each of the inner BMSP (Dutch Space, 2005). The effective efficiency of the whole panel
was estimated by calculating the packing factor, taking into account the area covered
by the photovoltaic cells (H!adczuk et al., 2024). For the BMSP, this yields the effective
efficiencies of 10% and 11% for the inner and outer panels, respectively (packing factors:
0.56 and 0.53), and 16% for the WSP (packing factor 0.72). It is worth pointing out that
cell efficiency varies slightly throughout the mission lifespan, and manufacturers usually
define them separately for the beginning and end of life (Figure 3.4). However, in this
work, we consider this change negligible.

The thermal capacitance determines the ability of the panel to store heat and de-
pends on the panel temperature. The values for the BMSP and WSP were based on the
information provided in the technical documentation (Dutch Space, 2006). Figure 3.5
shows temperature-dependent thermal capacitance of the front and rear sides of the
wing. The temperature of these panels remains fairly constant for GOCE, due to the
Sun-synchronous orbit, with the exception of the eclipse passes. In this work, we use a
fixed value selected in accordance with the temperature that the satellite reaches in sun-
light. We estimate that the front of the GOCE wing heats up to 70 ↑C, and the rear side
remains around 50 ↑C. Scaling through the wing area leads to approximate values of heat
capacitance of 6100 JK→1 and 2800 JK→1 for front and rear, respectively.

For the body-mounted panels, we follow a similar approach, with the operational



3.3. METHODOLOGY

3

53

modelled temperatures as described above. This leads to the thermal capacitances of
4300 JK→1 and 3800 JK→1 for larger and smaller panels, respectively.

Figure 3.5: Heat capacity of GOCE solar panels body-mounted solar panels (BMSP) and wing solar panels
(WSP) as provided in the technical documentation (Dutch Space, 2006). Values for higher temperatures have
been linearly interpolated.

The internal heat generated by the onboard electronics was adjusted to assure real-
istic operational temperature (25 ↑C). The internal heat generation has been set to 70 W.

The details on calculating thermal resistance values for GOCE are provided in the
next section.

THERMAL RESISTANCE

Thermal resistance is a function of a fabric’s thickness and thermal conductivity and
determines the material’s insulation properties. It can be defined as the ratio of the tem-
perature difference between the two faces of a material to the rate of heat flow per unit
area (Mishra et al., 2018).

Both the satellite wings and the body-mounted solar panels were thermally de-
coupled from the platform by titanium brackets and thermal washers (Cataloglu et al.,
2004). Moreover, the MLI blankets were placed below the body-mounted panels for ad-
ditional insulation (Battaglia et al., 2008). This assures high thermal resistance towards
the satellite body.

To precisely model the heat flow through the wing wall, we use the information about
the material layers provided in the documentation. In a composite structure such as
the satellite wing, the total thermal resistance Rtot al can be calculated as a sum of the
individual resistance of each layer by

Rtot al =
1
A

∑

j
R j =

1
A

l j

k j
, (3.15)

where l j is a thickness of the layer, k j is the conductivity and A area (Adhya, 2005).
Figure 3.6 depicts the schematic cross-section of the GOCE solar panel comprising 11

materials based on the ’GOCE Solar Array: Detailed Thermal Model Analysis’ document
(Dutch Space, 2006).
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Figure 3.6: The schematic cross-section of typical GOCE solar panel (Dutch Space, 2006).

Table 3.1 summarizes each layer’s properties, considering the material type, thick-
ness, and conductivity. Part of the information stems from Adhya (2005), who carried
out a similar study to identify and describe the structure of a GPS Block IIR satellite.

Table 3.1: Material properties by layer. The thickness refers to the thickness
of a single layer.

Layer Material Thickness Conductivity Layers
[-] [-] [m] [Wm→1 K→1] [-]

1 Coverglass 2.54↘10→4 1.4172 1
2 Adhesive RTV 1.02↘10→4 0.1572 1
3 Germanium cell 2.30↘10→4 41.01 1
4 Silver 1.00↘10→4 4191 1
5 Adhesive RTV 1.02↘10→4 0.1572 1
6 Kapton insulator 2.54↘10→5 0.1572 1
7 CFRP 0.001 0.351 5
8 Adhesive RTV 1.02↘10→4 0.1572 1
9 Honeycomb 6.52↘10→2 2.032 1

10 Adhesive RTV 1.02↘10→4 0.1572 1
11 CFRP 0.001 0.351 5
12 White paint 1.00↘10→4 0.201 1

1 Material property data: https://www.matweb.com/, accessed on
20/08/2024.

2 (Adhya, 2005).

Using the information from Table 3.1, the total resistance of the wing was calculated
following Eq. 3.15 considering the panel areas. Note that the number of layers in the
wing varies depending on whether the surface element is covered by solar cells or not.
To distinguish between the area covered by the solar cells and that covered only by the
adhesive, the thermal resistance was calculated for the whole panel surface and then
scaled through the packing factor.

The total thermal resistance R of a panel is

R = Rcell +Radhesive =
1

Acell

4∑

j=1
R j +

1
Aadhesive

12∑

j=5
R j , (3.16)

https://www.matweb.com/
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where Aadhesive is the area covered by adhesive (which corresponds to the total panel
area of 2.828 m), and Acell is the fraction of the surface covered by the solar cells (see
packing factor, Sec. 3.3.2).

From Table 3.1, we deduced Rcell = 0.00042WK→1 and Radhesive = 0.01469WK→1.
Therefore, the total thermal resistance of a GOCE wing amounts to R = 0.01469WK→1.
For the wing solar panels, for which the information about the layers is available, we can
calculate the thermal resistance. Moreover, we have the rear-side thermistor measure-
ment available to verify the temperatures resulting from these resistance values. As for
the body-mounted panels, they remain very well insulated from the interior, assuring
the operational internal temperature of approximately 25 C. We used this criterion to
calculate the thermal resistance instead of relying on layers.

3.4. RESULTS AND DISCUSSION

3.4.1. SOLAR RADIATION PRESSURE MODELLING
In this work, we distinguish between the two frequency bands of the solar spectrum:
visible and infrared (see Sec. 3.3.1). Typically, the total solar flux is approximated by in-
tegrating over all wavelengths and assuming that interactions occur only at the visible
wavelength (i.e., only the visible surface properties are used in combination with the
total solar flux). In our approach, we select the appropriate surface coefficients based
on the specific wavelength, using either visible or infrared properties. Figure 3.7 illus-
trates an example of two satellites, GOCE and Gravity Recovery and Climate Experiment
Follow-On (GRACE-FO), showing the differences in solar radiation pressure (SRP) accel-
eration when the flux is split by wavelength or integrated. For both satellites, splitting the
solar flux increases the radiation pressure estimate in the cross-track direction. The dif-
ferences, reaching up to 4 nms→2 for GOCE and 3 nms→2 for GRACE-FO, directly impact
the crosswind estimation. On the other hand, the along-track acceleration decreases by
approximately 1 nms→2 for both satellites when the split flux is used. The changes are
negligible in the radial direction. This pattern may vary depending on the satellite, its
surface properties and orbital characteristics.

To our knowledge, no publicly available document provides official information on
GOCE’s thermo-optical surface properties. Therefore, the ray-tracing model was based
on the information about satellite materials available in the satellite thermal control
documentation (Battaglia et al., 2008; Valentini et al., 2006) and the information on the
thermo-optical properties of the specific materials used for the satellite design (P. Fortes-
cue et al., 2011b; Silverman, 1995). The satellite surface properties used in the ray-tracing
simulation are summarized in Table 3.2. To model the eclipse in this work, we utilize the
Solar radiation pressure with Oblateness and Lower Atmospheric Absorption, Refrac-
tion, and Scattering Curve Fit (SOLAARS-CF) model (Robertson et al., 2015).
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Figure 3.7: Solar radiation pressure acceleration (SRP) in along-track, cross-track and radial directions cal-
culated using integrated (orange) and solar flux split by wavelength (blue). The top and bottom rows show
examples from the GOCE and GRACE-FO satellites, respectively.



3.4. RESULTS AND DISCUSSION

3

57

Table 3.2: GOCE thermo-optical surface coefficients for visible and infrared light. The visual representation of
the Sun-facing panels is shown in Figure 3.1.

Panel A j nx, j ny, j nz, j cvis,a, j cvis,d , j cvis,s, j cir,a, j cir,d , j cir,s, j
(m2) (-) (-) (-) (-) (-) (-) (-) (-) (-)

Front 0.865 1.0 0.0 0.0 0.07 0.23 0.70 0.74 0.20 0.06
Rear 0.865 -1.0 0.0 0.0 0.10 0.05 0.85 0.80 0.15 0.05

Sun-facing side (solar panels)

Body 1 2.067 0.0 -0.924 -0.383 0.95 0.05 0.00 0.60 0.29 0.11
Body 2 1.918 0.0 -0.383 -0.924 0.95 0.05 0.00 0.60 0.29 0.11
Body 3 1.918 0.0 -0.383 0.924 0.95 0.05 0.00 0.60 0.29 0.11
Body 4 2.067 0.0 -0.924 0.383 0.95 0.05 0.00 0.60 0.29 0.11
Wing 1/2 2.828 0.0 -1.0 0.0 0.95 0.05 0.00 0.60 0.29 0.11

Sun-opposite side

Body 1 1.874 0.0 0.383 -0.924 0.15 0.35 0.50 0.05 0.25 0.70
Body 2 1.601 0.0 0.924 -0.383 0.15 0.35 0.50 0.05 0.25 0.70
Body 3 1.601 0.0 0.924 0.383 0.15 0.35 0.50 0.05 0.25 0.70
Body 4 1.874 0.0 0.383 0.924 0.15 0.35 0.50 0.05 0.25 0.70
Wing 1/2 2.828 0.0 1.0 0.0 0.35 0.55 0.10 0.75 0.20 0.05

Radiators

Radiator Front 0.036 1.0 0.0 0.0 0.10 0.20 0.70 0.80 0.15 0.05
Radiator Rear 0.036 -1.0 0.0 0.0 0.10 0.20 0.70 0.80 0.15 0.05
Radiator 1 0.101 -0.924 0.383 0.101 0.10 0.20 0.70 0.80 0.15 0.05
Radiator 2 0.061 -0.383 -0.924 0.061 0.10 0.20 0.70 0.80 0.15 0.05

3.4.2. THERMAL EMISSION
The crosswind data are sensitive to acceleration modelling errors in the y-direction.
Moreover, the thermal emission is proportional to the temperature raised to the fourth
power (Eq. 3.8), meaning that the panels with higher temperatures exert greater thermal
acceleration. Thus, in this work, we focus specifically on modelling the temperature of
the solar arrays, which were on the Sun-facing side of the satellite and, therefore, reached
much hotter temperatures than the panels on the Sun-opposing side.

Figure 3.8 gives an overview of the modelled and measured temperatures of all so-
lar arrays during the timespan of a few orbits. The measured temperatures were cal-
culated as the average value between two thermistors located on the same panel. It is
important to note that the thermistors serve only as a rough reference for our thermal
modelling, and direct comparison is not possible. Since the thermistors were mounted
on the rear side of the panels, they were shielded from direct sunlight. Consequently,
the measured temperatures exhibit smaller variations compared to the modelled ones,
while displaying a similar pattern. The body-mounted inner panels (Fig. 3.8a, Fig. 3.8d)
reach the highest temperatures because they have the smallest incidence angle to the
incoming radiation from the Sun. In contrast, the temperature is lower for the upward-
and downward-facing outer panels (Fig. 3.8b, Fig. 3.8e). As shown here, during the sum-
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mer the Earth-opposed panels get hotter than the Earth-facing panels due to the tilt of
the orbital plane with respect to the Sun. Figures 3.8c and 3.8f present the tempera-
ture model for both the front and rear sides of the wing. As anticipated, the modelled
orbit mean temperatures are higher than those recorded by the thermistors, with the
exception of the Earth-facing panel (Fig. 3.8e), where the modelled and measured tem-
peratures are of similar magnitude. This could be attributed to errors in the thermistor’s
measurements or inaccuracies in Earth’s albedo and infrared radiation modelling.

(a) (b) (c)

(d) (e) (f)

Figure 3.8: Comparison between the modelled (solid line) and measured (dashed line) temperatures per panel.
The horizontal black lines show the orbit mean temperature of the model (solid) and measurements (dashed).
The panels presented in the top row are Earth-opposed, while the panels in the bottom row are Earth-facing.

The results of the thermal modelling for the GOCE wing are shown in Figure 3.9. In
this work, we use the argument of latitude to illustrate the position of the satellite along
the orbit. The horizontal axis of the figure refers to time, and the vertical axis refers to
the argument of latitude. Argument of latitudes of 0↑ and 180↑ refer to the ascending and
descending equator crossings, while 90↑ and 270↑ represent the northern and southern-
most points of the orbit, respectively.

As expected, the modelled temperature of the front side of the wing (Fig. 3.9a, 3.9b),
which is facing the Sun, exhibits a higher value compared to the rear side (Fig. 3.9c, 3.9d).
Since the panel geometry used for thermal modelling does not account for shadowing,
the modelled temperature of the front and rear sides is symmetrical for both Earth-facing
and Earth-opposed wings. Figure 3.9e shows the average measured temperature of two
thermistors on Earth-facing wing, and Figure 3.9f shows the same for the Earth-opposed
wing. Figure 3.9g and 3.9h shows the difference between the measured and modelled
temperatures. For the Earth-facing wing, the temperature differences in sunlight are
approximate 3 ↑C, and in the shadow, they remain within 15 ↑C. In case of the Earth-
opposed wing the differences are respectively 7 ↑C and 20 ↑C. This indicates that the
difference between the modelled and measured temperature has the same magnitude
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as the differences between measurements of the thermistors located on the same wing
(Sec. 3.2.2).

Table 3.3 summarizes the material properties used for thermal modelling. Only the
geometry elements which contribute primarily to the total thermal emission were sum-
marized in the table. The remaining elements, such as the stabilizer, contribute less than
0.5 nm/sec2 to the total cross-track thermal acceleration and, therefore, were not listed.
It should be mentioned that in our model, we assume that the panel is heated evenly.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3.9: Temperature of the GOCE wing. The left column shows the temperature of the Earth-facing wing,
and the right column of the Earth-opposed wing. The first and second rows depict the front and rear mod-
elled temperatures, respectively. The third row shows the average measured temperature by the THT14/THT01
thermistors (e) and THT15/THT00 thermistors (f). The last row shows the difference between the measured
temperatures and modelled ones.
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Table 3.3: GOCE thermal radiation model. The inter-
nal heat generation has been set to 70 W. It should be
noted that the panel thermal capacitance is inversely
proportional to the resistance, k j = R→1

j . The values

of areas and panel normals are identical to those pre-
sented in Table 3.2.

Panel C j [JK→1] k j [WK→1] e j [-]

Front 4000 0.1 -
Rear 9000 0.1 -

Sun-facing side (solar panels)

Body 1 4300 0.1 0.10
Body 2 3800 0.1 0.11
Body 3 3800 0.1 0.11
Body 4 4300 0.1 0.10
Wing 1/2 6100 68.9 0.15

Sun-opposite side

Body 1 2000 0.1 -
Body 2 2000 0.1 -
Body 3 2000 0.1 -
Body 4 2000 0.1 -
Wing 1/2 2800 68.9 -

Radiators

Radiator Front 400 0.1 -
Radiator Rear 400 0.1 -
Radiator 1 400 0.1 -
Radiator 2 400 0.1 -

3.4.3. HORIZONTAL CROSSWIND AND DENSITY
The low operational altitude of GOCE, which led to high aerodynamic accelerations, pro-
vided an advantage for obtaining valuable crosswind data. The newly produced GOCE
neutral thermosphere density (Fig. 3.10) and horizontal wind datasets (Fig. 3.11) labelled
as Version V02 are available on the TU Delft Thermosphere FTP Server1. These datasets
incorporate the advancements in SRP modelling, including splitting the solar flux into
the visible and infrared bands, using the ray-tracing algorithm in combination with the
high-fidelity satellite geometry, and updating the thermo-optical surface coefficients. It
also includes the thermal satellite model to account for the acceleration due to the satel-
lite’s thermal emission.

1Since 2026 HTTPS Server https://thermosphere.tudelft.nl/data/

http://thermosphere.tudelft.nl/
https://thermosphere.tudelft.nl/data/
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Figure 3.10: Version V02 of the GOCE neutral thermosphere mass density.

Figure 3.11: Version V02 of the GOCE horizontal windspeed.

Figure 3.12 quantifies the impact of the advances on the horizontal winds by incre-
mentally introducing additional features in the radiation pressure model, as indicated in
Table 3.4. In the simplest case (a), the satellite geometry is represented by a panel geom-
etry, the satellite’s thermal emissions are not modelled, and solar radiation pressure is
obtained from the flux integrated over the whole spectrum in combination with surface
coefficients for visible light. Then, we introduce the high-fidelity geometry in case (b),
the thermal model in case (c), and distinguish between visible and infrared wavelengths
of the solar flux in case (d). To highlight the impact of each modelling feature, we show
the difference between cases (a) and (b), (b) and (c), and (c) and (d). For the comparison,
we selected the time interval from 2010 to 2013, aligning with the satellite’s operational
phase while avoiding periods with too many manoeuvres.

Table 3.4: Summary of GOCE radiation pressure modelling approaches.

Case Thermal model included Geometry model Solar flux split by wavelength

(a) No Panel No
(b) No High-fidelity No
(c) Yes High-fidelity No
(d) Yes High-fidelity Yes
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For all three panels of Fig. 3.12, the biggest differences appeared in 2010, when the so-
lar activity was lowest and, consequently, the aerodynamic acceleration making changes
in the radiation pressure acceleration more noticeable. By replacing the panel model
with the high-fidelity geometry (Fig. 3.12.1), the estimated horizontal wind speed de-
creased by approximately 5 ms→1. The largest decrease of up to 40 ms→1 resulted from
introducing the thermal model (Fig. 3.12.2). In this case, the satellite emitted infrared ra-
diation due to its nonzero absolute temperature. As the satellite heated up in the sunlit
part of the orbit due to absorbed solar radiation, the resulting thermal emission acceler-
ation caused changes in the estimated wind. The changes in the estimated wind shortly
after the satellite entered the eclipse can be explained by the fact that it took several
minutes before the satellite cooled down so much that the thermal emission accelera-
tion became insignificant (for eclipses, see Fig. 3.13). Finally, splitting the solar flux by
wavelength further reduced the estimated wind by up to 8 ms→1 (Fig. 3.12.3).

(1)

(2)

(3)

Figure 3.12: Quantification of the advancements in the radiation pressure modelling as described in Table 3.4.
The difference in the scale of the colour bars should be noted.
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Figure 3.13: GOCE shadow function.

The previous version of the GOCE crosswind dataset is labelled version V01 in TU
Delft’s thermosphere database and version 2.0 in ESA’s GOCE data collections website
(despite the different versions, it is the same dataset). In this work, we will refer to the
newly produced dataset as V02 and the previously produced dataset as V01, following
the convention in the TU Delft’s thermosphere database.

The version V01 dataset provides both the thermosphere neutral density and cross-
wind estimates. The crosswind data was generated using a method described by T. Visser
et al. (2019). The method utilises the concept of simultaneous observation of linear and
angular accelerations, so the derived winds rely on both forces and torque modelling. T.
Visser et al. (2019) used the high-fidelity satellite geometry model (Sec. 3.2.3) for aerody-
namic modelling, assuming diffuse reflections of gas particles with incomplete energy
accommodation of εE = 0.82 (March, Doornbos, & Visser, 2019). They used a simplified
solar radiation pressure model, assuming a reflectance of zero for the side covered by
solar panels and 0.8 for the other side. For modelling of albedo and Earth’s infrared radi-
ation, they utilized the monthly mean top-of-atmosphere albedo and infrared flux maps
obtained from the CERES SYN1deg product2. The eclipse was defined by the physics-
based SOLAARS-CF model (Robertson et al., 2015).

To produce version V02, we retrieved the crosswind estimates with the iterative al-
gorithm proposed by E. Doornbos et al. (2010), which relies solely on the satellite linear
accelerations. The intrinsic differences between the methods of E. Doornbos et al. (2010)
and T. Visser et al. (2019) may lead to discrepancies in crosswind estimates, making the
interpretation of the differences challenging. Nevertheless, version V01 can still serve as
a valuable reference for comparison between the two datasets.

Since interpreting the crosswind comparison between versions V01 and V02 directly
can be challenging, we first compare only the results of the solar radiation pressure mod-
elling. Figure 3.14 shows the SRP acceleration used in V01 and V02. There is a good
agreement between both versions, regardless of V01 using the simple panel model and
limited knowledge of the thermo-optical properties of materials. The difference between
V01 and V02 is 3 nms→2 in the cross-track direction and smaller than 1 nms→2 in the
along-track and radial directions.

2https://ceres.larc.nasa.gov/data/#synoptic-toa-and-surface-fluxes-and-clouds-syn,
accessed on 20/05/2025.

http://thermosphere.tudelft.nl/
http://thermosphere.tudelft.nl/
https://goce-ds.eo.esa.int/oads/access/collection/GOCE_Thermosphere_Data
https://ceres.larc.nasa.gov/data/#synoptic-toa-and-surface-fluxes-and-clouds-syn
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Figure 3.14: The comparison between the SRP acceleration used in Version V01 and V02. It should be noted
that the V01 wind dataset also relies on the SRP torques in addition to the linear accelerations.

Figure 3.15.a shows the difference in the crosswinds between the newly produced
version V02 and the version V01. At the beginning of the mission, version V02 winds have
a lower magnitude in comparison to V01, evident from negative differences. Consider-
ing the difference in the SRP magnitude between both versions (Fig. 3.14), the decrease
of the wind in the first year is likely due to the introduction of the thermal emission ac-
celeration. We interpret this as an improvement, assuming that smaller crosswinds are
likely more accurate. As the density increases over time (Fig. 3.15.c), the wind differ-
ence changes sign, meaning that V01 crosswinds have a smaller magnitude than V02.
This could be attributed to errors in the aerodynamic modelling (manifesting at higher
densities) as well as differences between the algorithms used to produce both versions.
Therefore, the wind retrieval algorithm used to generate V01 (T. Visser et al., 2019) should
be revised and updated to incorporate recent improvements.

While the wind retrieval algorithm relies on the cross-track acceleration, the thermo-
sphere density is derived from the along-track aerodynamic acceleration (Eq. 3.2). The
ratio of radiative forces to the aerodynamic force in the along-track direction is much
smaller than in the cross-track direction (see Fig. 3.3). Therefore, the improvement in
the radiation pressure modelling is best reflected in the crosswind rather than in the
density. Figure 3.15.b shows the relative density difference towards V01. The overall dif-
ferences are very small, with the biggest impact (up to 7%) visible around the eclipse
regions during 2010/2011 when the solar activity was low. The features highlighted by
dashed lines are caused by high-frequency thrust noise, a real acceleration signal. Since
the L1b thruster data has a lower sampling rate than the raw telemetry, the feature is
either smoothed out or aliased in the former (the details of the L1b thruster data pro-
cessing are unknown to us). Hence, it appears as high-frequency noise in the density
difference. The new GOCE dataset includes a flag indicating when density data is af-
fected by thruster noise.

Finally, since a comparison of the GOCE densities to other datasets is out of the scope
of this paper, we refer to Bruinsma (2014) for such a comparison.
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(a)

(b)

(c)

Figure 3.15: Evolution of the GOCE orbit mean density and the differences between versions V01 and V02 of
the neutral thermosphere density and horizontal wind.

The thermospheric wind pattern depends, among others, on the season of the year,
local solar time, and geomagnetic conditions (W. Wang et al., 2021). Due to a very small
orbital precession, GOCE’s local time remained roughly fixed throughout the mission.
The ascending equatorial crossing of the satellite drifted from 18:00 local time at the
beginning of the mission to 19:30 local time at the end (Bock et al., 2014). This orbital
characteristic provided a perfect opportunity to study seasonal and annual variations in
the wind data. As a result of its near-polar orbit, the winds are closely aligned with the
zonal direction at low and mid-latitudes and with the meridional direction at the poles,
which is illustrated in Figure 3.16. The seasonal dependency is clearly visible in the zonal
winds, with a cyclical pattern that repeats throughout the mission.
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Figure 3.16: Distinction between GOCE zonal and meridional winds V02. The seasonal wind pattern repeating
through the year is clearly visible in the zonal winds.

The study performed by M. Dhadly et al. (2017) and M. S. Dhadly et al. (2018)
showed that there is an offset between the accelerometer-derived GOCE zonal wind data
and the models. The study compared the GOCE data with various ground-based and
space-based datasets, including Fabry-Perot interferometers, Scanning Doppler imag-
ing Fabry-Perot interferometers, as well as space-based instruments flying on the Up-
per Atmosphere Research Satellite and Dynamic Explorer 2. The study concluded that
amongst all these datasets, the GOCE in-situ crosswind data have been overestimated,
with the differences. This offset increases with latitude and is particularly noticeable on
the duskside. It should be noted that the authors’ comparison did not yet include Ver-
sion V01 but relied on an even older version of the dataset. Nevertheless, we can use this
information to quantify the improvement in the new wind data.

To verify this assumption, we divided the zonal wind data in the dusk and dawn sec-
tors and binned with a resolution of 1↑ magnetic latitude (MLAT). Then we calculated
the median absolute deviation (MAD) of each bin. Figure 3.17 shows the comparison
between the V01 and V02 data. At low latitudes, the wind distribution is similar for both
versions in both the dusk and dawn sectors. In the South Pole region (approximately
→80↑ to →70↑ MLAT), there is a decrease of wind MAD of approximately 10 ms→1 for the
dawn sector. Around the North Pole (70↑–80↑ MLAT), the MAD decreases on the dusk
side, but it slightly increases on the dawn side. These variations in MAD may be linked
to eclipse transitions occurring at these latitudes, which are affected by the updated ther-
mal emission modeling.

We can also assess the data quality by checking the consistency of zonal wind data. To
do so, first, we divided the dataset into three yearly bins: 2010, 2011 and 2012. In the next
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Figure 3.17: Median absolute deviation (MAD) of GOCE zonal winds with 1↑ MLAT binning.

step, we split the data into the dusk and dawn sectors and limited it to the low latitudes
(argument of latitudes 0↑± 45↑ and 180↑± 45↑) to prevent the complex wind dynamics
at the poles from affecting the statistics. To calculate data consistency, we subtracted
the wind from the consecutive years and calculated the MAD. Table 3.5 shows the MAD
comparison between Version V01 and V02. The wind consistency is similar between both
versions, with a slight enhancement of V02 in the dawn sector, especially for the 2010-
2011 bin. This indicates that even though the magnitude of the total wind speed differs
between both versions (Fig. 3.15.a), the consistency between the zonal component of
the low-latitude winds is similar.

Table 3.5: Comparison between Version v01 and v02 wind
consistency.

Years Time V01 V02
MAD [m/s] MAD [m/s]

2010–2011 Dawn 25.20 24.72
Dusk 24.02 23.92

2011–2012 Dawn 20.51 20.25
Dusk 20.67 20.66

To produce the Version V02 dataset, we used the energy accommodation coefficient
of 0.82. This is in line with the study by March, Visser, et al. (2019), who optimised the
gas-surface interaction DRIA (Diffuse Reflection Incomplete Accommodation) model by
investigating the consistency of the GOCE winds. After implementing the radiation pres-
sure improvements, we verified whether this assumption was still valid.

Figure 3.18 shows the zonal component of GOCE wind data produced for the en-
ergy accommodation coefficients ranging between 0.5 and 1.0. We followed a similar
approach as explained in the previous analysis, starting by arranging the dataset into
three yearly bins. By dividing the data into years instead of seasons (as proposed by
March, Visser, et al. (2019)), we captured the seasonal wind variations while mitigating
the effect of prolonged data gaps (such as the one occurring in July 2010). Likewise,
in the previous analysis, we restricted the data selection to low-latitude and divided it
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Figure 3.18: Median absolute deviation of the Version v02 GOCE zonal wind, restricted to the argument of
latitude 0↑±45↑ and 180↑±45↑, as a function of energy accommodation coefficient.

into dawn and dusk sectors. To calculate the data consistency, we subtracted the wind
from the consecutive years and calculated MAD. The markers pinpoint the minimum
MAD for each curve. The optimum energy accommodation coefficients are εE = 0.82
and εE = 0.85 for the dusk and dawn sectors, respectively, with the best estimate for the
energy accommodation coefficient lying between these values. Therefore, we conclude
that introducing the new radiation pressure model did not notably change the assump-
tions on the energy accommodation coefficient.

3.5. SUMMARY AND OUTLOOK
The aim of this study was to revisit and reprocess the GOCE horizontal wind data us-
ing enhanced force modelling standards. The key improvement was the introduction
of the thermal emission acceleration, which has never been accounted for in the pre-
vious GOCE datasets. Moreover, this study has advanced the solar radiation pressure
modelling, including updating the thermo-optical surface coefficients and using a ray-
tracing method. We collected and presented information on the GOCE surface mate-
rials relevant for radiation pressure modelling, including the GOCE panel model, from
multiple sources. The information on the surface materials can be readily reused in the
context of other missions. For a more realistic model, the solar flux was split between
two wavelengths: visible and infrared. The ion thruster Level-1b data were replaced by
raw telemetry filling multiple data gaps. Furthermore, this research served as an oppor-
tunity to compare the new dataset with the previously published one, evaluating wind
consistency and magnitude, as well as verifying the assumptions about the energy ac-
commodation coefficient.

We took advantage of thermistor data located on the Sun-opposed side of the satellite
wing to realistically model the heat transfer and the wing surface temperature. However,
since the other thermistors were placed on the rear side of the panels, a direct evalua-
tion of surface temperature was not possible. Similar limitation was encountered for the
GRACE mission (H!adczuk et al., 2024). Therefore, it would be beneficial from the per-



3.5. SUMMARY AND OUTLOOK

3

69

spective of thermal modelling to equip future missions with thermistors placed on the
top of the panels and distributed externally in multiple places.

Modelling the wavelength-dependent solar flux interaction with the satellite requires
detailed knowledge of the material properties. Due to GOCE’s low orbit, the degradation
caused by the atomic oxygen results in erosion of the coating materials (Battaglia et al.,
2008). Moreover, the surface properties of the satellites are affected by factors such as
UV radiation exposure (Silverman, 1995). Addressing these factors would require an ex-
tensive study with a focus on laboratory testing. Therefore, some assumptions had to be
made to ensure a compromise between model accuracy and simplicity. While account-
ing for the infrared part of the solar spectrum is crucial for applications which require
precise force modelling, other missions with limited knowledge of surface properties
may not significantly benefit from this distinction.

The solar flux varies not only in wavelength but also in magnitude. However, these
variations are relatively minor. In this study, we did not account for the temporal vari-
ations in solar flux, which could be a point for future analysis. Future studies would
also benefit from introducing Clouds and Earth’s Radiant Energy System (CERES) data
to improve vertical wind estimate as well as wind uncertainty quantification, similar to
the one available for the density data (Siemes et al., 2024). Both of these aspects will be
addressed in our future work.
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THERMOSPHERE DENSITY AND

CROSSWIND UNCERTAINTY

PROPAGATION - SENSITIVITY

ANALYSIS

N.A. H"adczuk, C. Siemes, P.N.A.M. Visser

Accurate knowledge of the neutral thermosphere mass density and crosswind is essential
for constructing empirical models used in space operations. A well-established technique
to model thermosphere density and crosswind is to use in-situ measurements from ac-
celerometers onboard Low Earth Orbit (LEO) satellites, combined with precise GNSS po-
sitioning. Assimilating in-situ data into the empirical models can be challenging, due
to potential error sources arising from different ground- and space-based measurement
techniques, which vary in coverage and resolution. Moreover, it has been proven that the
thermosphere density datasets may differ by up to 30%, even when derived from the same
instrument at the same altitude. Therefore, quantifying uncertainty in wind and density
datasets is invaluable for addressing these challenges. Recently, a method was developed
to propagate various error sources and quantify their impact on thermosphere density de-
rived from the accelerometer and GNSS tracking data. In this chapter, we extend the ex-
isting method by introducing the error propagation into the crosswind data besides the
thermosphere density. Moreover, we performed a sensitivity analysis using the example
of GRACE-B wind and density data to identify which input parameters have a significant
impact on the output uncertainty. We found that the density uncertainty during high so-
lar activity, which ranged between 4 % to 4.5 % of the density signal, was mainly caused by
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parameters related to aerodynamic modelling, in particular uncertainties in the thermo-
sphere temperature and the energy accommodation coefficient. During low solar activity,
the density errors were between 5 % to 18 %, with the dominant contribution arising from
the radiation pressure modelling. For the crosswind during high solar activity, the un-
certainty ranged from 30 ms→1 to 110 ms→1, and mainly originated from the radiation
pressure modelling. The analysis was particularly useful for assessing the crosswind un-
certainty during the low solar activity, when the weak aerodynamic signal leads to large
wind errors, ranging from 200 ms→1 to 550 ms→1. Among the parameters related to radi-
ation pressure modelling, the biggest impact on the uncertainty stemmed from the heat
capacity of the satellite panels and the reflection coefficients for visible and infrared light.
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4.1. INTRODUCTION
The characteristics of neutral thermospheric wind and density play an important role
in understanding the coupling between Earth’s thermosphere and ionosphere, and in
improving models used in space operations. These models are crucial for a variety of
applications, including determining a mission’s lifespan, estimating fuel requirements,
and assessing collision risk, among others. Moreover, high-resolution wind and density
data can also be used to validate other datasets, study thermospheric dynamics, and
investigate the response of the upper atmosphere to geomagnetic activity.

Current capabilities to model thermosphere density and winds can be broadly di-
vided into two classes of models: physics-based and empirical. Physics-based models,
such as TIE-GCM (Peymirat, 1998) or WACCM (Liu et al., 2010), rely on first-principle
physics equations to describe the thermosphere dynamics. Empirical models, on the
other hand, are based on ground- and space-based observations fitted to mathemat-
ical equations. For thermosphere density, the most commonly used empirical mod-
els include NRLMSISE-00 (Picone et al., 2002), together with its reformulated versions:
NRLMSIS 2.0 (Emmert et al., 2021), and NRLMSIS 2.1, which additionally introduces ni-
tric oxide (NO) number density (Emmert et al., 2022); Jacchia-Bowman (Bowman et al.,
2008); as well as DTM-2020 (Bruinsma, 2014). In the case of the thermosphere wind, the
most common model is the Horizontal Wind Model (HWM) (Drob et al., 2008; Drob et al.,
2015)), which is based on incoherent scatter radar, Fabry–Perot interferometer, as well as
rocket and satellite measurements. Thermosphere density and wind can also be derived
from in situ data of Low Earth Orbit (LEO) satellites carrying accelerometers, such as
CHAMP, GOCE, GRACE, GRACE-FO, and Swarm (Bruinsma & Biancale, 2003; H!adczuk
et al., 2025; Siemes et al., 2023). Moreover, the potential of using GNSS tracking data to
derive in situ thermospheric density has been investigated by van den IJssel et al. (2020).

Considering the multitude of existing wind and density models, challenges may arise
when assimilating ground- and space-based data into the existing datasets. For example,
while assimilating data into the High-Latitude Thermospheric Wind Model (HL-TWiM),
biases in the GOCE cross-track wind measurements were identified and corrected (M. S.
Dhadly et al., 2019). Similarly, the comparison between various datasets can be chal-
lenging. The study by Bruinsma et al. (2022) revealed that the thermospheric density
products may differ by up to 30%, even when derived from the same instrument at the
same altitude. In another study by Mehta et al. (2023), the authors reported that de-
pending on the method used for the drag coefficient modelling, the density estimates
may differ by tens of percent in some cases.

Such challenges in the context of data assimilation and model comparison could be
tackled by augmenting existing wind and density datasets with information regarding
the dataset uncertainty.

It is observed that the differences in the modeled drag coefficients and hence the de-
rived density estimates are tens of percent in some cases. Thus, data users (e.g. model-
ers) should be careful when using datasets for scientific investigations, particularly when
combining data sets from different sources or spanning a wide range of altitudes and so-
lar activity levels.

Quantifying observational uncertainty is a complex task due to the number and di-
versity of error sources, starting from uncertainties in the satellite specification, such
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as geometry and thermo-optical properties, as well as errors in the accelerometer and
GNSS measurements. Wind and density retrieval rely on the aerodynamic force, which
depends on many parameters, including, e.g. atmospheric composition and tempera-
ture. Unfortunately, there is currently no mission capable of providing in-situ measure-
ments of these variables; therefore, we rely on modelled values of limited accuracy.

Recently published density and wind datasets derived from in situ satellite observa-
tions do not include uncertainty information. The only exception known to us is the
GOCE dataset. The authors of the dataset identified six categories of errors that con-
tribute to the overall wind and density uncertainty: the along-track, cross-track, and ra-
dial components of acceleration, thruster actuation errors, radiation pressure modelling
errors, and uncertainty in the wind model (E. Doornbos et al., 2014). However, in this
case, the contribution of individual parameters (e.g. in radiation pressure modelling) has
not been thoroughly scrutinised. The study by Bruinsma and Biancale (2003) focused on
quantifying the uncertainty in CHAMP data, considering factors such as accelerometer
calibration parameters, aerodynamic coefficient modelling, and geomagnetic activity as
potential error sources. However, in this analysis, uncertainties related to the e.g. reflec-
tion coefficient were not explicitly included in the error budget.

Recently, a method was developed to propagate various error sources and quantify
their impact on thermosphere density derived from the accelerometer and GNSS track-
ing data (Siemes et al., 2024). The method considered the uncertainty in all input pa-
rameters in the derivation of the density and propagated that uncertainty to the density
observations. The method has been demonstrated based on a few datasets from the
GRACE-B satellite.

The uncertainty of in situ vertical wind data was investigated in an early study us-
ing the Neutral Atmosphere Temperature Experiment (NATE) onboard the Atmosphere
Explorer-C satellite (Spencer et al., 1976). That work identified and analysed five main
sources of error affecting the vertical wind measurements obtained by the NATE in-
strument. In a related study, T. Visser et al. (2019) proposed an algorithm that com-
bines linear and angular acceleration measurements to derive thermospheric winds. By
comparing two independently derived wind data sets, the study quantified the uncer-
tainty in accelerometer-derived wind observations. The accompanying sensitivity anal-
ysis demonstrated that continuous thrusting and the magnetic properties of the satellite
are major contributors to the uncertainty in torque-derived wind estimates. The study
underlines the need for rigorous uncertainty quantification for a better understanding
of the quality of derived wind.

In this chapter, we extend the previously mentioned density uncertainty quantifica-
tion method proposed by Siemes et al. (2024) to also quantify the uncertainty of cross-
wind observations. We also introduce a new source of uncertainty: the efficiency of
the satellite solar arrays, alongside the existing ones (Siemes et al., 2024). We focus on
accelerometer-derived wind and density from the GRACE-B satellite to perform a sensi-
tivity analysis. Our goal is to identify which input parameters have a significant impact
on the uncertainty of density and crosswind. Knowing the driving error sources is crucial
for selecting appropriate input uncertainty values and, finally, for supplementing wind
and density data with error information.

The structure of this chapter is organised as follows: Section 4.2 briefly introduces
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the wind and density derivation algorithms, and explains the methodology behind the
radiation pressure modelling, aerodynamic modelling, and the uncertainty propagation.
In Section 4.3, we discuss the input data. Section 4.4 elaborates on the results of the
sensitivity analysis. Last but not least, Section 4.5 provides conclusions and an outlook
on future work.

4.2. METHODOLOGY

4.2.1. DENSITY DERIVATION ALGORITHM
In this analysis, we focused on the thermosphere density and wind data derived from
the accelerometer measurements. This choice is motivated by the fact that the thermo-
sphere wind can only be obtained using the accelerometer data. Nevertheless, for the
thermosphere density, it is also possible to retrieve it using the GNSS tracking. This tech-
nique, however, results in a much lower temporal resolution. More information on the
density uncertainty propagation from tracking data can be found in Siemes et al. (2024).

For satellites where the centre of mass coincides with the accelerometer location,
the density can be derived from the aerodynamic acceleration (E. Doornbos, 2011). To
achieve this, the first step is to calibrate the acceleration measured by the accelerom-
eter, ameas, by applying the scale factor matrix S and the bias vector b to arrive at the
calibrated acceleration acal:

acal = S ameas +b (4.1)

In the next step, the radiation pressure forces, arp, are being modelled. These con-
sist of solar radiation pressure asrp, Earth albedo, aalb, Earth infrared radiation, a ir, and
thermal emission, arp.

The total radiation pressure acceleration is the sum

arp = asrp +a ir +aalb +athe. (4.2)

Finally, the observed aerodynamic acceleration can be obtained by subtracting the
radiation forces from the calibrated acceleration calculated in the previous step

aaero,obs = acal →arp. (4.3)

The thermosphere density is then derived from the aerodynamic acceleration as

ω =
2m aaero,obs · ê

|v r|2 C aero · ê
, (4.4)

where m denotes the satellite mass, C aero is the aerodynamic coefficient vector, inher-
ently multiplied by the cross-section area, and v r is the satellite velocity relative to the
atmosphere. The details on modelling the aerodynamic coefficient are described in Sec-
tion 4.2.4. Note that the density is obtained by projecting the aerodynamic acceleration
as well as the aerodynamic coefficient vector onto the direction specified by the unit
vector ê. For this study, we select ê to be aligned with the accelerometer x-axis, which,
in our case, is closely aligned with the flight direction, in which the drag acceleration is
most prominent.



4

76
4. THERMOSPHERE DENSITY AND CROSSWIND UNCERTAINTY PROPAGATION - SENSITIVITY

ANALYSIS

The relative velocity vector v r is composed of several contributions:

v r = v sat +ω⇒↘ r sat + (v wind · ê) ê, (4.5)

where r sat and v sat are the satellite’s position and velocity, respectively. The terms ω⇒ ↘
r sat and (v wind · ê) ê represent the velocity of Earth’s corotating atmosphere and the wind
in the direction of vector ê, respectively, whereω⇒ is Earth’s angular velocity vector. Since
vector ê is approximately aligned with the flight direction, the second term reflects the
in-track wind.

4.2.2. WIND DERIVATION ALGORITHM
To derive the wind uncertainty, we rely on the direct, dual-axis algorithm proposed by
Sutton et al. (2007), which we implemented as described by E. Doornbos et al. (2010). In
the first step of the direct algorithm, the modelled aerodynamic acceleration aaero,mod is
obtained from

aaero,mod = ω |v r|2
2m

C aero, (4.6)

where input density ω is calculated on the basis of the NRLMSISE-00 model. The choice
of using a model rather than observations for density is motivated by the fact that it
avoids any issues due to accelerometer noise combined with a low signal-to-noise ratio.

The modelled acceleration can then be split according to

aaero,mod = aaero,mod,drag +aaero,mod,lift, (4.7)

where aaero,mod,drag is the drag component and aaero,mod,lift combines the remaining lift
and side force. The two components are defined by

aaero,mod,drag =
(
aaero,mod · v̂ r

)
v̂ r, (4.8)

and

aaero,mod,lift = aaero,mod →aaero,mod,drag, (4.9)

with unit vector

v̂ r =
v r

|v r|
(4.10)

pointing in the direction of the relative velocity vector.
Next, we can remove the combined lift and side force effects from the observed ac-

celeration aaero,obs to arrive at the observed drag acceleration

aaero,obs,drag = aaero,obs →aaero,mod,lift. (4.11)

In the direct wind estimation algorithm, the crosswind is obtained from the geomet-
rical consideration presented in Figure 4.1. In the absence of crosswind, the observed
drag acceleration aaero,obs,drag should perfectly align with the relative velocity vector v r.
However, in the presence of crosswind, it slightly deviates from that direction.
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Figure 4.1: Schematic top view of the satellite illustrating the observed drag acceleration, aaero,obs,drag. Vector
v r refers to the relative velocity, which does not account for crosswind. In the presence of crosswind v wind,y ,
the observed acceleration is not aligned with the relative velocity (dashed line). Credits: E. Doornbos et al.
(2010).

Since the drag acceleration is by definition in the direction of the relative velocity, we
obtain the crosswind vwind,y by adjusting the relative velocity vector such that it aligns
with the observed drag acceleration. Thus, from geometrical interpretation of Figure 4.1
we obtain

vwind,y =
aaero,obs,drag,y

aaero,obs,drag,x
vr,x → vr,y. (4.12)

4.2.3. RADIATION PRESSURE MODELLING
In the context of uncertainty quantification, we represent the satellite geometry by a
panel model to limit the computational effort to reasonable levels. The radiation pres-
sure modelling consists of multiple components as described by Equation (4.2), of which
the direct solar radiation, albedo, and Earth infrared radiation components are external
to the satellite. To calculate the radiation pressure of such external radiation sources, we
use the formula

aext,u =


→Pext,u
m An cosϖ

(
(ca,u, j +cd,u, j )eext +

( 2
3 cd,u, j +2cs,u, j cosϖ

)
en

)
, cosϖ > 0

0, cosϖ <= 0
(4.13)

where the unit vectors en and eext denote the outward normal of the n-th panel and the
direction from the satellite to the external source, respectively, An is the panel area, Pext,u
is the radiation pressure associated with wavelength u (infrared or visible), and m is the
satellite mass (E. Doornbos, 2011). The angle ϖ can be inferred from

cosϖ = eext ·en . (4.14)

Within the uncertainty propagator, the panels of the satellite geometry are aug-
mented with material properties, where several panels may have the same material.
Hence, we use index n for the panels, index j for the materials, and a lookup table to
relate the materials to the panels. Each material is characterised by its thermo-optical
surface parameters, including the absorption coefficient (ca,u, j ) and the reflection coeffi-
cients, which are divided into specular (cs,u, j ) and diffuse (cd,u, j ) components. As before,
the subscript u indicates either visible or infrared wavelength.

Further, Pext is an external radiation pressure source such as the Sun (solar radiation
pressure) or the Earth (infrared radiation and albedo). For the direct radiation pressure
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from the Sun, it encloses

Psrp(ϕ) =
(

1AU
|r sat → r Sun|

)2

P1AU(ϕ), (4.15)

where |r sat→r Sun| is the distance from the Sun to the satellite and P1AU is the solar radia-
tion pressure at one astronomical unit (AU), calculated as the ratio of the solar constant
ω= 1367Wm→2 and the speed of light c, i.e. P1AU =ω/c = 4.56µNm→2.

In this work, we distinguish between visible and infrared radiation from the Sun and
assume that the total flux is evenly distributed between the visible and infrared bands
(H!adczuk et al., 2025). The details on calculating albedo and infrared radiation fluxes
are provided in Siemes et al. (2024).

As for the radiation pressure from external sources, we use the satellite panel geom-
etry to model the heat exchange between the satellite and its environment. The details
of the thermal emission modelling method are elaborated in Siemes et al. (2023) and
H!adczuk et al. (2024). In brief, in the proposed model each panel n heats up at a rate of
Q̇abs,n by absorbing radiation, cools down at a rate of Q̇emit,n by emitting radiation, and
exchanges heat with the satellite body at a rate of Q̇cond,n .

Thus, the rate at which the heat of a panel changes is

Q̇n = (1→en)Q̇abs,n →Q̇emit,n →Q̇cond,n , (4.16)

where en represents the efficiency of the solar array (H!adczuk et al., 2024; Y. Wang et al.,
2023). If the panel is not a solar array, en is zero.

The rate of the heat change of the satellite body, Q̇body, is defined as

Q̇body = Q̇gen +
∑
n

Q̇cond,n , (4.17)

where Q̇gen denotes the heat generated internally by the satellite components.
After computing the heat change rates, we update the temperatures of the panels by

Tn(t +εt ) = Tn(t )+ Q̇n

Cn
εt (4.18)

and the satellite body by

Tbody(t +εt ) = Tbody(t )+
Q̇body

Cbody
εt , (4.19)

where Cn and Cbody are the thermal capacities of the panels and the satellite body, re-
spectively, t is time, and εt is the time step.

The thermal radiation pressure acceleration is then expressed as

athe =→2
3

∑
n

Q̇emit,n

m c
en , (4.20)

where Q̇emit,n follows from the Stefan Boltzmann law

Q̇emit,n = Anca,ir,nςT 4
n . (4.21)

Here, ς is the Stefan-Boltzmann constant, ca,ir,n is the emissivity, and en denotes the
outward normal vector of the panel.



4.2. METHODOLOGY

4

79

4.2.4. AERODYNAMIC MODELLING
For the aerodynamic modelling, we followed the approach presented by Siemes et al.
(2024), who employed the Diffuse Reflections with Incomplete Accommodation (DRIA)
gas-surface interaction model, based on Sentman’s equations for flat panels, in combi-
nation with a satellite panel model. The aerodynamic coefficient C aero is a nonlinear
function of multiple input parameters, i.e.

C aero =C aero
(

An ,en ,Tn , v r,Tatm,ωc ,εE
)
, (4.22)

where An denotes the area of the panel n with the normal en , and the temperature Tn ,
v r is the relative velocity vector, Tatm stands for the atmospheric temperature, the at-
mospheric composition is given by the mass density ωc per atmospheric constituent
c, and the energy accommodation coefficient εE . The equations for calculating the
aerodynamic coefficient vector are provided in the PhD dissertation by E. Doornbos
(2011)(Chapter 3.2).

4.2.5. UNCERTAINTY PROPAGATION
To give context to the uncertainty propagation, we must first define the GRACE satellites
model (Table 4.1). For the satellite geometry, we utilised the panel model as defined by S.
Bettadpur (2012), whereas for the thermal and optical surface properties, we use values
provided by Siemes et al. (2023).

Table 4.1: GRACE panel model. An and en denote the area and normal vector of panel n, respectively. Cn is
the heat capacity, and kn is the thermal conductivity. The last six columns describe the infrared (subscript ‘ir’)
and optical (subscript ‘vis’) surface coefficients of the specular (cs), diffuse (cd), and absorption (ca) compo-
nents. The heat capacity of the satellite body was set to Cbody = 1↘105 JK→1, and the satellite’s internal heat
generation to Q̇int = 70W. The temperature used to initialise the thermal model is the same for all panels,
and was set to Tn,0 = 300K.

Panel j An ex,n ey,n ez,n Cn kn cs,ir,n cd,ir,n ca,ir,n cs,vis,n cd,vis,n ca,vis,n
(-) (m2) (-) (-) (-) (JK→1) (WK→1) (-) (-) (-) (-) (-) (-)

Front 1 0.955 1.0 0.0 0.0 1000.0 0.1 0.15 0.23 0.62 0.26 0.40 0.34
Rear 1 0.955 -1.0 0.0 0.0 1000.0 0.1 0.15 0.23 0.62 0.26 0.40 0.34
Starboard 2 3.155 0.0 0.766 -0.643 5000.0 0.1 0.16 0.03 0.81 0.30 0.05 0.65
Port 2 3.155 0.0 -0.766 -0.643 5000.0 0.1 0.16 0.03 0.81 0.30 0.05 0.65
Zenith 2 2.167 0.0 0.0 -1.0 5000.0 0.1 0.16 0.03 0.81 0.30 0.05 0.65
Nadir 3 6.071 0.0 0.0 1.0 10000.0 0.5 0.06 0.19 0.75 0.20 0.68 0.12

In the first step of the uncertainty propagation, we define the standard deviations of
the model input parameters. Table 4.2 lists the values used in this study. The parameters
were classified into the following groups:

• Aerodynamic modelling

• Relative velocity

• Satellite properties

• Radiation pressure modelling
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• Thermal emission modelling

• Measurement noise

The following paragraph briefly summarises the selection of the uncertainty param-
eters. For a detailed explanation and the rationale behind defining these values, we refer
the reader to Siemes et al. (2024). The definition of parameters related to the radiation
pressure model and the spacecraft thermal model has been explained in 4.2.3. The group
of parameters related to the aerodynamic model has been summarised in 4.2.4. The ac-
celerometer measurement noise is set to the value of 1 nms→2 (Flury et al., 2008), and
the accuracy of the GNSS orbit tracking is assumed to be 1.2 cm in each direction. We
also assumed that the position error in the cross-track direction is not correlated with
the errors in the along-track and radial directions (where the along-track, cross-track,
and radial directions are approximately aligned with the x, y, and z axes, respectively).
However, the position errors in the along-tack and radial directions are highly correlated
(ωdiff,xz = 0.9) (van Helleputte et al., 2009). The temporal correlation of position, ε, is
accounted for by setting ε=→0.4. The period used for averaging the accelerometer bias
has been set to Tb = 1 day, and the sampling frequency of GNSS to fs = 0.1Hz.

It is important to note that parameters from a specific group may overlap. For ex-
ample, satellite mass or panel area may be used in both radiation pressure and aerody-
namic modelling. Similarly, the panels’ emissivity is used in both the radiation pressure
and thermal emission models. For these parameters, the standard deviation remains the
same regardless of the context. The standard deviations are defined as absolute values
(e.g., satellite mass, initial body temperature) or as a fraction of the respective value (e.g.,
radiation fluxes). Additional information can be found in the manual accompanying the
published propagation tool in the 4TU.ResearchData repository (Siemes, 2024).
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Table 4.2: Uncertainty specification for the input parameters. Subscript k is the index of the epoch.

Parameter name Standard deviation
Aerodynamic model

Atmospheric temperature ςTatm,k = 0.2Tatm,k
Atmospheric mass density ςωc,k = 0.2ωc,k
Energy accommodation coefficient ςεE = 0.05

Relative velocity ςvr,x = 50ms→1, ςvr,y = 50ms→1, ςvr,z = 10ms→1

Satellite
Satellite mass ςm = 2kg
Panel area ςAn = 0.02An

Radiation pressure model
Infrared surface coefficients ςcs,ir, j = 0.1, ςcd,ir, j = 0.1, ςca,ir, j = 0.1
Visible surface coefficients ςcs,vis, j = 0.1, ςcd,vis, j = 0.1, ςca,vis, j = 0.1
Earth albedo ςPalb = 0.1Palb,k
Earth infrared radiation ςPir = 0.1Pir,k
Solar radiation ςPsrp = 0.001Psrp

Thermal model
Heat capacitance of panels ςCn = 0.2Cn
Heat capacitance of satellite body ςCbody = 0.2Cbody

Heat conductivity of panels ςkn = 0.2kn
Internal heat generation ςQ̇int

= 0.2Q̇int
Solar panels efficiency ςe = 0.1
Initial panels’ temperature ςTn,0 = 10K
Initial body temperature ςTbody,0 = 20K

Measurement noise
Accelerometer measurement precision ςacc,x = 1nms→2, ςacc,y = 1nms→2, ςacc,z = 1nms→2

GNSS-tracking ςpos,x = 1.2cm, ςpos,y = 1.2cm, ςpos,z = 1.2cm
ωdiff,x y = 0, ωdiff,xz = 0.9, ωdiff,y z = 0, ε=→0.4

Averaging for accelerometer bias Tb = 1
Sampling frequency of GNSS tracking fs = 0.1Hz

After defining the standard deviations of the input parameters, we construct the in-
put covariance matrixωinput, which is constructed from the standard deviations and cor-
relations of the previously defined parameters. Since the covariance matrix remains the
same regardless of whether the method is applied to wind or density uncertainty, we may
refer to Siemes et al. (2024) for more details. It should be noted that the input parameters
remain uncorrelated, except for the GNSS-tracking noise.

In the second step, the density (cf. Eq. (4.4)) and crosswind (cf. Eq. (4.12)) are defined
as non-linear functions

ω(Ta ,msat ,εE , Ap , . . .) and vwind,y (Ta ,msat ,εE , Ap , . . .), (4.23)

respectively, of the input parameters listed in Table 4.2.
Since the uncertainty propagation method treats the output uncertainty in density

and wind, combined in vector y =

ω vwind,y

T
, as a linear relationship, i.e y = f (x),

where x is the input parameter vector, it must first be linearised. Therefore, the non-
linear functions in Eq. (4.23) are expanded into a Taylor series

f (x) = f (x0)+Hεx +O (εx
2) ⇑ f (x0)+Hεx , (4.24)
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where x0 is the Taylor point and εx = x → x0. When the equation is evaluated close to
the Taylor point, the higher order terms O (εx

2) of the Taylor series have a very small
magnitude and can be truncated. Matrix

H = ∂ f

∂x


x=x0

=


∂ω
∂x

∂vwind,y
∂x


=


H dens
H wind


(4.25)

is the Jacobian matrix evaluated at the Taylor point.
Finally, we propagate the input covariance matrix ωinput to the respective output co-

variance matrices.

ωdens = H densωinput H
T
dens, (4.26)

ωwind = H windωinput H
T
wind. (4.27)

As mentioned before, the input covariance matrix remains the same for both the
thermosphere density and wind, and only the Jacobian matrices differ.

4.3. DATA SELECTION
For the following sensitivity analysis, we selected the Gravity Recovery and Climate Ex-
periment (GRACE) mission. This choice is motivated by the fact that the GRACE satellite
experienced a range of different environmental conditions, as explained in the following
section, making it a perfect candidate for the uncertainty analysis. Moreover, the GRACE
satellite has been selected as a use case by Siemes et al. (2024), which allowed us to rely
on the uncertainty parameters proposed by them. The GRACE mission consists of twin
satellites which operated in a near-circular and near-polar orbit at an altitude of approx-
imately 480 km during the selected period from 2003 to 2012. In this study, we focused
on one of the satellites, GRACE-B, which was arbitrarily chosen.

Figure 4.2 shows the crosswind data as a function of the argument of latitude (verti-
cal axis) and time (horizontal axis). Each column depicts one orbital revolution, where 0↑

and 180↑ mark the ascending and descending equator crossings, respectively, 90↑ indi-
cates the northernmost point of the orbit, 270↑ the southernmost point, and 360↑ marks
the start of the next revolution. Figure 4.3 shows the orbit mean density as a time series,
as well as 10.7 cm solar radio flux (F10.7) during the operations of GRACE-B.

Figure 4.2: GRACE-B satellite windspeed.
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Figure 4.3: GRACE-B orbit mean density (grey) and solar radio flux at a wavelength of 10.7 cm (F10.7) in solar
flux units (sfu), where 1 sfu = 10→22 Wm→2 Hz→1 (black). The vertical lines mark two periods selected for the
analysis: 1st of Novemeber 2003 (high solar activity) and 1st of Novemebr 2008 (low solar activity).

For the sensitivity analysis, we selected two days (marked by the vertical dashed
lines) corresponding to high solar activity (1-Nov-2003) and low solar activity (1-Nov-
2008). These days represent two distinctly different environmental conditions, with a
relatively small change in mission altitude (from ⇐500 km in November 2003 to ⇐470 km
in November 2008). Figure 4.4 shows non-gravitational signals acting on the GRACE-
B satellite. During the high solar activity, when the thermosphere density increases, the
aerodynamic signal plays the most significant role. On the day selected within this study,
the aerodynamic signal in the along-track direction was particularly strong (Fig. 4.4a)
due to the high magnitude of the solar flux (Fig. 4.3). On the other hand, during the low
solar activity, when the magnitude of the thermosphere density is smaller, aerodynamic
acceleration was only approximately twice as large as the radiation pressure signal com-
bined in the along-track direction and three times as large in the cross-track direction.
Therefore, selecting these extreme cases for analysis allows us to cover the full range of
signal ratios between aerodynamics and radiation pressure. Moreover, the Sun angle
was 5↑ on November 1, 2008, which represents the most favourable case for the cross-
wind retrieval since the radiation pressure and, thus, also the radiation pressure errors,
are smallest. On 1 November 2003, the Sun angle was 55↑ degrees, enabling us to assess
the effects of radiation pressure errors in the cross-track direction and their impact on
the crosswind observations.

4.4. SENSITIVITY ANALYSIS: RESULTS
This section presents the results of the sensitivity analysis. First, we introduce the high-
level parameters group consisting of uncertainties in the aerodynamic and radiation
pressure modelling, measurement noise and relative velocity. Afterwards, we analyse
each of the groups in more detail, focusing on the specific parameters driving the uncer-
tainty.

4.4.1. HIGH-LEVEL PARAMETER GROUPS
The objectives of the uncertainty propagator are twofold: 1) to provide the uncertainty
estimate for the neutral thermosphere density and wind data, and incorporate them
into the disseminated version of the dataset available at TU Delft Thermosphere HTTPS
Server1 and 2) to provide the software tool for the scientific community. In this analysis,

1https://thermosphere.tudelft.nl/data/

https://thermosphere.tudelft.nl/data/
https://thermosphere.tudelft.nl/data/
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(a) (b)

(c) (d)

Figure 4.4: Non-gravitational forces acting on the GRACE-B satellite for 1-November-2003 (top) and 1-
November-2008 (bottom). The left column shows the along-track component, and the right column shows
the cross-track component. The acronyms stand for: Thermal Radiation Pressure (TRP), Solar Radiation Pres-
sure (SRP), Earth’s Albedo (Alb), Earth’s Infrared radiation (IR), and aerodynamic acceleration (Aero).

we focused on the first objective. In order to quantify the uncertainties in the wind and
density datasets, we must first set the input uncertainties to realistic values. Since the
output uncertainty is a function of multiple inputs, it is crucial to first determine which
parameters are driving the output uncertainty.

In the first step of the sensitivity analysis, four main groups of uncertainties were
examined.

1. Parameters related to the aerodynamic model (aero),

2. Parameters related to the radiation pressure model (RP),

3. Parameters related to the measurement noise (measurement),

4. Uncertainty in the relative velocity (v r).

The initial values of the uncertainties (standard deviations) were set according to our
current best knowledge, as described in Table 4.2. To perform the sensitivity analysis,
i.e., to investigate how the input parameters from a particular group affect the output
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uncertainty, it is necessary first to exclude the influence of other uncertainties. For ex-
ample, to investigate the uncertainties in the aerodynamic parameters, the uncertainties
associated with measurement noise and radiation pressure must be set to zero.

Since the uncertainties are assumed to be not correlated, with the exception of the
position noise, the total uncertainty resulting from the sensitivity analysis is the sum
of variances for independent quantities. Therefore, if the initial standard deviations
change, it is possible to scale the resulting uncertainty accordingly.

The uncertainty in the density data has been thoroughly studied in Siemes et al.
(2024). In this work, we extend the authors’ analysis by providing a sensitivity study per
parameter. Moreover, we also investigate the impact of the relative velocity uncertainty
separately.

It should be noted that since the satellite velocity is much higher than the in-track
wind, we do not account for the latter while calculating the thermosphere density
(Eq. 4.5). This has no significant effect on defining the Taylor point during lineariza-
tion. We do, however, account for the in-track wind uncertainty in the error propaga-
tion. Figure 4.5 shows the thermosphere density uncertainty as a percentage of the den-
sity signal, where the total error has been subdivided into the individual contributions.
During the high solar activity period (1-Nov-2003), the total uncertainty of the density
was between 4 % to 4.5 %, whereas during the low solar activity (1-Nov-2008) the uncer-
tainty varied between 5 % to 18 %.The thermosphere density is proportional to the aero-
dynamic drag (Eq. 4.4), which is reflected in the uncertainty distribution. For high solar
activity (Fig. 4.5a), aerodynamic forces in along-track direction dominate over the radi-
ation pressure forces, making the former the main contributor to total error (Fig. 4.4a).

In contrast, during low solar activity (Fig. 4.5b), the aerodynamic signal in the along-
track direction is relatively weak with respect to the radiation pressure (Fig. 4.4c), result-
ing in a much smaller contribution to the total error. Due to the low drag signal, the main
uncertainty arises from the radiation pressure. The cyclic pattern in the radiation pres-
sure uncertainty visible in the Figure 4.5b corresponds to the Sun–shadow transitions
along the orbit, indicated by a grey background. Additionally, the measurement noise,
combining the accelerometer noise and the position noise, also plays a role during the
eclipse passes. This can be explained by the lower signal-to-noise ratio in this part of the
orbit.

(a) High solar activity. (b) Low solar activity.

Figure 4.5: Thermosphere density uncertainty as a percent of the density signal. The colours show stacked
contributions from parameters related to the radiation pressure (RP), aerodynamic force (aero), accelerometry
and GNSS tracking (measurement), and uncertainty in the relative velocity (vrel) for high solar activity (a) and
low solar activity (b).
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Figure 4.6 shows the magnitude of the thermosphere density together with the total
uncertainty (shaded area around the central curve). It can be seen that even though the
magnitude of the density signal is higher on 1-Nov-2003, the relative uncertainty is lower
in comparison to 1-Nov-2008.

(a) High solar activity. (b) Low solar activity.

Figure 4.6: GRACE-B thermosphere density and its uncertainty. The black solid line depicts the thermosphere
density, while the shaded area around the curve represents the uncertainty (one standard deviation).

Figure 4.7 depicts the uncertainty in the thermospheric wind for GRACE-B. Since the
wind is derived based on the dual-axis, direct algorithm, which relies on both along-track
and cross-track acceleration as well as the relative velocity, the uncertainty is not propor-
tional to the magnitude of the signal, as it was for the density (Fig. 4.5). During the period
of high solar activity (Fig. 4.7a), both along-track and cross-track signals obtained from
accelerometer measurements are strong, allowing the wind retrieval algorithm to de-
rive meaningful wind data. The wind uncertainty for this period ranges from 30 ms→1 to
110 ms→1, while the wind signal oscillates between 100 ms→1 close to the equator and up
to 600 ms→1 around the poles. This indicates a high level of confidence in the wind data.
In this case, the main contributor is the radiation pressure uncertainty, which varies de-
pending on whether the satellite is in sunlight or in the eclipse. The pattern observed in
the measurement error originates from variations in the signal-to-noise ratio between
the dayside and nightside.

For the low solar activity period (Fig. 4.7b), the aerodynamic signal is very weak, mak-
ing the wind retrieval algorithm susceptible to small errors in the sideways accelerations
(E. Doornbos et al., 2010). This results in an overestimation of the wind signal (visible as
red patches in Figure 4.2), which is reflected in the error bars ranging from 200 ms→1 to
550 ms→1. This case highlights the importance of error quantification to identify periods
when the wind dataset may be unreliable and, therefore, should be flagged as such.
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(a) High solar activity (b) Low solar activity

Figure 4.7: Wind uncertainty for the stacked contributions from parameters related to the radiation pressure
(RP), aerodynamic force (aero), accelerometry and GNSS tracking (measurement) and uncertainty in the rela-
tive velocity (vrel) for high solar activity (a) and low solar activity (b).

4.4.2. RELATIVE VELOCITY AND PARAMETERS RELATED TO THE AERODY-
NAMIC FORCE

The uncertainty quantification can be further expanded by examining the contributions
of specific parameters from the groups described above. In this section, we performed
the sensitivity analysis of the parameters related to aerodynamic forces and relative ve-
locity. Figure 4.8 illustrates the impact of the uncertainty of these parameters on density
uncertainty. In November 2003, the total uncertainty arose almost entirely from errors in
aerodynamic modelling and relative velocity, so Figure 4.8a resembles the shape of the
previously shown Figure 4.5a. However, it now provides a clear insight into the origins
of the uncertainties. Among the aerodynamic parameters, the largest contributor is the
standard deviation in atmospheric temperature (Tatm), followed by the uncertainty in
the energy accommodation coefficient (εE ), relative velocity (vr), and panel area (An).
Parameters such as satellite mass and the uncertainty in the atmospheric mass density
of constituents (grouped as “other”) contribute less than 5%.

Figure 4.8b shows the parameter contribution for November 2008 (low solar activity).
Because the main source of error for this period is radiation pressure uncertainty (now
set to zero), Figure 4.8b differs in shape from the previously shown Figure 4.5b. The
magnitude of error contributions resembles the pattern from 2003, with atmospheric
temperature being the most important parameter, although the uncertainty in the atmo-
spheric mass density of constituents now has a noticeable impact. Overall, the total den-
sity uncertainty arising from the aerodynamic and relative velocity is approximately 10
times larger during the high solar activity than during the low solar activity. This change
is proportional to the magnitude of the density itself, which is approximately 10 times
larger during the high solar activity in comparison to the low solar activity (Fig. 4.6)

In summary, the sensitivity analysis for the GRACE-B satellite revealed that errors in
atmospheric temperature and the energy accommodation coefficient have the largest
impact on density among the aerodynamic parameters during both high and low solar
activity. Therefore, special attention should be given when setting the standard devia-
tions of these parameters to ensure realistic error bars for the density dataset.
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(a) High solar activity. (b) Low solar activity.

Figure 4.8: Sensitivity analysis of thermospheric density uncertainty for relative velocity and aerodynamic pa-
rameters. The acronyms correspond to the following parameters: vr (relative velocity), m (satellite mass), An
(panel area),εE (energy accommodation coefficient), ω (atmospheric mass density of constituents), and Tatm
(atmospheric temperature). Parameters contributing less than 5% are grouped under the term “other". Note:
for better visibility, the y-axis has been scaled (10x) and differs between the left and the right plot.

The same analysis was performed for the GRACE-B wind dataset. Similar to the den-
sity, we conducted a sensitivity analysis of the uncertainty in relative velocity and param-
eters related to aerodynamics. The sinusoidal pattern visible in Figures 4.5a and 4.5b is
associated with an increase in wind signal over the southern and northern hemispheres
and a decrease in wind speed near the equator. This pattern corresponds to the varia-
tions in wind magnitude shown in Figure 4.2. The uncertainty contributions show little
difference between high and low solar activity. The magnitude of errors is also similar
(up to 22 ms→1 during 2003 in comparison to 27 ms→1 during 2008).

The parameters that play a major role are the relative velocity (vr), energy accom-
modation coefficient (εE ), and panel area (An). However, it should be noted that the
uncertainties originating from aerodynamics and relative velocity are globally less signif-
icant for winds compared to the errors from radiation pressure and measurement noise
(Fig. 4.7).

(a) High solar activity. (b) Low solar activity.

Figure 4.9: Sensitivity analysis of thermospheric wind uncertainty for relative velocity and aerodynamic pa-
rameters. The acronyms correspond to the following parameters: vr (relative velocity), An (panel area), εE
(energy accommodation coefficient), and Tatm (atmospheric temperature). Parameters contributing less than
5% are grouped under the term “other".
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4.4.3. PARAMETERS RELATED TO THE RADIATION PRESSURE
The second group represents the parameters related to the uncertainty in radiation pres-
sure modelling. These can be subdivided into satellite properties, radiation fluxes, radia-
tion pressure model parameters, and thermal model parameters. A visual representation
of the grouping of these parameters is provided in Figure 4.10. In this analysis, the re-
maining parameters, i.e., related to the aerodynamic modelling, measurement noise, as
well as the relative velocity, were set to zero.

Figure 4.10: Parameters used in the modelling of the radiation pressure uncertainty.

It should be noted that the parameters related to the aerodynamic force affect both
the aerodynamic acceleration and the aerodynamic coefficient (Ca). In addition, the
relative velocity is directly reflected in the equations used to derive wind and density.
Therefore, to assess the influence of the aerodynamic parameters and relative velocity
uncertainty, their effect must be evaluated through the density and wind data. In con-
trast, the radiation pressure parameters influence only the radiation pressure modelling
itself; hence, we can analyse their impact directly on the radiation pressure signal rather
than on the derived density and wind.

Figure 4.11 illustrates the sensitivity analysis of the radiation pressure uncertainty,
taking into account the parameters described previously (Fig. 4.10). Since the radiation
pressure acceleration is essentially independent of solar activity, which primarily affects
the ultraviolet part of the solar spectrum, the differences observed between 2003 and
2008 are not caused by solar activity but by the satellite illumination, influenced by the
angle between the satellite’s orbital plane and the direction toward the sun (ϑ⇓), illus-
trated in Figure 4.12. On 1 November 2008, the angle was close to 5↑, meaning that the
Sun vector was nearly aligned with the orbital plane, resulting in a negligible radiation
pressure acceleration in the cross-track direction (Fig. 4.11d). In such a scenario, the
main uncertainty arises from parameters related to the thermal modelling of the space-
craft. In this case, the heat capacitance of the panels (Cp ) generates an uncertainty of up
to 2 nms→2.

In contrast, on 1 November 2003, the angle was approximately 55↑, implying that
the spacecraft side was illuminated (Fig. 4.11c). Here, the distribution of uncertainty
components is more uniform and reaches 6 nms→2. The impact of the uncertainty in
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the absorption and reflection coefficients is almost identical. This can be explained by
the fact that the solar flux was split half-and-half into visible and infrared bands while
modelling the solar radiation pressure (H!adczuk et al., 2025).

A similar pattern is visible in the along-track direction (Fig. 4.11a and Fig. 4.11b).
Here, the uncertainty ranges between 0.1 nms→2 and 1.6 nms→2 on 1 November 2003
(ϑ⇓ ⇑ 55↑), and reaches 3.2 nms→2 on 1 November 2008 (ϑ⇓ ⇑ 5↑).

In the radial direction (Fig. 4.11e and Fig. 4.11f), the sensitivity analysis reveals un-
certainties up to 6 nms→2 on 1 November 2003 (ϑ⇓ ⇑ 55↑) and 10.5 nms→2 on 1 Novem-
ber 2008 (ϑ⇓ ⇑ 5↑), clearly related to the satellite being on Earth’s dayside or nightside. In
this case, there is a noticeable contribution to the uncertainty in the eclipse from the in-
frared coefficients (~2 nms→2). This is caused by uncertainties in the infrared absorption
and reflection coefficients used to model the Earth’s infrared radiation.

In conclusion, among the parameters related to the radiation pressure uncertainty
modelling for GRACE-B, the most impactful group consists of the absorption and reflec-
tion coefficients for infrared and visible light. From the thermal modelling perspective,
the main contributor is the uncertainty in the heat capacitance. The effects of mismod-
elling the satellite mass, panel area, and radiation fluxes were negligible. However, the
latter may have a slightly higher impact toward the end of the mission, when the satel-
lite’s altitude decreases.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.11: Radiation pressure uncertainty contributions. The first row corresponds to the along-track direc-
tion (x-axis), the second row to the cross-track direction (y-axis), and the third to the radial direction (z-axis).
The first and second columns illustrate two different illumination cases (beta angles): ⇐55↑ and ⇐5↑, respec-
tively.

Figure 4.12: Angle between the satellite’s orbital plane and the direction toward the sun (ϑ⇓) of the GRACE-B
satellite. The vertical lines mark two periods selected for the analysis: 1st of November 2003 (high solar activity;
ϑ⇓ ⇑ 55↑) and 1st of November 2008 (low solar activity; ϑ⇓ ⇑ 5↑).
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To properly interpret the impact of the uncertainty of the radiation pressure parame-
ters, it should be evaluated with respect to the total signal. Figure 4.13 presents the radi-
ation pressure acceleration signal together with its uncertainty (shaded area). The most
prominent effect is visible in the cross-track direction. On 1 November 2003, the radia-
tion pressure magnitude reached up to 52 nms→2, with an uncertainty of 6 nms→2, which
corresponds to roughly 11% of the signal (in sunlight). On the other hand, on 1 Novem-
ber 2008, the radiation pressure acceleration was much smaller, up to 4.3 nms→2, with
an uncertainty of 2 nms→2, which is almost half of the signal. Previously presented high-
level uncertainty analysis of density and wind (Fig 4.5 and Fig. 4.7) showed that during
the low solar activity, the radiation pressure contributed significantly to the total uncer-
tainty. Therefore, even though in absolute terms the uncertainty or radiation pressure
during the low solar activity is smaller, in relative terms it is much more significant.

(a) (b)

(c) (d)

(e) (f)

Figure 4.13: Radiation pressure acceleration signal and its uncertainty. The first row corresponds to the along-
track direction (x-axis), the second row to the cross-track direction (y-axis), and the third row to the radial
direction (z-axis). The black solid line depicts the modelled radiation pressure acceleration, while the shaded
area around the curve represents the uncertainty in the modelled signal.
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4.5. SUMMARY AND OUTLOOK
In this research, we extended the existing thermospheric density uncertainty to the esti-
mation of the uncertainties in the wind data. The objective of this study was to explore
the potential of the propagator to supplement existing datasets with uncertainty infor-
mation. For this purpose, we performed a sensitivity analysis based on the example of
the GRACE-B satellite to assess how changes in the input parameters affect the output
wind and density data. These included parameters related to radiation pressure mod-
elling, aerodynamic modelling, measurement noise, and relative velocity. To evaluate
the effect of each of these categories individually, we isolated the group by setting the
other uncertainties to zero. The initial standard deviations were assigned according to
our current best knowledge; however, the output uncertainties can be easily scaled if the
input standard deviations change, which makes the sensitivity analysis flexible. Further-
more, we introduced uncertainty in the solar panels’ efficiency and implemented the
option to divide the solar flux into visible and infrared bands, which was not done in
the previous study by Siemes (2024). Splitting the solar flux resulted in almost identical
uncertainty contributions from the visible and infrared coefficients. This result can be
easily interpreted even if the solar flux is assumed to be fully in the visible range. In such
a case, the contribution from the infrared surface coefficients would be approximately
replaced by the contribution from the visible coefficients. This is only valid for along-
track and cross-track directions, where the Earth’s albedo and infrared radiation have
negligible effects.

Our analysis shows that the relative uncertainty in the thermospheric density is lower
during high solar activity, when the density signal is higher. On the contrary, during low
solar activity, when the density is lower, the relative errors are higher.

During periods of high solar activity, the density uncertainty arises mainly from aero-
dynamic modelling, in particular from the uncertainty in the aerodynamic coefficient,
atmospheric temperature, and relative velocity. Under low solar activity conditions, the
errors are dominated by radiation pressure. The sensitivity analysis was found to be par-
ticularly useful for assessing the errors in the wind datasets. During the period of low
solar activity, limitations in the wind derivation algorithm lead to incorrect wind val-
ues, which are highly overestimated. This behaviour was well captured by the sensitivity
analysis. This will allow us to provide appropriate error bars in future dataset releases
and to flag periods of low data fidelity.

Currently, the input uncertainties are treated in a simplistic way, meaning that they
are defined as fixed values, whereas in reality, they are more likely to behave as func-
tions. For example, the uncertainty in atmospheric temperature or in the density of the
atmospheric constituents would be better represented as a function of solar and geo-
magnetic activity, magnetic latitude, and local solar time. Similarly, the uncertainty in
the solar array efficiency could be expressed as a function of temperature. Another sim-
plification is that, at present, the parameters are assumed to be uncorrelated. Further
work could also include replacing the direct wind retrieval algorithm currently used in
the propagator with an iterative algorithm (E. Doornbos et al., 2010).

Addressing these challenges will enable the use of the uncertainty propagation tool
to augment the existing density and crosswind datasets available on TU Delft Thermo-

https://thermosphere.tudelft.nl/data/
https://thermosphere.tudelft.nl/data/
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sphere HTTPS Server2 with valuable error information.

2https://thermosphere.tudelft.nl/data/

https://thermosphere.tudelft.nl/data/
https://thermosphere.tudelft.nl/data/
https://thermosphere.tudelft.nl/data/
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CONCLUSION

5.1. GOAL AND RESEARCH QUESTIONS
Each of the individual Chapters 2, 3, and 4 includes conclusions corresponding to its spe-
cific content. The objective of this Chapter is to synthesise the answers to the four main
research questions and reflect on the research goal, previously defined in Section 1.5.
Moreover, Section 5.2 of this Chapter includes recommendations and elaborates on pos-
sible future research.

The research questions formulated in this dissertation are answered below:

1. How do various radiation pressure modelling approaches affect the satellite radia-
tion pressure acceleration estimate?

This question was addressed in Chapter 2 based on the example of GRACE-FO. The
accuracy of the various radiation pressure models was assessed by comparing the ob-
served and modelled cross-track accelerations, where the observed values were derived
from the along-track acceleration and an aerodynamic model. Using this approach was
possible due to GRACE-FO’s high operational altitude during a period of very low solar
activity. Under such conditions, the ratio of radiation pressure to aerodynamic acceler-
ation is high, providing a perfect opportunity to study the effects of radiation pressure
modelling since errors from other sources are comparably small.

The radiation pressure model, which performed best, accounted for all advance-
ments, including high fidelity satellite geometry, the surface thermo-optical properties
based on the numerical fine-tuning (instead of the mission’s handbook), and the satellite
thermal inertia. This model resulted in the RMS residual of 0.55 nms→2. Subsequently,
the model, which accounted for the thermal inertia but used simplified panel geome-
try and thermo-optical coefficients from the mission’s handbook, resulted in an RMS
residual of 1.7 nms→2. Finally, if the satellite thermal emission was ignored, it led to
the largest residual between observed and modelled cross-track accelerations (RMS of
4.22 nms→2). Ultimately, the selection of an appropriate radiation pressure model de-
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pends on the required level of accuracy. Achieving the accuracy below 1 nms→2 requires
sophisticated radiation pressure modelling techniques, such as detailed satellite geom-
etry, good knowledge of the thermo-optical surface properties and thermal emission
based on the thermal inertia. For applications where such accuracy is not necessary,
a simple panel model with instantaneous heat re-radiation may be sufficient.

Another analysis performed for the GRACE-FO and GOCE satellites (Chapter 3) in-
vestigated a modelling approach, which assumed the solar flux is split equally between
the visible and infrared bands. For both satellites, splitting the solar flux increased the
modelled radiation pressure acceleration in the cross-track direction by 4 nms→2 for
GOCE, and 3 nms→2 for GRACE-FO. The along-track acceleration slightly decreased for
both satellites, and the radial component remained unaffected.

2. What thermal emission modelling accuracy can be achieved using the data from the
satellite on-board thermistors, and what are the associated limitations?

The accuracy of the thermal emission modelling using the data from on-board ther-
mistors was investigated separately for GRACE-FO (Chapter 2) and GOCE (Chapter 3).

To reproduce the outer panels’ temperatures, the model based on thermal inertia was
developed. Afterwards, the in-situ measurements from the onboard thermistors were
used to verify the modelling accuracy. For both satellites, a uniform panel temperature
was assumed.

For the GRACE-FO satellite, the thermistors were placed in several external locations
(on the solar panels) and inner locations (below the insulation foils). In this analysis,
only the sensors located externally were used because the external surface tempera-
tures are relevant for the acceleration due to the satellite’s thermal emission. Each so-
lar panel was equipped with two thermistors, with a measured temperature difference
of 10 K (which translates to 0.6 nms→2 in the acceleration domain). Since the thermal
emission is proportional to the fourth power of the absolute temperature, the satellite
panels generate most thermal emission while being the hottest. The difference between
modelled and measured thermal emission acceleration generated by the solar panels
was the smallest when the satellite was in the sunlight (0.1 nms→2), and the largest in the
penumbra region (0.3 nms→2).

The largest temperature differences in the penumbra region were measured between
the portside and the starboard side, likely caused by asymmetrical heating and cooling of
these panels, which in this research were assumed to have the same thermal properties.

The majority of the GOCE thermistors were installed on the inner side of the panels,
making them unsuitable for direct comparison to the modeled outside temperature. The
wings at the top and bottom of the GOCE satellite were the exception, where the pair
of thermistors was placed on each wing on the side facing cold space (away from the
Sun). The difference between the measurements of the pair of thermistors located on the
same panel was negligible. The difference between measured Earth-facing and Earth-
opposed temperatures was around 10 K. The thermal emission modelling accounted for
the heat transfer through the satellite wing, replicating the thermistor measurements
with an accuracy of approximately 3 K in the sunlight and 15 K in the shadow.

For GRACE-FO, the difference between the modelled and measured temperatures
had roughly the same magnitude as the differences between measurements of the ther-
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mistors located on the same panel. For GOCE, the difference between the modelled and
measured temperatures was of a similar order of magnitude to the differences between
measurements from the Earth-facing and Earth-opposed wings (both facing the cold
space). This indicates that the maximum achievable modelling accuracy was reached,
given the assumptions of a uniform panel temperature and identical thermal properties
for both solar arrays.

The main limitation associated with using the onboard thermistors was their place-
ment. The sensors located on the inner side of the panel or below the insulation foil
did not reflect the outer temperature, which is a prerequisite for thermal emission mod-
elling. This limitation was encountered in the case of GRACE-FO, GOCE, as well as for
other missions such as GRACE. Another limitation came from the limited number of
sensors on a single panel. In case only a pair of thermistors is accessible, it is unclear
whether the difference between their readings is a measurement error, an actual tem-
perature gradient, or originates from an external heat source such as a radiator.

3. What is the impact of enhanced radiation pressure and thermal emission modelling
on the thermosphere mass density and wind?

The effect of enhanced radiation pressure and thermal emission modelling on the
thermosphere density and wind can be best assessed when the radiation pressure accel-
eration is large compared to the aerodynamic acceleration. This occurs during periods
of low solar activity and becomes more pronounced at higher altitudes.

Chapter 3 quantifies the impact of the radiation pressure and thermal emission on
GOCE wind observations. Replacing the panel model with the high-fidelity geometry
resulted in up to 5 ms→1 decrease in the wind speed. The largest local decrease of up
to 40 ms→1 resulted from introducing the thermal model. Finally, splitting the solar flux
into the visible and infrared bands further reduced the estimated wind by up to 8 ms→1

on the dayside. According to the literature, GOCE observations overestimate the wind
speed in comparison to other measurement techniques, so their reduction is considered
an improvement.

The effects of the radiation pressure modelling and thermal emission modelling on
the GRACE-FO cross-track acceleration have been addressed in Question 1. These are
directly reflected in the wind datasets, for which improvement in the cross-track accel-
eration enhanced the quality of wind data, and enabled the release of datasets that were
previously unreleased due to poor quality.

The comparison between the newly and previously published versions of GRACE-
FO thermosphere density data, performed using the mean density ratio, did not show
significant scale differences (Chapter 2). This is expected since both datasets share the
same aerodynamic model and differ only in the radiation pressure and thermal emis-
sion, which tend to average to zero in the yearly mean. The agreement between the
observed density variability and the NRLMSIS 2.0 and DTM20202 models was assessed
using the annual standard deviation. However, this comparison was inconclusive due to
the limited accuracy of the models with respect to the changes in the radiation pressure.
The effect of the radiation pressure and thermal emission modelling on GOCE density
was negligible due to the strong aerodynamic acceleration at the low mission altitude
(Chapter 3).
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However, it was also shown in the example of GRACE-B, that the effect of the radi-
ation pressure mismodelling on density can be significant (up to 10% of the standard
deviation) for certain illumination conditions and while using the satellite panel model
(Chapter 4).

4. Which parameters are the most impactful drivers on the thermosphere mass density
and winds uncertainty?

The impact of various modelling parameters on thermosphere mass density and
wind uncertainty was investigated in Chapter 4. The sensitivity analysis was performed
based on the GRACE-B satellite and, thus, the answer to this question may differ for
satellites with other orbital characteristics. For both density and wind data, two cases
were analysed: low and high solar activity. These two cases also differed in the Sun-
satellite geometry. For the low solar activity, the Sun vector was nearly aligned with the
orbital plane, whereas for the high solar activity, the spacecraft’s side was illuminated.
These facts must be considered when drawing conclusions.

For the thermosphere density, the total relative uncertainty was higher during the low
solar activity (up to 18%) in comparison to the period of high solar activity (up to 4.5%).
For high solar activity, the majority of the uncertainty came from the aerodynamic pa-
rameters, where the largest contributor was the uncertainty in the atmospheric temper-
ature, followed by the uncertainty in the energy accommodation coefficient. Unsurpris-
ingly, in the analysed case of low solar activity, radiation pressure errors dominated dur-
ing sunlight phases, while measurement noise became more significant during eclipse
passes. It should be noted that the solar radiation pressure contribution to the uncer-
tainty depends mainly on the orientation of the satellite with respect to the Sun. In the
cross-track direction, the solar radiation pressure contribution to the uncertainty was
the largest when the satellite was illuminated from the side. On the other hand, when
the Sun vector was aligned with the orbital plane, the along-track uncertainty was the
largest, and the cross-track negligible. This effect was more prominent in the cross-track
direction due to the larger side area in comparison to the front/rear area.

For the thermosphere wind, during high solar activity, the uncertainty ranged from
30 ms→1 to 110 ms→1, arising mainly from mismodelling of the radiation pressure. Dur-
ing the low solar activity, the low aerodynamic signal prevents the derivation of mean-
ingful wind data, resulting in large uncertainty between 200 ms→1 to 550 ms→1, with the
largest contributor being the aerodynamic parameters, in particular the relative velocity
and energy accommodation coefficient.

The parameters related to the radiation pressure were investigated separately. The
research showed that the majority of errors originated from the uncertainty in the
thermo-optical coefficients of surface materials, followed by the heat capacitance of the
solar panels. Ultimately, the relative importance of the parameters related to the radi-
ation pressure and aerodynamic accelerations depends on the ratio between these two
signals, which will vary depending on the satellite altitude and solar activity.
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Following the research questions answered above, the overarching research goal was
achieved:

The goal of this dissertation is to improve the accelerometer-derived thermosphere mass
density and wind datasets of the GRACE-FO and GOCE satellites by advancing the

modelling of radiation pressure and satellite thermal emission.

This dissertation addressed several knowledge gaps in the field of radiation pressure
modelling, including optimising and updating the thermo-optical coefficients describ-
ing the satellite surface materials and thermal properties, the usage of thermistor data
to validate the thermal models, and the sensitivity analyses for quantifying the sources
of uncertainty in thermospheric density and wind datasets.

Following these advancements, the thermospheric density and wind datasets from
the GRACE-FO and GOCE satellites were reprocessed and made freely available to the
scientific community (TU Delft Thermosphere HTTPS Server1). The published data also
include the radiation pressure and high-fidelity geometry models of these satellites.

5.2. OUTLOOK FOR FUTURE RESEARCH
This section outlines the possible directions for future research, based on the conclu-
sions of this dissertation. The key recommendations and open issues are listed below:

• Select realistic standard deviations for the uncertainty propagation.

At the current stage of development of the uncertainty propagation tool, the stan-
dard deviations describing the uncertainties of the parameters are handled in a
simplistic manner. Future investigation is needed to establish the realistic values
for these parameters. This includes accounting for correlations and dependen-
cies between the parameters describing atmospheric conditions and gas-surface
interaction, as well as variables such as solar and geomagnetic activity, magnetic
latitude, and local solar time. Moreover, uncertainties in satellite properties, such
as panel area, thermal properties, and reflection and absorption coefficients, are
currently treated in a generic manner. In future work, these values should be ad-
justed to match the characteristics of a specific mission.

• Supplement the in-situ thermosphere mass density and wind observations with
the uncertainty information.

At present, accelerometer-derived in-situ thermosphere mass density and wind
observations are provided without comprehensive uncertainty information. Af-
ter selecting realistic standard deviations for the specific satellite, the next step
would be to supplement the observations of Swarm, GRACE, GRACE-FO, GOCE,
and CHAMP with uncertainty information. This will allow us to identify periods
of low data quality, flagging issues such as overestimated wind data during the low
solar activity. Additionally, it will enable better comparisons between observations
and models and facilitate easier data assimilation. The uncertainty propagation
tool could also be used to evaluate the quality of thermosphere density and wind
data for currently operating and future missions.

1https://thermosphere.tudelft.nl/data/

https://thermosphere.tudelft.nl/
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• Equipping future Earth-observing missions with thermistors for scientific use.

Access to measurements of the satellite’s thermistors on its outer surfaces, pro-
viding information on the panels’ exact temperature, is a prerequisite for accurate
thermal emission modelling. Existing missions are equipped with housekeeping
thermistors used for the spacecraft thermal monitoring and control. These sensors
are mounted at various locations on the outer and inner panels, as well as within
the satellite body, to monitor and maintain the instruments’ appropriate tem-
perature. Equipping future Earth-observing missions with thermistors intended
for scientific use would enable more accurate and robust thermal emission mod-
elling. Such sensors should be redundant, located at multiple places on the outer
surfaces of the satellite panels.

Besides the temperature sensors, the radiation pressure model would benefit from
more extensive information on the satellite thermo-optical surface properties. It
is, thus, recommended that the manufacturers provide a comprehensive list of the
satellite materials and their properties in the satellite’s handbooks, as well as the
technical drawings or CAD models of the satellite’s outer geometry for scientific
use.

• Expand from panel model to finite element model to overcome the limitation of
uniform panel temperature.

The most accurate way to model satellite thermal emission is to use a finite el-
ement model. In this technique, the panels are discretised into small volumes,
and an energy balance is solved for each element, accounting for heat transfer to
neighbouring volumes and heat exchange through the panel surfaces. Provided
the thermistors’ measurements were available, the material properties could be
tuned, and the outer panels’ temperature across the whole surface will be known.
This would overcome the current limitation of assuming a uniform panel temper-
ature and instead account for thermal gradients across the surface. Incorporating
such a model, however, would significantly increase computational effort. The
trade-off between computational complexity and the potential gain in thermal
emission modelling accuracy could be a path for future research.

• Modelling the impact of surface degradation on radiation pressure acceleration
estimate

During its operational lifetime, the satellite’s surface is exposed to different envi-
ronmental effects, resulting in surface degradation and thinning of the material
coatings. Atomic oxygen causes erosion and surface roughness, resulting in irre-
versible changes in thermo-optical surface properties. Exposure to the UV radia-
tion causes optical changes and material opacity. The solar arrays are particularly
sensitive to UV degradation, which darkens the cell’s cover glass, increasing solar
array temperature and reducing cell performance. In mission handbooks, envi-
ronmental effects are usually accounted for by providing the absorption and re-
flection coefficients of materials at the beginning and end of the satellite’s life, sep-
arately. Modelling the impact of the environmental factors on the thermo-optical
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surface properties is expected to increase the accuracy of the radiation pressure
acceleration estimate.

• Use the Clouds and the Earth’s Radiant Energy System (CERES) for the Earth’s
outgoing radiation modelling.

In our current processing pipeline for in-situ thermosphere mass density and
wind, Earth’s outgoing fluxes are modelled using monthly-averaged maps from the
Earth Radiation Budget Experiment (ERBE). On the other hand, the uncertainty
propagation tool uses the CERES project’s Energy Balanced and Filled (EBAF) Top-
Of-Atmosphere (TOA) all-sky fluxes. However, instead of the available monthly
maps, the tool utilises averaged maps. The advantage of using such averaged
maps is that one is independent of the latency of the CERES data. In future work,
more climatologically accurate approximations of CERES data or even the CERES
data themselves could be incorporated. The CERES data account for land, ocean,
clouds, aerosols, snow, ice, and surface type. This could lead to improved accu-
racy in radiation pressure modelling, particularly for satellites at lower altitudes,
potentially improving vertical wind estimates and enabling better numerical opti-
misation of the surface thermo-optical coefficients of nadir-facing panels.
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