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Abstract

Precise non-gravitational satellite force models are crucial for various space-based applications, such
as satellite gravimetry, thermospheric neutral density estimation and precise orbit determination,
thus contributing to a better understanding of the Earth system.

Satellite orbits are perturbed by gravitational and non-gravitational forces. For satellites in
low-Earth orbits, in addition to the dominant force due to atmospheric drag, the most important
non-gravitational forces are related to the radiation of the Sun and the Earth. The electromagnetic
solar radiation as well as the Earth’s outgoing radiation, consisting of emitted thermal radiation and
the reflected sunlight, are either absorbed or reflected at the satellite’s surface. The resulting forces
are known as Solar and Earth radiation pressure, respectively. The re-emission of the absorbed
heat causes the thermal re-radiation pressure force.

Over the last years, significant progress has been made in the modelling of aerodynamic forces.
However, only few publications focused on the improvement of radiation pressure force models. The
modelling of the radiation pressure forces depends on measured fluxes as well as on the satellite’s
mass, surface area and plate materials, of which especially the fluxes and material properties are
known to introduce errors.

The aim of this thesis is to extend the existing radiation pressure force models, first, by detecting
and overcoming systematic errors in the analytical formulations. In a second step, the extended
model is applied in an inverse estimation approach to further improve remaining inconsistencies.

From the inspection of existing analytical radiation pressure force models, several extensions
are suggested. These include the consideration of temporal variations in the solar flux and the solar
spectrum as well as the impact of the atmosphere on the ray of sunlight. Additionally, the use of
albedo and emission data introduces errors that can be avoided nowadays due to the availability
of observed fluxes at the top of atmosphere and the consideration of the angular dependence of
Earth’s radiation. The transient re-emission of the satellite’s absorbed radiation is often omitted,
but is considered here as transient heat-conductive.

The extended radiation pressure force models are applied on satellites with simple shape, i.e.,
the Gravity Recovery And Climate Experiment (GRACE) satellites consisting of flat surfaces and
on spherical Satellite Laser Ranging (SLR) satellites. The extensions of the forward force modelling
are validated carefully (1) by comparing the modelled forces to accelerometer measurements (for
GRACE), and (2) by evaluating their impact on the satellite orbit based on residuals to SLR mea-
surements (for GRACE and spherical satellites). To reduce the effect of aerodynamic mismodelling,
the year 2008 with low solar activity is selected. The validation revealed that a fine discretization
(1°) of the Earth’s footprint leads to the largest improvements in the Earth radiation pressure force
modelling, i.e., for GRACE the SLR residual root mean square (RMS) decreases by 38 %. Choosing
hourly radiation data together with angular dependency models additionally reduces the residual
RMS by 2 %. Furthermore, considering fitted heat-conductive thermal re-radiation for GRACE de-
creases the SLR residual RMS by 36 % compared to using instantaneous re-radiation. The impact
of the force model extensions on spherical SLR satellites is found to be generally smaller, which is
related to their orbital altitude of more than 700 km.

The extended non-gravitational force models can be applied in an inverse approach, where an
adjustment to measured forces allows for the estimation of selected parameters in the model to
improve on the remaining inconsistencies. In the estimation of thermospheric neutral densities,
this study found that extensions of the radiation pressure force modelling impact the neutral
density by up to 5% depending on the solar activity. It is therefore likely that omissions caused
by application of the standard models contribute to the differences between existing estimates. In
a second example, first experiments to solve for radiation-related parameters based on extended
radiation pressure force models are carried out. Here, the quality of the accelerometer calibration
still limits the inverse estimations from GRACE data and finding a stable parametrization remains
challenging. Estimating radiation pressure scale factors from SLR data reveals that Ajisai is a
promising candidate to further the research on the adjustment of radiation-related parameters. All
in all, the results are encouraging to determine physical radiation pressure model parameters from



satellite accelerometry and SLR data in the future in order to enable the retrieval of a geodetic
Earth’s energy imbalance estimate.



Zusammenfassung

Hochgenaue nicht-gravitative Kraftemodelle fiir Satelliten sind fiir eine Vielzahl weltraumgestiitzter
Anwendungen wie die Satellitengravimetrie, die Schitzung der thermosphérischen Neutraldichte
und die prézise Orbitbestimmung von entscheidender Bedeutung und tragen somit zu einem besseren
Verstdndnis des Systems Erde bei.

Der Orbit eines jeden Satelliten wird durch gravitative sowie durch nicht-gravitative Kréfte
gestort. Bei Satelliten in erdnahen Umlaufbahnen stehen neben der dominierenden Kraft, die
auf den atmosphérischen Luftwiderstand zuriickzufiihren ist, die wichtigsten nicht-gravitativen
Kréfte in Zusammenhang mit der Strahlung der Sonne und der Erde. Die elektromagnetische
Sonnenstrahlung sowie die ausgehende Strahlung der Erde, welche sich aus der emittierten In-
frarotstrahlung und dem reflektierten Sonnenlicht zusammensetzt, werden an der Satellitenober-
fliche absorbiert oder reflektiert. Die daraus resultiernden Kréfte pro Flacheneinheit werden als
Strahlungsdruck von Sonne bzw. Erde bezeichnet. Zusétzlich verursacht die Abstrahlung der
absorbierten Strahlung am Satellit die sogenannte thermische Riickstrahlungkraft.

In den letzten Jahren hat sich die Modellierung der aerodynamischen Kréfte erheblich weit-
erentwickelt. Allerdings erschienen bisher nur wenige Verdffentlichungen zur Verbesserung der
Kraftemodelle des Strahlungsdrucks. Die Modellierung des Strahlungsdrucks héngt sowohl von
den gemessenen Strahlungsfliissen als auch von Masse, Oberfliche und Material des Satelliten ab,
wobei insbesondere die Strahlungsfliisse und die Materialeigenschaften bekanntermafien zu Fehlern
fiihren.

Das Ziel dieser Arbeit ist die Erweiterung der Strahlungsdruckmodelle. Zunéchst werden sys-
tematische Effekte in den analytischen Gleichungen aufgedeckt und beseitigt. In einem zweiten
Schritt wird das erweiterte Kraftemodell in einem inversen Schitzungsansatz angewandt, um tibrige
Inkonsistenzen zu verbessern.

Nach der Untersuchung existierender analytischer Strahlungsdruckmodelle werden verschiedene
Erweiterungen vorgeschlagen. Dazu gehoren die Beriicksichtigung zeitlicher Variationen der Son-
nenstrahlung und ihres Spektrums sowie der Effekt der Atmosphére auf die Ausbreitung dieser
Strahlung. Dariiber hinaus fithrt die Verwendung von Albedo- und Emissionsdaten zu Fehlern,
die heutzutage durch die Verfiigbarkeit von beobachteten Strahlungsfliissen an der Obergrenze der
Atmosphére und die Beriicksichtigung der Winkelabhéngigkeit der Erdstrahlung vermieden wer-
den konnen. Auflerdem wird die zeitverzogerte Emission der absorbierten Strahlung am Satelliten
oftmals vernachléssigt, wohingegen sie hier berticksichtigt wird.

Die erweiterten Strahlungsdruckmodelle werden an Satelliten mit einfacher Geometrie getestet:
an einem der Gravity Recovery And Climate Experiment (GRACE) Satelliten bestehend aus flachen
Paneelen sowie an kugelférmigen Satellite Laser Ranging (SLR) Satelliten. Die Erweiterungen der
Vorwértsmodellierung des Strahlungsdrucks werden validiert, indem (1) die modellierten Kréfte
mit GRACE Akzelerometermessungen verglichen werden sowie (2) ihre Auswirkungen auf den
Satellitenorbit anhand von Residuen zu SLR-Beobachtungen bewertet weren (fir GRACE und
Kugelsatelliten). Um den Effekt der aerodynamischen Fehlmodellierung zu minimieren, wird das
Jahr 2008 mit niedriger solarer Aktivitdt ausgewéhlt. Die Validierung zeigt, dass eine verfein-
erte Diskretisierung (1°) des Footprints der Erde zu den grofiten Verbesserungen bei der Model-
lierung des Erdstrahlungsdrucks fiihrt, d.h. fiir GRACE verringern sich die SLR-Residuen um 38 %.
Die Wahl von stiindlichen Strahlungsdaten mit Modellen fiir die Winkelabhéngigkeit reduziert die
Residuen um weitere 2 %. Aulerdem verringert die Beriicksichtigung der angepassten thermischen
Riickstrahlung fiir GRACE die SLR-Residuen um 36 % im Vergleich zur Verwendung einer soforti-
gen Abstrahlung. Die Auswirkungen der erweitereten Kréaftemodelle auf Kugelsatelliten ist generell
geringer, was insbesondere auf die grofiere Bahnhéhe von mehr als 700 km zuriickzufithren ist.

Die erweiterten nicht-gravitativen Kraftemodelle kbnnen in einem inversen Ansatz angewandt
werden, wobei die Anpassung an gemessene Kréfte eine Schéitzung ausgewdhlter Parameter im
Modell ermoglicht, um verbleibenden Inkonsistenzen zu verbessern. In dieser Arbeit wird gezeigt,
dass die Erweiterungen des Strahlungsdruckmodells die Bestimmung der Neutraldichte der Thermo-
sphéire um bis zu 5% je nach Sonnenaktivitit beeinflussen und ihre Nichtbeachtung in vorherigen



Studien moglicherweise zu den Unterschieden zwischen existierenden Schétzungen beitragen. In
einem weiteren Beispiel werden erste Versuche zur Schitzung von strahlungsbezogenen Parame-
tern basierend auf den erweiterten nicht-gravitativen Kréaftemodellen ausgefiihrt. Dabei limitiert
die Qualitdt der kalibrierten Akzelerometerbeobachtungen zur Zeit noch die inverse Schitzung
aus GRACE-Beobachtungen und die Suche einer stabilen Parametrisierung bleibt eine Heraus-
forderung. Die Schétzung von Skalierungsfaktoren fiir den Strahlungsdruck aus SLR-Daten zeigt,
dass Ajisai ein vielversprechender Kandidat fiir weitere Forschungen zur Bestimmung strahlungs-
bezogener Parameter darstellt. Insgesamt sind die Ergebnisse ermutigend, zukiinftig physikalische
Strahlungsdruckparameter aus Satellitenakzelerometrie und SLR-Beobachtungen zu bestimmen,
um die Schitzung einer geodétischen Energiebilanz der Erde voranzubringen.



Ein Gedicht iiber die Dichte

Es war einmal eine Mission,

die sollte sich fiir die Erdschweremessung besonders lohnen.
Die Mission hiel GRACE -

ihr Nachfolger ist schon in Space.

GRACE bestand aus zwei Satelliten. Und die flogen

um die Erde

durch die Thermosphére

als ob nichts ware...

Fast nichts.

Denn da war noch Reibung

wenig wire eine Ubertreibung

und doch war es genug,

um die Satelliten zu bremsen in ihrem Flug.

Fiir die Vorhersage der Position

wird sich eine prézise Dichte lohnen.
Die Erforschung der neutralen Dichte
ist also ganz schon wichtig.

Die Neutraldichte ist nicht konstant, sie verdndert sich
mit Sonnenzyklus, Jahrzeiten, und Tageslicht,

und kommt es zu 'nem Sonnensturm,

fiihrt die Interaktion

des Lichts mit dem Magnetfeld

zu Polarlichtern an den Polen der Welt.

Wiirde die Dichte gleich bleiben,
konnte sich der Satellite immer identisch an der Atmosphére reiben,
doch dann wiird ich kein Gedicht iiber die Bestimmung der Neutraldichte schreiben.

Durch diese sich verdndernden Reibungen
entsteht eine Kraft,

die es schafft,

den Satelliten zu entschleunigen.

Diese Beschleunigung wird am Satelliten gemessen,
doch unterdessen

storen andere Krafte

die Messprozesse.

Ihr wisst - die Neutraldichte (und somit die Reibung) verdndert sich
hinzukommen Strahlungsdruck durch Sonnenlicht,

und der Strahlungsdruck der Erde,

hat alles nichts zu tun mit der Schwere.

Denn das sind die nicht-gravitativen Kréfte,

also schreibt in eure Hefte:

Akzelerometer messen nicht-gravitative Kréafte.

Akzelerometer -
was ist das denn jetzt schon wieder?



Das ist ein kleiner Kéfig,

im Massenzentrum - versteht sich -

mit einer Testmasse, die dort schwebt,

und in ihrer Position gehalten wird

durch einen Elektromagnet.

Mit jeder Kraft, die hierauf wirkt,

andert sich die Starke des Magnets

und stets

wird sie verwandelt

in Beschleunigungen, die wir hier behandeln.

Also die Messung haben wir jetzt schon:

das ist die Beschleunigung an jeder Position.

Brauchen wir noch ein Modell

und dann geht die Bestimmung der Dichte ganz schnell.
Doch die Modelle sind kompliziert

ich hab sie jetzt schon einige Zeit studiert

und arbeite daran sie zu verbessern,

damit wir eine bessere Schatzung haben als gestern.

Kommen wir also zu den Modellen.

Gehen wir aus von elektromagnetischen Wellen.

Diese konnen den Satellit erhellen,

und ruck zuck

entsteht durch die Interaktion mit der Oberfliche ein Druck.

Direkt wirkt der Strahlungsdruck der Sonne
und bevor ich bald zum Ende komme,
gibt’s noch den Strahlungsdruck der Erde.
den ich euch jetzt erklére.

Das Sonnenlicht wird

an der Erdoberflache reflektiert

und man glaub es fast nicht,

dass diese Strahlung den Satelliten tifft!

Jetzt kommt’s drauf an:

wird das Licht,

das den Satelliten trifft,

reflektiert

oder absorbiert?

Das wird anhand des Materials studiert.

Ist es glatt wie ein Spiegel

oder matt wie ein Ziegel?

Ich hoffe, ihr seid noch nicht verwirrt,

denn davon héngt es ab, wie der Satellit beschleunigt wird.

Doch es gibt auch Epochen,

da wird die sichtbare Strahlung nicht gebrochen.
Denn da fliegt der Satellit

im Dunkeln, wo folgendes geschieht:

Also was passiert hier?

Nur die Infrarotstrahlung der Erde erreicht ihr Ziel.



Die Strahlung von Sonne und Erd’

sorgt auch dafiir, dass der Satellit sich erwarmt.

Seine verdnderliche Temperatur

sorgt fiir eine Abstrahlung in Abhéngigkeit der Struktur
und der Geometrie

doch alle Details kennst du nie.

Und so modellieren wir die Strahlungsdruckbeschleunigungen,
und nicht zu vergessen die durch Reibungen.

Damit haben wir jetzt Messungen und Modelle,

die man gleichsetzt und dann,

mit ein bisschen umgestelle,

nach der Dichte auflésen kann.

Mit einer resolution

von 10 Sekunden

konnen wir nun Phanomene der Thermosphére erkunden.

Das war die Geschichte

iiber die Bestimmung der Dichte.

Mit einer Mission,

die sollte sich lohnen:

nicht nur fiir die Bestimmung der Schwere,
sondern auch fiir die Erforschung der Atmosphére.
Und so flog GRACE,

durch den Space

und wenn sie nicht vergliiht sind,

dann schweben sie noch heute.

Kristin Vielberg, September 2022.

Gewinnerbeitrag beim Space Science Slam der ersten nationalen Wissenschaftskonferenz der Raum-
fahrt 2022 in Bonn. Deutschlandfunk berichtet: https://www.deutschlandfunk.de/sternzeit-100.
html?drsearch:date=2022-12-04
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Chapter 1

Introduction

Nowadays, thousands of satellites orbit the Earth and accurate information of their motion is
required for operational and scientific applications. The orbit of a satellite is not only affected by
gravitational forces, but also by non-gravitational ones. Whereas gravitational forces acting on a
satellite result from the gravitational attraction of Earth, Sun, Moon and other celestial objects, the
non-gravitational forces result from the interaction of photons and gas molecules with the satellite’s
surface. For low-Earth Orbit (LEO) satellites, the largest non-gravitational force is attributed to
the atmospheric drag directed opposite to the satellite’s velocity. With increasing altitude, the drag
acceleration decreases (Fig. 1.1) due to the less dense atmosphere. Besides the atmospheric drag,
the most important non-gravitational forces acting on a satellite are related to the radiation of the
Sun and the Earth. The electromagnetic solar radiation reaches the surface of the satellite directly,
where the photons are either reflected or absorbed, which causes the Solar Radiation Pressure
(SRP) acceleration. Similarly, the Earth Radiation Pressure (ERP) acceleration results from the
Earth’s outgoing radiations reaching the satellite consisting of the emitted thermal radiation and
the reflected sunlight. With increasing distance from the Earth’s surface, the acceleration due to
ERP becomes less relevant, whereas the effect of SRP becomes prevalent (Fig. 1.1). In addition,
the radiation of Sun and Earth, which is absorbed at the satellite’s surface, heats up the satellite
and leads to temperature variations. The emission of this thermal energy causes the Thermal
Re-radiation Pressure (TRP) acceleration.

The magnitude of theses non-gravitational accelerations is rather small, however large enough
to cause orbit perturbations. For one of the Gravity Recovery And Climate Experiment (GRACE)
satellites, the average acceleration is about 3.0 x 108 ms~2 for SRP, 1.2 x 1078 ms~2 for ERP,
and 0.7 x 1078 ms™2 for TRP during April 2011. In comparison, the average acceleration due to

aerodynamics during the same month is largest with 1.1 x 10~ ms™2.

1.1 The importance of non-gravitational force modelling

Accurate models of these forces are required for a variety of satellite-related applications, e.g.,
within the Precise Orbit Determination (POD) of Global Navigation Satellite System (GNSS)
satellites (Fliegel et al., 1992; Arnold et al., 2015; Steigenberger et al., 2015; Darugna et al., 2018;
Bury et al., 2019), Satellite Laser Ranging (SLR) satellites (Sosnica et al., 2014; Panzetta et al.,
2018), and several Earth observation satellites such as Swarm (Montenbruck et al., 2018b), radar
altimetry and radar imaging satellites (Zelensky et al., 2010; Peter et al., 2017; Hackel et al., 2017;
Rudenko et al., 2023). Not only POD, but also orbit predictions to assess the mission lifetime
including reentry in the Earth’s atmosphere benefit from precise non-gravitational force models.
As an example, during increased solar activity, which leads to a denser atmosphere, the Gravity
Recovery And Climate Experiment Follow On (GRACE-FO) mission decayed up to 20m daily
(Landerer et al., 2022), while the lifetime of the GRACE mission exceeded the planned five years
by additional ten years due to an unexpectedly low solar activity within solar cycle 24.

In addition, non-gravitational forces need to be separated from gravitational measurements
within gravity field recovery. Therefore, several LEO gravity field missions, e.g., GRACE (Tap-
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Figure 1.1: Variation of modelled non-gravitational accelerations with altitude.
The computations are based on the position and orientation of the GRACE-A
satellite on April 1, 2011, at midnight: -92° longitude, -52° latitude, 490 km
altitude. Then, the individual forces were computed for simulated positions
above and below before calculating the norm.

ley et al., 2004), CHAllenging Minisatellite Payload (CHAMP) (Reigber et al., 2002), or Gravity
Field and Steady-State Ocean Circulation Explorer (GOCE) (Floberghagen et al., 2011), carry
space-borne accelerometers, which measure the sum of the non-gravitational accelerations (and not
the individual components). However, in case accelerometer data are missing as at the end of
the GRACE mission or are of insufficient quality as for the Swarm mission (Siemes et al., 2016;
Liick, 2022), accurate force models are required to simulate the total non-gravitational accelera-
tions for further processing. The accelerometer measurements onboard GRACE-D, which is the
trailing satellite of the GRACE-FO mission launched in May 2018, showed a higher noise level
than expected, and thus, a transplant of accelerometer data from the leading satellite GRACE-
C is required (McCullough et al., 2019). Using modelled non-gravitational accelerations in the
transplant has led to an improvement of the so-called Accelerometer Transplant L1B (ACT1B)
product (Bandikova et al., 2019; Behzadpour et al., 2021). Furthermore, the ongoing development
of space-borne accelerometers in combination with novel cold atom interferometer (e.g., Christophe
et al., 2018; Abrykosov et al., 2019; Siemes et al., 2022) will likely lead to lower noise levels of mea-
sured non-gravitational accelerations in the near future, which necessitates also the improvement
of non-gravitational force models.

Accurate non-gravitational force models are also required to derive the thermospheric neutral
density and wind velocity from measured accelerometer data (Sutton et al., 2007; Doornbos et al.,
2010; Doornbos, 2012; March, 2020). This application requires the separation of drag and radiation
pressure accelerations, where a good along-track modelling of the radiation pressure component is
required for density estimates especially during low solar activity when the drag signal is relatively
small and an error of 5% in the modelled radiation pressure leads to an error of 5% in the density
estimate. The wind estimation also benefits from accurately modelled cross-track radiation pressure
accelerations.

Another topic, where non-gravitational force models are essential, is the POD of radar altime-
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try missions, which are designed to monitor sea level (Chelton et al., 2001). Systematics in the
estimated orbit directly impact the measured sea surface height. Since non-gravitational forces are
required in the POD, the demand for precise non-gravitational force models increased with the
launch of the first radar altimetry mission Topex/Poseidon in 1992 to reach the desired (and still
not reached) orbit accuracy of 1cm. In this context, high fidelity satellite models to represent the
satellite’s complex shape have been tested in the non-gravitational force modelling, however, the
computational effort required approximations. Furthermore, first models of the thermal re-radiation
pressure have been developed and validated using surface temperature measurements (Antreasian
and Rosborough, 1992; Marshall et al., 1992). These efforts contributed to an accuracy of 2cm
for 10-day orbit arcs (Chelton et al., 2001). The Jason missions continued the successful radar
altimetry measurements with launches of three satellites between 2001 and 2016, of which Jason-3
reached an orbit accuracy of 1.5cm (Picot et al., 2018). Additionally, several Sentinel satellites
guaranteed continuity of sea level measurements. The recent mission is Sentinel-6A launched in
2020. Reaching the desired orbit accuracy of 1cm for current Jason and Sentinel missions is still
ongoing research (Peter et al., 2017; Montenbruck et al., 2018a; Hauschild et al., 2022; Rudenko
et al., 2023). Improvements in different measurement techniques as well as in the non-gravitational
force modelling will aid reaching this goal in the future.

Furthermore, the non-gravitational force modelling of SLR satellites is important for POD
including validations of GNSS orbits. Measurements to spherical SLR satellites are currently used
to realize the geocentre origin of the global Terrestrial Reference Frame (TRF) (Meindl et al., 2013;
Glaser et al., 2015; Glaser et al., 2020). The simple shape together with a large area-to-mass ratio of
SLR satellites such as LAser GEOynamics Satellite or Laser Geometric Environmental Observation
Survey (LAGEOS) is beneficial to reduce the impact and complexity of the non-gravitational forces
compared to GNSS satellites. The improvement of precise solar radiation pressure force models for
GNSS satellites is expected to reduce biases in the geocentre estimation from GNSS only (Glaser
et al., 2020).

Improved force models might also be used to further studies on the Earth’s energy imbalance.
First results in this direction had been achieved by Boudon (1986) from the evaluation of the
CACTUS accelerometer on-board the nearly spherical CASTOR satellite during the 1970s. In
their study, an annual mean Earth radiation budget for the period July 1975 to July 1976 had been
successfully obtained from the conversion of accelerations to fluxes. This procedure was resumed
by Hakuba et al. (2018), who proposed a future satellite mission with improved accelerometry on-
board a highly reflective or perfectly absorbing spherical satellite to complement recent estimates
of Earth’s energy imbalance.

1.2 Forward modelling

Non-gravitational force modelling is the main topic of this thesis. In a forward model, non-
gravitational forces can be simulated analytically for satellites with available geometry and surface-
material data. In case a macro-model containing these information is not available, such as for
GNSS satellites, analytical models cannot be applied and instead empirical models are used in the
radiation pressure force modelling (Montenbruck et al., 2015; Montenbruck et al., 2017; Arnold
et al., 2015). However, analytical force modelling will become more relevant for Galileo satellites,
since optical properties have been published recently (Bury et al., 2019). In the following, the cur-
rent status of the drag and radiation pressure force models is presented with a focus on analytical
radiation pressure force modelling with aspects from Vielberg and Kusche (2020).

Aerodynamic accelerations can be separated into the drag acceleration with lift and side effects.
Aerodynamic models require information about the atmosphere including its composition, temper-
ature and winds at the position of the satellite, which is commonly obtained from empirical density
models. Then, the interaction of the gas molecules with the satellite’s surface is accounted for in
the aerodynamic coefficient, which improved a lot during the last decade (e.g., Pilinski et al., 2010;
March et al., 2019b; Bernstein and Pilinski, 2022) and is still an active area of research. From free
molecule flow theory (Sentman, 1961), the mean path of the molecules w.r.t. the satellite dimen-
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sions can be derived. In this context, more collisions are assumed to occur between the molecules
and the satellite’s surface than between the incident molecules themselves. Below 400 km the as-
sumption of diffuse molecule reflections seems valid, however, at higher altitudes, the reflection is
more specular and models in this regard are still under development. Aerodynamic models have
been widely studied in the context of thermospheric neutral density and wind estimation (e.g.,
Sutton et al., 2005; Doornbos, 2012; March, 2020).

In contrast, only few and mostly early studies on SRP (e.g., Marshall et al., 1992; Montenbruck
and Gill, 2012) and even less on ERP accelerations are available (e.g., Knocke et al., 1988; Mon-
tenbruck and Gill, 2012). The interaction of incoming fluxes with the satellite’s surface commonly
considers specular and diffuse reflection as well as absorption using the satellite’s thermo-optical
material properties. This is still a reasonable assumption, however, anisotropic reflection and ther-
mal re-radition are often omitted. Additionally, in the flux modelling of Sun and Earth, there is a
lot of room for improvement and consistency. The magnitude of SRP in terms of the solar flux is
about 1360 W/m? at an altitude of 400 km, whereas the Earth’s outgoing flux is about 340 W /m?
(Wild et al., 2013), to which the longwave flux contributes about twice as much as the shortwave
flux. All fluxes vary with the constellation of Sun, Earth and satellite, including the satellite’s
altitude above the Earth’s surface. The solar flux mainly depends on the solar cycle and the solar
rotation with periods of about 11 years and 27 days, respectively. The Earth’s outgoing fluxes
correspond to the incoming solar flux and thus depend on the solar cycle as well as on the diurnal
cycle.

Analytical SRP force models are based on the visible solar flux at the position of the satel-
lite, which is commonly approximated by the solar constant and is not able to capture temporal
variations. Moreover, the solar spectrum is not considered appropriately, since the flux and its in-
teraction with the satellite’s surface material are frequency-dependent. Within the Earth’s shadow,
only the Earth’s infrared radiation reaches the satellite. The FEarth’s shadow is often modelled geo-
metrically with a spherical Earth (Montenbruck and Gill, 2012), but omitting the Earth’s flattening
and the impact of the atmosphere on the ray of sunlight causes errors in semi-shadowed regions
(Robertson, 2015).

In comparison to SRP, analytical ERP force models are based on modelled albedo and emission
data (Knocke et al., 1988). Errors introduced by this approximation can be avoided nowadays due
to the availability of observed fluxes at the top of atmosphere, which are already used in recent ERP
models (e.g., Woske et al., 2019) and within the consideration of angular dependence of Earth’s
radiation (Vielberg and Kusche, 2020). The observed fluxes of Earth’s outgoing radiation are
provided by the Clouds and the Earth’s Radiant Energy System (CERES) project. The CERES
instrument consists of a radiometer sensor measuring the radiation at the top of atmosphere,
commonly assumed to 20km, at three spectral channels in slant direction (Wielicki et al., 1996).
In the CERES data processing, measured radiation is converted to radiative flux by applying
empirical Angular Distribution Models (ADMs) (Su et al., 2015a; Su et al., 2015b). To obtain
hourly sampling, which is currently the highest temporal resolution available, the CERES synoptic
1° (CERES SYN1deg) hourly product combines measurements from CERES instruments on-board
the Terra and Aqua spacecrafts with hourly optical data from geostationary satellites (Doelling
et al., 2016). In comparison with the monthly available Energy Balanced And Filled (EBAF) data,
the CERES SYNldeg products are not constrained to a prescribed land, atmosphere and ocean
heat content rate (Loeb et al., 2018). Thus, the CERES SYNldeg data contain biases, which are
expected to introduce systematic errors in the ERP modelling. On the other hand, EBAF data
rely on a given heat content rate that may not reflect current reality sufficiently.

Furthermore, the satellite’s thermo-optical material properties and their variation over time due
the exposure to ultraviolet radiation from the Sun and atomic oxygen erosion (Silverman, 1995b)
are not well known and introduce additional modelling errors. Recently, first high fidelity models
have been developed for different satellites and allow for the consideration of more complex shapes,
e.g., antennas, in the non-gravitational force modelling (Ziebart, 2004; Kenneally, 2016; March
et al., 2019a; Woske et al., 2019). The advantage of these complex models is that they allow for
including shadowing effects and thermal re-radiation in more detail, however, the computational
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effort can be very large and additional information on the thermo-optical material properties is not
included, so their uncertainty remains problematic.

In addition to the aerodynamics and radiation pressure forces, several satellite-induced non-
gravitational forces are known to act on a satellite (Flury et al., 2008; Peterseim et al., 2012).
Thruster firings or antenna thrusts introduce additional non-gravitational accelerations. Their
consideration is of importance to obtain realistic force models. Additionally, the measurements can
be disturbed by internal temperature variations or mechanical oscillations of a thin foil on-board
the bottom of the GRACE satellite (Flury et al., 2008). The order of magnitude of these artificial
satellite-induced forces can be quite large as they can occur in terms of spikes, however, their period
is relatively small in the order of seconds.

1.3 Inverse modelling

Early analytical radiation pressure force models have been developed to improve the orbit determi-
nation of SLR satellites (Rubincam and Weiss, 1986). Since the thermo-optical material properties
of these spherical satellites represent the largest uncertainty in analytical force modelling for SLR
satellites, a radiation pressure coefficient, i.e., a scaling factor of the radiation pressure, is com-
monly estimated within a POD (Blofifeld et al., 2018; Panzetta et al., 2018; Hattori and Otsubo,
2019; Zeitler et al., 2021). This leads to the second topic of this thesis, which focuses on the inverse
modelling in the context of non-gravitational forces.

As outlined above, there is a need for precise non-gravitational force models. There are several
aspects that can lead to improved forward modelling of these forces. Nevertheless, the possibilities
to overcome all inconsistencies is limited, e.g., due to incomplete information about the satellite’s
thermo-optical material properties. This is where inverse models are expected to be helpful. Inverse
models allow for the estimation of specific parameters in the model by adjusting the force model
to observations. The relation between observed and modelled non-gravitational accelerations has
already been used for different applications such as the calibration of accelerometer data (e.g.,
Klinger and Mayer-Giirr, 2016; Vielberg et al., 2018), which is not only required for gravity field
recovery, but also for the estimation of the thermospheric neutral density (e.g., Sutton et al., 2007;
Doornbos et al., 2010; Siemes et al., 2023). Within a POD, e.g., based on SLR measurements, scale
factors for the thermospheric neutral density have been estimated together with measurement biases
(e.g., Zeitler et al., 2021). Thus, choosing a careful parametrization of potential systematic errors
in the forward model may lead to updated force models, which could not only aid in improving
POD, gravity and thermosphere recovery, but also provide clues on systematic errors in radiation
data products used in the radiation pressure force modelling.

The inverse estimation is based on the relation between the observed aqns and modelled non-
gravitational accelerations including aerodynamics @aero, radiation pressure arp and satellite-
induced asy; effects under consideration of an error e

Qobs = Qaero + ARP + Asat + €. (131)

The most obvious observed non-gravitational accelerations are accelerometer measurements,
which are available for several dedicated gravity field missions at altitudes around or below 500 km.
On the other hand, such observations can be obtained from observed satellite dynamics after re-
moving the gravitational signal. Suitable precise tracking-techniques are GNSS, SLR, and Doppler
Orbitography and Radio-positioning Integrated by Satellite (DORIS). In addition, Two-Line Ele-
ment (TLE) files contain information about an object’s average motion from radar observations.

The right hand-side of Eq. (1.3.1), i.e., modelled non-gravitational accelerations, can be obtained
analytically for satellites with available macro-models. These are commonly accessible for the
gravity field missions such as GRACE, and for spherical SLR satellites. To allow for realistic
results in the inverse estimation, the forward model needs to be as precise and consistent as possible
beforehand.

Then, a careful parametrization of systematic errors of both measurements and models is re-
quired, i.e., rank-deficiencies in the parametrization need to be avoided, before performing the
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inverse estimation in a least squares sense. Therefore, I provide an overview on possible systemat-
ics before presenting possibilities of how to perform an inverse estimation aiming to improve such
parameters.

Beginning with the accelerometer measurements, a calibration is required before further use.
Calibration parameters are usually biases and scale factors for each axis, e.g., on a daily basis, which
are neither error-free nor uncorrelated with respect to each other, which then introduces further
errors in the calibrated observations. Using other observation types such as range measurements
between SLR stations and the satellite, the measured range is corrected by applying estimated
range biases and other related parameters such as station coordinates.

Within the aerodynamic model, information about the atmosphere at the satellite’s position is
required including the mass and amount of individual gases, which sum up to the thermospheric
neutral density. This density, which varies on time scales between seconds to several years, is usually
taken from models, since in-situ data are not only sparse but also not available after the mid 1980s
(e.g. Sarris et al., 2020). Consequently, the model development also lacks current measurements.
An overview of the thermospheric neutral density from selected empirical and physical models in
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Figure 1.2: Thermospheric neutral density from three empirical models (Naval

Research Laboratory Mass Spectrometer Incoherent Scatter radar version 2.0

(NRLMSIS 2.0), Jacchia-Bowman 2008 (JB2008), Drag Temperature Model

(DTM)2013 and one physical model (Thermosphere—ionosphere—electrodynam-

ics general circulation model (TIE-GCM)) evaluated along the orbit of the
GRACE-A satellite on June 1, 2008.

Fig. 1.2 shows that there are significant differences between the models. Density variations are
directly reflected in the aerodynamic acceleration, whereas temperature and wind data that can
also be obtained from these models and horizontal wind models, respectively, have a minor impact.
In addition, models are not able to predict the fast response of the thermosphere to geomagnetic
storms. Thus, obtaining in-situ densities from an inverse approach is not only essential for improving
the non-gravitational force model, but also for extending the data base used to improve existing
empirical models (Forootan et al., 2022), or to assimilate these observations into physical models to
achieve a higher temporal resolution in the future (Corbin and Kusche, 2022). An extended data
base of in-situ thermospheric neutral densities would also benefit climate studies of atmospheric
processes such as the cooling of the upper atmosphere due to the anthropogenic increase of C0Oq
(e.g., Roble and Dickinson, 1989; Lastovicka et al., 2012; Sarris et al., 2020). There exist already
several studies on obtaining the thermospheric neutral density from accelerometer measurements
(e.g., Sutton et al., 2007; Doornbos et al., 2010; Vielberg et al., 2018; Krauss et al., 2020; Siemes
et al., 2023) and density estimates, e.g., in terms of scale factors, integrated over several orbital
revolutions from observed orbit dynamics (e.g., Emmert et al., 2004; Picone et al., 2005; Doornbos
et al., 2007; Doornbos et al., 2008; Panzetta et al., 2018; van den IJssel et al., 2020; Emmert et al.,
2021; Zeitler et al., 2021). The thermospheric neutral density has been selected as an Essential
Geodetic Variable by the Global Geodetic Observing System (GGOS) in 2018.
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Additionally, several groups are working towards improved gas-surface interaction models (Moe
and Moe, 2005; Sutton, 2009; Doornbos, 2012; Pilinski et al., 2010; Walker et al., 2014; March
et al., 2017; Mehta and Linares, 2018; Bernstein and Pilinski, 2022). As it is still difficult to model
the gas interaction with the satellite’s material depending on the orbital height, estimating an
altitude-dependent accommodation coefficient in an inverse approach seems reasonable.

Within the radiation pressure modelling, systematic errors in the thermo-optical material prop-
erties, which are provided by the manufacturers in the macro-model and are assumed to be incorrect
(personal correspondence with Srinivas Bettadpur, 10/2021), have a direct impact on the modelled
forces. Furthermore, the material properties change during the mission lifetime due to the exposure
to ultraviolet radiation (e.g., Silverman, 1995a), resulting in a systematic time dependency.

Furthermore, the fluxes incident on the satellite’s surface are required. Especially the Earth’s
outgoing longwave and shortwave fluxes, which are ideally taken from CERES SYN data with a
temporal resolution of one hour, are known to have systematic errors. These errors also impact
the estimate of the Earth’s Energy Imbalance (EEI), which is basically the difference between the
Earth’s incoming and outgoing radiation and known to be out of balance due to anthropogenic
emissions leading to global warming (von Schuckmann et al., 2023). The consequent imbalance is
recently estimated to be 0.7640.2 W/m? for the period 2006 to 2020 and is known to accelerate
(von Schuckmann et al., 2023). This value is in good agreement with the imbalance from CERES
EBAF data for the period 2005 to 2015 of 0.7140.1 W/m?2, whereas the imbalance obtained from the
CERES SYNldeg product amounts to 4.3 W/m? (Loeb et al., 2018). The imbalance from EBAF
provides the better estimate from CERES products since the data are constrained to (ocean) heat
content estimates. Due to the importance of quantifying global warming, there is the necessity
for independent estimates of EEI. To underline this importance, the Earth’s radiation budget has
been assigned as one of the Essential Climate Variables by the Global Climate Observation System.
Therefore, parametrizing errors in the radiation data within an inverse model would not only benefit
the improvement of radiation pressure force models but may also lead to an attempt to design a
geodetic EEI. However, within such estimation it is expected that these errors are hardly separable
from the systematics in the material properties.

To conclude from the challenges and expected systematics in the forward modelling and in the
observations, the parametrization of an inverse model should ideally consider the following aspects:

e measurement correction: bias and scale factor in case of accelerometer measurements; range
biases and station coordinates in case of SLR measurements

e aerodynamic correction: thermospheric neutral density, cross-wind speed, accommodation
coefficient

« radiation pressure correction: Earth’s outgoing longwave and shortwave fluxes, solar flux
e macro-model correction: thermo-optical material properties, geometry

Fig. 1.3 presents an overview of the possibilities to estimate these parameters in a least squares
estimation. For that purpose, precisely modelled non-gravitational accelerations are fitted to ac-
celerometer measurements. Solving for the parameters listed above within a joint estimation is
theoretically possible and would combine the measurement calibration with the correction of mod-
elled non-gravitational forces. However, this one-step procedure, which is certainly innovative,
would require very extensive numerical testing, e.g., due to rank defects, and a consideration of
carefully selected constraints. Additionally, the interpretation of the resulting estimates is expected
to be complicated due to high correlations between the parameters (Vielberg and Kusche, 2020).

To simplify the joint estimation, one could think of applying an elimination of parameters. For
example, the thermospheric neutral density from accelerometer data has a resolution of 10s and
the changes during one orbit of high solar activity are about one order of magnitude larger than
during low solar activity. During storm times, the density can rapidly increase at short time scales
(minutes). In comparison, the Earth’s outgoing radiation is not sensitive to such solar events, so
there is no need to solve for corrections of radiation data sets at short time scales. In addition, the
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Figure 1.3: Flow chart of inverse estimations. Related parameters are marked
in similar colours. Cases I and II are the selected examples of the iterative
inverse estimation.

satellite experiences the radiation of a whole footprint, i.e., local changes are not resolvable. Thus,
focussing on global or alternatively latitude-dependent corrections instead seems more reasonable,
which would require a good global coverage. For GRACE, a suitable global coverage as it is used
in the context of gravity field recovery (Kvas et al., 2019a) is reached after 30 days. Nevertheless,
this procedure is expected to be challenging and would still require extensive numerical testing and
constraints.

Thus, performing an estimation of selected parameters in an iterative stepwise procedure seems
more appropriate as illustrated at the bottom of Fig. 1.3. In this case, calibration parameters for
the measured accelerations are estimated first. Then, solving for selected parameters in an inverse
estimation is possible. Here, the thermospheric neutral density and cross-wind speeds are selected
as the first example, since this procedure has already turned out to be very successful (Doornbos et
al., 2010; Siemes et al., 2023). As a second example, the estimation of radiation-related parameters
is selected, since the quality of thermo-optical properties as well as systematics in the radiation
data limits the accuracy of the radiation pressure force modelling. First attempts of this approach
have been performed in Vielberg and Kusche (2020), however, it turned out that finding a suitable
parametrization is still challenging and further effort is needed to obtain a stable parametrization.

The results from these inverse estimations can be used again to improve the force modelling.
This iteration might be repeated until convergence. Nevertheless, updating the inverse model with
a new density estimate requires the separation of the individual gases in the aerodynamic model,
which would require additional assumptions. Since such assumptions would introduce another
uncertainty, this suggested iterative procure is limited, however, it is worth to pave the way into
that direction.

1.4 Research objectives
From the sections above, the following research questions can be formulated:

e How can we improve non-gravitational force models compared to existing standard approaches?
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e How can we overcome inconsistencies between currently available concepts and measurements,
and the parametrization of existing forward radiation pressure force models?

e What is the impact of improved radiation pressure force models for the thermospheric neutral
density estimation?

e Is it possible to estimate remaining systematics of the forward force modelling in an inverse
model?

e« What can we learn about EEI from using improved radiation pressure force models in an
inverse estimation?

Based on these questions, this thesis aims at extending radiation pressure force models to allow
for the improvement of the thermospheric neutral density and existing radiation data sets. Con-
sequently, the first part of this thesis focusses on the improvement of the forward modelling of
radiation pressure forces and the second part concentrates on the inverse modelling. To guide
through these goals, I formulate the following objectives.

1. Detect and overcome inconsistencies in analytical radiation pressure force models

Aerodynamic and radiation pressure forces amount to the non-gravitational forces acting on a
satellite, of which the aerodynamic force models have been well investigated during the past years,
whereas only few studies focussed on SRP (Marshall et al., 1992; Montenbruck and Gill, 2012), ERP
(Knocke et al., 1988; Marshall et al., 1992), and TRP (Antreasian and Rosborough, 1992; Marshall
et al., 1992; Woske et al., 2019) modelling. Thus, the focus of this thesis is on the improvement
of analytical radiation pressure force models. This requires at first a detailed understanding of
existing solar, Earth, and thermal re-radiation pressure models. In this context, inconsistencies
will be detected and suggestions for improvements and extensions will be made. The focus will be
on a GRACE-like satellite, i.e., a LEO satellite with flat surfaces, but many of the suggestions can
also be applied to other LEO, altimetry or GNSS satellites.

2. Formulation of an extended radiation pressure force model

Based on the findings from the first objective, an extended radiation pressure force model will be
formulated. This model is expected to yield the most realistic results as it includes the suggested
extensions. In Vielberg and Kusche, 2020, a suggestion for an extended radiation pressure force
model has already been made. This suggestion will be updated here, if necessary.

3. Validation of the extended radiation pressure force model

The force model extensions from the second objective need to be validated carefully. However, val-
idating radiation pressure force models is known to be challenging, since direct measurements are
not available. Therefore, first the impact of the extensions on the modelled radiation pressure will
be outlined for GRACE. Second, the radiation pressure extensions will be compared to GRACE
accelerometer data, where the accelerometer calibration as well as the aerodynamic model will be
kept fixed. To keep the errors of the aerodynamic model to a minimum, a period with low solar
activity will be selected. In order to validate the modelled radiation pressure accelerations with
independent data, the force model extensions will be applied within a POD. A comparison of the
estimated positions to SLR measurements is expected to reveal the benefit of the extended model.
To test the adaptation of the force model extensions also for satellites with different shapes, the
extended radiation pressure force models will also be applied on selected spherical satellites and
validated within a POD using SLR measurements as input.

4. Assess the impact of extending the radiation pressure force model on the estimation
of the thermospheric neutral density

A common application, where radiation pressure force models are required, is the estimation the
of thermospheric neutral density. The thermospheric neutral density estimation is selected as a
first example for an inverse estimation. Such density can be derived from measured accelerometer
data at a high temporal resolution, e.g., 10s. Besides accurate aerodynamic models, which are not
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considered for improvements in this thesis, radiation pressure force models are required. An error in
the radiation pressure force modelling maps linearly into the accelerometer-derived thermospheric
neutral density. The impact of applying the extended radiation pressure force model in the density
estimation will be discussed mainly by comparing the thermospheric neutral density estimates to
results from other institutions with different force modelling. Besides accelerometer-derived den-
sities, orbit-integrated corrections for the thermospheric neutral density can be obtained within
POD in terms of scale factors. This method, where no accelerometer data are required, will be
applied for GRACE as well as for selected spherical satellites at low altitudes.

5. Attempting to solve for radiation-related parameters based on the extended radia-
tion pressure force model

Corrections for existing data sets of the Earth’s outgoing radiation would be beneficial for quanti-
fying EEI. Radiation data sets are required in the forward modelling of the ERP and it is tempting
to ask, whether an inverse estimation allows to estimate corrections for existing radiation data.
Hakuba et al. (2018) proposed to monitor EEI from accelerometer measurements on-board a highly
reflective or perfectly absorbing spherical satellite by relating the radial acceleration to the flux.
In Vielberg and Kusche (2020) first attempts to correct radiation data within an inverse approach
have been published. In this thesis, the research in this direction is intensified. Besides applying
updated radiation pressure force models and finding a stable parametrization, the suitability of the
accelerometer calibration for such inverse estimations will be discussed. Furthermore, radiation
pressure scale factors will be estimated within a POD for selected spherical satellites and their
interpretation as a correction for radiation data sets will be assessed. These findings are expected
to pave the way to a geodetic EEI estimate.

1.5 Thesis outline

The workflow of this thesis is summarized in Fig. 1.4. On the left hand side, the measured and
modelled non-gravitational accelerations are presented for GRACE. These modelled accelerations
will be compared to each other and they are required for the inverse estimations. On the right
hand side, the ideal force modelling for spherical SLR satellites is shown. For both GRACE and
SLR, a validation of the modelled non-gravitational acceleration will be conducted by estimating
a dynamic orbit and evaluating the residuals to SLR range measurements.

Based on this workflow, the structure of this thesis is as follows. In Ch. 2, the physical back-
ground on satellite dynamics, thermospheric neutral density, as well as the concept of EEI are
introduced. Then, Ch. 3 presents the observations used in this thesis. First, the focus is on the
twin-satellite mission GRACE. After providing an overview of the mission itself and relevant data
products, the principle and challenges of accelerometer measurements are outlined and calibration
methods are explained. Then, the measurement principle of SLR is presented before providing an
overview of the selected missions relevant for this thesis.

The analytical non-gravitational force models for satellites with given geometry and material
properties is outlined in detail in Ch. 4. After presenting the aerodynamic model, the focus is on the
radiation pressure force modelling. Here, the state-of-the-art models are introduced, inconsistencies
are discussed and extensions for the models are suggested. Additionally, satellite-induced forces
are described briefly since they contribute to the non-gravitational forces as well. Ch. 4 concludes
with suggested definitions of standard and extended non-gravitational force models.

The results of the forward non-gravitational force modelling are presented in Ch. 5. This in-
cludes the visualization and discussion of the impact of suggested model extensions on the radiation
pressure accelerations. Here, the focus is on the GRACE-A satellite during the year 2008, where
the aerodynamic signal was exceptionally low. Even though GRACE-FO provide more recent data,
GRACE-FO is not evaluated in this thesis since GRACE already covers more than a full solar
cycle and the accelerometer data quality of GRACE-FO is not as good as expected (McCullough
et al., 2019). Even though the validation of the radiation pressure force model is challenging, two
approaches are presented. (1) a comparison of modelled non-gravitational accelerations against ac-
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Figure 1.4: Workflow of this thesis.

celerometer measurements is shown, and (2) a validation with independent SLR data is performed.
In addition to GRACE, the non-gravitational force modelling is discussed for spherical satellites.
The results are shown for selected missions and a validation is performed based on a POD as well.

In the remaining chapters, the inverse modelling is addressed. The determination of the ther-
mospheric neutral density is selected as a first example for an inverse estimation using precise
non-gravitational force models. Ch. 6 outlines the parametrization and algorithm of the inverse
approach using GRACE accelerometer measurements. The resulting thermospheric neutral den-
sity is compared to the results from other groups. Additionally, a POD is performed for GRACE
and SLR satellites, which allows for the estimation of corrections in terms of daily scale factors
for a model density. The comparability to accelerometer-derived thermospheric neutral density is
discussed and comparisons are shown in terms of scale factors.

As a second example, an inverse estimation is performed with the aim to solve for radiation-
related parameters in Ch. 7. In case of GRACE, the inverse estimation is based on non-gravitational
force models and accelerometer measurements. The challenge of finding a suitable accelerometer
calibration and a stable parametrization is discussed. In addition, a POD is performed with SLR
measurements as input, where scale factors for the radiation pressure acceleration are estimated
and their suitability as a correction for existing radiation data as well as its comparability to the
first approach are discussed.

Finally, Ch. 8 summarizes the main findings from this thesis and discusses the achievement of
the objectives. An outlook as well as suggestions for future missions are provided, which is expected
to aid in further improving the radiation pressure force modelling.

_dynamic
@ orbit
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Chapter 2

Physical background

This chapter provides an overview of the physics, which are relevant for this thesis. Since the force
modelling of satellites is the main topic, the relation between the satellite’s motion and the forces
acting on it is outlined in Sect. 2.1. Background knowledge on the thermosphere as well as Earth’s
radiation budget are introduced in Sects. 2.2 and 2.3, respectively.

2.1 Satellite dynamics

The motion of a satellite is directly related to the forces acting on it. This can be expressed using
Newton’s second gravitational law: "When a body is acted upon by a force f, the time rate of
change of its momentum p equals the force.” In an inertial system, this can be formulated (Seeber,
2003) as

p(t) = f(t,?",f’), (2.1.1)

where the force depends not only on time ¢, but also on the position r and velocity 7 of the body
(here: the satellite). The momentum at time ¢ acting on the body with mass m is defined as

p(t) = m(t)r(t). (2.1.2)
Then, the time rate of change of the momentum inserted in Eq. (2.1.1) reads
mi(t) + mr(t) = f(t,r, 7). (2.1.3)

The mass change is usually assumed to be negligible even though the spacecraft looses a very small
amount of fuel. Considering this assumption yields the equation of motion

mi(t) = f(t,r, 7). (2.1.4)

With the definition a := % f, where a is the force related to the unit mass, the differential equation
simplifies to
7(t) = a(t,r, 7). (2.1.5)

In the following, the contributions to the force f will be outlined (Seeber, 2003; Hofmann-
Wellenhof and Moritz, 2006; Montenbruck and Gill, 2012). The dominating force acting on a
satellite orbiting the Earth is the Earth’s gravitational attraction. Beginning with Newton’s law of
universal gravitation, the Earth and the satellite can be assumed as two point masses m, and mo
attracting each other with a force

ro—T1

Fi2 = Gmimy (2.1.6)

[ra —r1f*
This force acts along the connecting line of the Earth and the satellite, which are located at positions
r1 and 7o, respectively. The gravitational constant G has the value 6.6742x10~ " m3kg=1s72.
Since the satellite’s mass is only a fraction of the Earth’s mass, the attraction of the Earth w.r.t.
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the satellite is negligible. Consequently, one can define the Earth as the attracting mass (with mass
M), while the satellite is the attracted mass. Additionally introducing the distance [ between the
two objects, the force f;, simplifies to the gravitational field strength

To — T

g=GM B

(2.1.7)

With the Earth as a point mass, the force is radially symmetric and the satellite orbits the Earth
on a fixed plane. The satellite’s position then follows Kepler’s laws and the satellite moves on a
Kepler ellipse with the Earth in its focal point. However, in reality the Earth’s gravitational field
is much more complex than a point mass due to its irregular shape and mass distribution leading
to orbit perturbations. The gravitational potential can be written as the volume integral of the
individual contributions of the mass elements dm = pdv at distance [

V:G///Jd;n:G///U[l)d”' (2.1.8)

With this definition, the gravitational field strength is commonly expressed as the gradient of the
gravitational potential
g=VV. (2.1.9)

This relation is valid since the gravitational field is a conservative field. Then, the gravitational
potential at an arbitrary point in the Earth’s exterior with the spherical coordinates A, 8,7 is a
solution of Laplace’s equation and can be expressed as a series of spherical harmonic functions

inf n

V()\,G,r):G?MZZ

n=0m=0

<f)n+1 [cnmcﬂm()‘v 9) + SnmSnm(>H 9)] . (2110)

Here, X is the geographical longitude, 6 denotes the colatitude and r is the distance to the origin of
the Earth-fixed coordinate system. R is the Earth’s radius, ¢, and sy, are the spherical harmonic
coefficients, i.e., the weights of the spherical base functions, depending on degree n and order m of
the expansion. The base functions are surface spherical harmonics

Crm(A, 0) = cos(mA) Py, (cos ), (2.1.11)
Spm(A, 0) = sin(mA) Py (cos 6), (2.1.12)

providing a complete orthogonal system on the surface of a sphere with Legendre Polynomials
P,m(cosf). The gravitational potential is commonly truncated at a certain degree depending on
the desired resolution.

Besides the Earth’s gravitational field strength, the orbit of the satellite is perturbed by a variety
of other forces (Montenbruck and Gill, 2012). The gravitational attraction of other celestial bodies
especially the Sun and the Moon induce a tidal potential. These so-called third body perturbations
act on the Earth as well as on the satellite and are denoted as direct tides at. Additionally, indirect
tides result from the gravitational attraction of third bodies leading to mass redistribution on land
as well as in the oceans and the atmosphere. These effects are known as solid Earth tides agr,
ocean tides apr and atmospheric tides apr. The latter are strictly speaking largely thermally
driven and only to a small part is of gravitational origin.

Further tidal effects result from the polar motion, which is the motion of the rotational axis of
the Earth w.r.t. a terrestrial reference frame. The resulting centrifugal force acts on the solid Earth
and on the oceans leading to changes in the gravitational potential. These effects are known as solid
Earth pole tides agpr and ocean pole tides agpr. Additionally, non-tidal short term variations of
atmosphere, ocean, hydrosphere and cryosphere a,;g are considered as well as long-term variations
a1, of the solid Earth due to glacial isostatic adjustment, and episodic accelerations antg caused
by earthquakes.

Besides these gravitational effects, the satellite’s orbit is perturbed by non-gravitational effects.
For LEO satellites, the aerodynamic acceleration @,e, is dominating, followed by the radiation
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pressure of the Sun aggrp and the Earth agrp as well as the satellite’s thermal re-radiation pressure
acceleration argrp. In addition, satellite-related forces as,t such as thruster firings perturb the orbit.

Considering the mentioned effects, the equation of motion of a satellite can be formulated with
the contributions from gravitational a, and non-gravitational accelerations ang as

7 =ag+ ang (2.1.13)
=g +ar+ast +aor + aast + aspT + AOPT + Qnts + AntL + AntE
+ @acro + ASRP + GERP + GTRP + Gsat + €, (2.1.14)

where € denotes remaining modelling errors. This equation provides the basis for POD also in this
thesis as well as for gravity field estimation (e.g., Mayer-Giirr, 2006; Locher, 2011; Liick, 2022).

2.2 The thermosphere and thermospheric neutral density

This section provides a brief introduction to the atmospheric structure with a focus on the thermo-
sphere before introducing the thermospheric neutral density, its variability and models to obtain
the thermospheric density empirically and physically.

2.2.1 Vertical structure of the atmosphere

The Earth’s atmosphere is a gas hull surrounding our planet (Prolss, 2012). Vertically, it can
be divided into different layers based on its temperature. The temperature profile is presented
exemplarily at the location of Bonn on April 1, 2017, at 1:50a.m. in blue in Fig. 2.1a. Local
temperature minima and maxima bound the four layers: troposphere (0-10km), stratosphere (10-
50 km), mesosphere (50-100km), thermosphere (>100km). The layer of interest for this thesis is
the thermosphere, where LEO satellite missions orbit the Earth and experience the drag accelera-
tion due to the collision of the gas molecules with the satellites surface leading to orbital decay. The
thermosphere begins at around 100 km, where the temperature in the Earth’s atmosphere reaches
its minimum due to radiative cooling. Above 100 km, the temperature increases nearly asymptot-
ically. The upper limit of the thermosphere is not clearly defined. The temperature is inversely
proportional to the atmospheric composition shown in Fig. 2.1b. Below 100 km, the composition
is well mixed (homosphere), whereas above 100km (heterosphere) heavier gases dominate within
the next 100 km and lighter gases are found above. This separation is due to molecular diffusion
and gravity (Emmert, 2015). The dominating gases within the thermosphere at LEO altitudes
between 200-600 km are atomic oxygen (O), dinitrogen (N2) and helium (HE). Summing up the
mass of the neutral gases within a predefined volume results in the neutral mass density, also known
as thermospheric (neutral) density, neutral density, or mass density. The thermospheric density
profile (Fig. 2.1a, red) differs from the temperature profile as it decreases nearly exponentially with
increasing altitude.

2.2.2 Variation of the thermospheric neutral density

The thermospheric neutral density varies not only with altitude, but also on different temporal
scales between seconds and several years (e.g., Doornbos, 2012; Emmert, 2015). Depending on the
positions of the Earth and the Sun, the thermospheric neutral density underlies diurnal and seasonal
periodicities. The ultraviolet radiation of the Sun heats up the atmosphere, which causes not only
changes in temperature and neutral density, but also ionizes the atmosphere. The ionized part of
the atmosphere is known as ionosphere and is immersed in the upper atmosphere interacting with
the neutral part of the atmosphere (Prolss, 2012). The thermospheric neutral density is strongest
on the day side and reaches its maximum at daytime following the sub-solar point with a delay of
approximately two hours. Besides the seasonal variations due to the varying Earth-Sun distance,
the inclined Earth orbiting the Sun causes latitude-dependent density changes.

Thermospheric neural density variations depend not only on the geometry, but also on the solar
activity. The extreme ultraviolet band of the Sun’s radiation varies with the solar cycle reaching a



16 2. Physical background
Density [g/cm?]
1 -20 1 -15 1 -10 10-°
1000 —y— 2 = 1000 ‘
800 1 - 800 1 o
E E \
=, 600 \ =, 600 \ -
@ @
3 \ 3 \
2 400 \ L £ 400 XN
200 B _— i 200 QN
0 S | 0 — |
0 200 400 600 800 1000 10-10 100 1010 1020
Temperature [K] Number density [1/cm?]
-0 0,—0*=N —N,—H —He=—Ar
(a) Temperature and neutral density profiles (b) Atmospheric composition

Figure 2.1: Vertical profiles of (a) temperature and thermospheric neutral den-
sity, and (b) atmospheric composition from the Naval Research Laboratory
Mass Spectrometer Incoherent Scatter radar (NRLMSISE-00) model in Bonn
(50.73°N, 7.10°E) on April 1, 2017, at 1:50 a.m..

maximum approximately every 11 years, where regions of high solar activity called sunspots occur.
During high solar activity the thermospheric neural density can be around ten times larger than
during solar minimum. Moreover, the rotation of the Sun of about 27 days impacts the atmospheric
composition and temperature. The Fjg 7 index (Tapping, 2013), which is a measure of the extreme
ultraviolet solar radiation at a wavelength of 10.7 cm, is commonly used to represent the solar
activity within density models. Nowadays, the Canadian National Research Council provides Fig.7
values measured at their Dominion Radio Astrophysical Observatory in Penticton, Canada, which
are available since 1947. The time series of the daily Fig7 index and its 81-day average are shown
from 2000 until September 2022 in Fig. 2.2a covering nearly two solar cycles. Relating specific
spectral measurements to the solar activity is an ongoing challenge, hence, new indices underlie a
recent development (e.g., Ermolli et al., 2013; Dudok de Wit et al., 2014).

In addition, the thermosphere changes on short time scales due to sudden magnetic storms
directed towards the Earth, i.e., coronal mass ejections of the Sun or solar flares, which are found
to influence the geomagnetic field conditions and cause irregularities in atmospheric temperatures
and densities, as well as the ionization in the ionosphere. These changes are not at all periodic
and are complicated to model. Therefore, the global geomagnetic variation can be described by
proxies in empirical and physical models with Kp and Ap indices (Mayaud, 1980; Matzka et al.,
2021a), which are shown in Fig. 2.2b. The planetary geomagnetic index Kp has been developed
by Bartels (1949) and is derived from the standardised K index. It varies between 0 at low
geomagnetic activity and 9 during extreme geomagnetic storms on a quasi-logarithmic scale and
is measured by 13 observatories. The planetary amplitude index Ap is the linearized Kp index.
Both indices are provided three-hourly by the National Geophysical Data Center. However, their
resolution is relatively coarse for the detection of sudden changes. Therefore, the Hp index has
been developed recently, which is similar to the Kp index, but with a temporal resolution of 90,
60 and 30 minutes (Stolle et al., 2019). Fig. 2.2a exemplarily shows the geomagnetic Kp and Ap
indices with a temporal resolution of 3 hours and daily, respectively, as well as the new Hp index
with a resolution of 30 min during the year 2017.
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(a) Time series of the Fjp7 index (blue) and its 81-day average (red) in solar flux units (1 sfu =
10722 W/m?/s). Data from ftp://ftp.geolab.nrcan.gc.ca/data/solar_flux/daily_flux_values/
fluxtable.txt, last access September 6, 2022.
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(b) Geomagnetic Kp and Ap indices (Matzka et al., 2021b) with a temporal resolution of 3h and daily,
respectively, as well as the Hp index with a resolution of 30 min (Stolle et al., 2019) during the year 2017.

Figure 2.2: Time series of solar and geomagnetic indices.

2.2.3 Overview of thermospheric neutral density models

To obtain the thermospheric neutral density at arbitrary positions and times, empirical and physical
models have been developed and improved since the availability of the first TLE-derived thermo-
spheric neutral density observations in the 1960s (e.g., Emmert, 2015). Empirical models represent
an average stage of the atmosphere, which is obtained from fitting mathematical equations to mea-
surements. Most measurements are integrated quantities, since in-situ data are sparse. The need
for in-situ atmospheric compositions has also led to a mission proposal for the European Space
Agency (ESA) Earth Observation program’s 10th Earth Explorer (Sarris et al., 2020). However,
it has not been selected and measurements of the atmospheric composition are only available from
the Atmosphere Explorer satellites in the 1970s. Based on these data together with integrated
thermospheric neutral densities and selected indices, a variety of empirical models have been de-
veloped, of which the ones from the Mass Spectrometer Incoherent Scatter (MSIS), Jacchia and
DTM series are most frequently used (e.g., Vallado and Finkleman, 2014; Emmert, 2015). The
MSIS series beginning with Hedin et al. (1977) applies temperature data from incoherent scatter
radar measurements, which benefit from the incoherent backscattering of free electrons. Addition-
ally, the thermospheric neutral density derived from orbit data is used in the most recent versions
NRLMSISE-00 (Picone et al., 2002) and NRLMSIS 2.0 (Emmert et al., 2020) together with atmo-
spheric composition measurements from the Solar Maximum mission. As input Ap and Fg 7 indices
are required. The most recent Jacchia model JB2008 (Bowman et al., 2008) is fitted to 20 years of
orbit-derived density data up to 1000 km altitude and requires also Ap and Fig.7 indices in addition
to the disturbance storm time index Dst. Thermospheric neutral density from accelerometry serve
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for validation purposes only. Another series are the DTMs, of which the operational and research
DTM2020 models are the latest (Bruinsma and Boniface, 2021). Both are based on accelerometer-
derived thermospheric neutral density data from GOCE, CHAMP, GRACE, and Swarm-A, as well
as daily TLE-derived densities since 1967. The input to the operational model are Kp and Fig7
indices, whereas the more accurate research model requires hourly Hp and F3g indices, where the
latter is a measure of the extreme ultraviolet solar radiation at a wavelength of 30 cm.

On the other hand, physical models can simulate the thermospheric neutral density based
on continuity, energy and momentum equations of the ionosphere-thermosphere system without
measurement constraints (Emmert, 2015). These models are generally much more complex than
empirical models, however, they are still a simplification of the real physics (Schunk et al., 2012).
The output of physical models depends similar to the empirical models on the input parameters,
which are basically solar and geomagnetic indices and in addition time-varying boundary conditions.
There exist multiple general circulation models (e.g., TIE-GCM, Qian et al., 2014), of which the
whole atmosphere models (e.g., Whole Atmosphere Community Climate Model With Thermosphere
and Ionosphere Extension (WACCM-X 2.0), Liu et al., 2018) allow for predictions from the ground.
The upper altitude depends on the current solar conditions varying for TIE-GCM around 600 km.
The spatial resolution of TIE-GCM can be up to 2.5°. The thermospheric neutral density from
physical and empirical models are currently at similar accuracy, however, the advantage of physical
models is that they allow for better analyses of physical processes in the atmosphere (Emmert,
2015), whereas empirical models are generally used for orbit predictions due to their simplicity.

In addition to the density models, horizontal winds can be obtained from empirical wind models
(e.g., Horizontal Wind Model 14 (HWM14), Drob et al., 2015). The wind velocities, which are
usually below 200 m/s and thus relatively small compared to the satellite’s velocity of about 7km/s
at LEO altitudes, can disturb the satellite’s motion in the cross-track direction.

In this thesis, the empirical model NRLMSIS 2.0 will be applied in the forward modelling of the
aerodynamic acceleration since the models from the NRLMSIS series are most widely used. Wind
models will be neglected since their effect is relatively small (Sutton, 2008; Mehta et al., 2017).

2.3 Earth’s radiation budget

The energy entering and leaving the Earth’s system is not in balance due to anthropogenic climate
change. This imbalance of the Earth’s energy is the most important variable to quantify global
warming (von Schuckmann et al., 2023). It can be obtained from the difference between the
incoming solar radiation and the outgoing longwave and shortwave radiations at the Earth’s Top Of
Atmosphere (TOA). This section provides a brief introduction on this broad topic, beginning with
the concept of radiation. Then, the radiation of Sun and Earth are introduced before presenting
and discussing current measurements of Earth’s energy imbalance.

2.3.1 Concept of radiation

Radiation is known as the propagation of energy through a medium in the form of electromagnetic
waves or particles (Taylor, 2005; Petty, 2006; Wendisch and Yang, 2012). Fig. 2.3 illustrates this
propagation for a radiating surface element dA of a sphere with radius r and solid angle d). The
spherically radiated energy F [J = Ws] is the same at distances r; and 7o from the surface element.
In contrast, the flux F' [W m™2], which is the energy flow per unit area, follows the inverse square

law
Fy ro\ 2
— = = . 2.3.1
a=(2) (23.1)

For example, when the flux F5 at distance ro is twice as far from the source than ry, it is four times
smaller than the flux F} at distance r;. The flux per solid angle df) is the intensity I, which is
again independent from the distance. The intensity of an object’s emitted radiation varies over the
entire electromagnetic spectrum and depends on the object’s temperature.
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Figure 2.3: The surface element dA spherically radiates energy at the surface
angle d2. At distance 19, which is twice as far from dA than ri, the flux
decreased four times according to the inverse square law.

The radiance of a surface area per unit wavelength is known as spectral radiance. For a black
body, it can be computed according to Planck’s radiation law, which is outlined in the following
according to Wendisch and Yang (2012). A black body is a theoretical concept, which assumes an
object in thermal equilibrium with a surface that absorbs the incoming radiation at all wavelengths.
According to Kirchhoff’s law (Kirchhoff, 1860), the absorbed radiation of a black body is completely
emitted for each wavelength. Then, Planck’s law (Planck, 1914) provides the spectral radiance B
as a function of the wavelength A and the object’s surface temperature T'

2hc? 1

hc ’
A e kT — 1

B\T) = (2.3.2)

with Planck’s constant h = 6.62607015 x 10734 [JHz '], the Boltzmann constant k = 1.380649 x
10723 [JK~1], and speed of light ¢ = 299792458 [m s~!]. Instead of writing Planck’s law as a function
of the wavelength, formulations in dependency of the frequency or wavenumber are common as well
(Marr and Wilkin, 2012).

The integration of Planck’s law over the whole spectrum and over 27 of a hemispheric solid
angle results in the Stefan-Boltzmann law

S =oT? (2.3.3)

with the Stefan-Boltzmann constant o = 5.670374419-1078 m%ws. Planck’s law describes the spec-
tral radiance (or irradiance) S emitted per time and area from an object with surface temperature
T. Accordingly, every object with a temperature T above 0 K radiates energy, thus, the Sun, Earth

and even satellites radiate energy depending on temperature, material and geometry.

2.3.2 Radiation of the Sun

The electromagnetic radiation from the Sun transports energy and drives the Earth’s climate system
(Petty, 2006; Wendisch and Yang, 2012).

With an approximate surface temperature of the Sun of T = 5778 K, the emitted energy from
the Sun’s surface is 4-1026 W /s. Applying Planck’s law from Eq. (2.3.2) to compute the ideal solar
spectrum received at the Earth under the assumption that the Sun is a black body with temperature
Ts results in the black body spectrum as shown by the black line in Fig. 2.4. Due to the Sun’s high
temperature, the irradiance peaks with 1.75 W/m?/nm in the visible domain at around 520 nm.
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Figure 2.4: Spectral irradiance of the Sun at TOA and at sea level with data
from National Renewable Energy Laboratory (https://www.nrel.gov/grid/
solar-resource/spectra-aml.5.html, last access: November 17, 2021).
Black body spectrum at the distance of 1 AU with the assumption of a solar
surface temperature of 5778 K. Horizontal lines mark the regions of UltraViolet
(UV), visible and InfraRed (IR) radiation.

Since the Sun is not a perfect black body in reality, the computed spectral irradiance is only
an approximation of the actual one. Based on model data from the National Renewable Energy
Laboratory, the solar spectral irradiance is also shown at Earth’s TOA and at sea level in Fig. 2.4.
At a first glance the solar irradiance at TOA matches the black body curve quite well especially
in the IR domain. In the visible domain, the observed solar irradiance peaks already at around
450 nm with values of 2.1 W/m?/nm. Due to the interaction of the solar radiation with atmospheric
constituents, it is partly absorbed, reflected or scattered in the Earth’s atmosphere, resulting in
the solar irradiance at sea level differing from that at TOA.

Integrating the solar irradiance over the entire electromagnetic spectrum yields the Total Solar
Irradiance (TSI). The average TSI at the mean distance of the Earth is known as solar con-
stant, which has a value of 1360.8 W/m? according to Wild et al. (2013). The time series of
the TSI at 1 AU since January 2000 is shown in Fig. 2.5. These daily TSI measurements from
radiometers were obtained and combined from multiple missions, e.g., from the Total Irradiance
Monitor (TIM) on-board SOlar Radiation and Climate Experiment (SORCE), and are available
at https://ceres.larc.nasa.gov/documents/TSIdata/CERES_EBAF_Ed2.8_DailyTSI.txt. An
overview of missions carrying radiometers for TSI is provided in Kopp and Lean (2011) and Dewitte
and Clerbaux (2017). It is obvious that the TSI varies with the 11-year solar cycle. During solar
maxima, the TSI shows larger variations and reaches nearly 1363 W/m?, whereas the time series is
much smoother during the solar minimum in 2008 with values near 1360.8 W /m?.

At the Earth’s TOA, the mean incoming solar radiation is quantified with 340 W/m? (Wild
et al., 2015), which corresponds to a quarter of the TSI. The TSI is valid for the effective cross
section of the Earth. Since the Earth is in first approximation a rotating sphere, the solar energy
reaching this cross section is distributed over the entire surface of the surrounding sphere. The
surface area of the cross section and the sphere differ by a factor of four such that the energy
reaching the Earth’s surrounding surface is four times smaller. The surrounding surface mentioned
here is usually referred to as the Earth’s TOA, which is defined at 20 km altitude (Loeb et al.,
2002). Considering an oblate Earth, the factor is 4.003 (Loeb et al., 2018). The resulting spatial
distribution of the incoming solar radiation at TOA is depicted in Fig. 2.6 and shows a pure
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https://www.nrel.gov/grid/solar-resource/spectra-am1.5.html
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Figure 2.5: TSI between January 2000 and May 2023. The data were obtained
from https://ceres.larc.nasa.gov/documents/TSIdata/CERES_EBAF_Ed2.
8_DailyTSI.txt, last access: June 26, 2023.

latitude-dependency with minimal fluxes at the poles of about 170 W/m? and maximal fluxes at
the equator of 415 W/m?. According to Kopp and Lean (2011), the uncertainty of the incoming
solar radiation is 0.13 W/m?2.
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Figure 2.6: The incoming solar radiation from CERES SYN1deg data averaged
over the period July 2005 - June 2015.

2.3.3 Outgoing radiation of the Earth

The solar radiation reaching the Earth’s system is either reflected or absorbed in the atmosphere
and at the Earth’s surface. The ratio of the reflected Fi.n, and incoming radiation Fj,, at a
specific wavelength v is known as spectral albedo

Freﬂ,y

. 2.3.4
EH,V ( )

ay =

For the Earth, the albedo usually corresponds to the ratio of reflected and incoming solar radiation
over the whole solar spectrum. Surface albedo considers the ratio of the fluxes per unit area, i.e.,
radiosity divided by irradiance, at the Earth’s surface.

The albedo of the Earth depends on the properties of the Earth’s surface. For oceans, which
absorb a large amount of the incoming solar radiation, the albedo is around below 0.1 (Goode
et al., 2021). In contrast, ice and bright deserts reflect most of the incoming radiation leading to an
albedo around 0.9. For the entire Earth, the current albedo is 0.29, however, its changes over time,
e.g., due to sea ice variations, need further investigations (Stephens et al., 2015). Interestingly,
Earth’s albedo cannot only be monitored with Earth orbiting satellites measuring incoming and


https://ceres.larc.nasa.gov/documents/TSIdata/CERES_EBAF_Ed2.8_DailyTSI.txt
https://ceres.larc.nasa.gov/documents/TSIdata/CERES_EBAF_Ed2.8_DailyTSI.txt
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reflected solar radiation (Wild et al., 2013), but also by evaluating the so-called Earth shine on the
lunar surface, which results from the reflected sunlight at the Earth illuminating the dark parts
of the Moon facing the Earth (Goode et al., 2021). The resulting trend (1998-2017) in albedo is
0.5 W/m? (Goode et al., 2021).

The reflected solar radiation leaving the Earth is commonly known as outgoing shortwave ra-
diation. In addition, the Earth emits energy in the infrared domain denoted as outgoing longwave
radiation. The corresponding spectrum under the assumption of the Earth as a black-body with
a temperature of 288 K is shown in Fig. 2.7. In comparison to the solar irradiance (Fig. 2.4),
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Figure 2.7: Black body spectrum of the Earth with the assumption of a sur-
face temperature of 288 K together with the spectral irradiance of the out-
going radiation at TOA with data from the MODTRAN model assuming a
standard atmosphere (http://climatemodels.uchicago.edu/modtran/, last
access: June 1, 2023). Horizontal lines mark the regions of the subcategories of
infrared (IR) radiation: shortwave (SW), mid, longwave (LW), and far.

the irradiance of the Earth peaks at a much larger wavelength of about 10 um due to the lower
temperature. The irradiance of the Earth covers the mid to far IR bands. Fig. 2.4 also shows
the spectral irradiance of the outgoing radiation at TOA, which has been modelled with MOD-
TRAN (at http://climatemodels.uchicago.edu/modtran/, last access: July 18, 2023) under
the assumption of a standard atmosphere. The resulting irradiance is generally smaller than the
black-body spectrum. The window at around 10 pm and 15 pm is due to ozone and carbon dioxide,
respectively, as they are important absorber of the Earth’s outgoing radiation. This window in-
creases with increasing carbon dioxide levels in the atmosphere, leading to a larger amount of energy
remaining in the Earth’s system. Consequently, for every 1000 GtCO2 anthropogenic emission, the
global surface temperature rises by about 0.27-0.63°C as reported in the latest Intergovernmental
Panel on Climate Change (IPCC) report (IPCC, 2023).

In order to get an idea of the magnitude of the Earth’s outgoing radiation, Fig. 2.8 illustrates
the Earth’s global annually averaged energy budget (Wild et al., 2015). It is visible that the
incoming solar radiation is not only reflected at the Earth’s surface, but also partly at TOA due
to clouds, atmospheric constituents and aerosols. Thus, one needs to differentiate between the
Earth’s outgoing shortwave radiation at the surface (25 W/m?) and at TOA, which amounts to
100 W/m?. 1In contrast, the Earth’s outgoing longwave radiation is much larger at the Earth’s
surface with 398 W/m? than at TOA with 239 W /m?, since the atmosphere absorbs large parts of
this radiation. Additionally taking the incoming solar radiation at TOA of 340 W /m? into account,
the so-called net radiative flux can be obtained from the difference of the incoming and outgoing
radiation at TOA. Since this amounts to about 0.6 W/m? rather than 0, the Earth’s energy budget
is in imbalance.
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Figure 2.8: The global annual mean energy budget of the Earth in units W/m?
from Wild et al. (2015).

2.3.4 Earth’s energy imbalance

The Earth’s energy is in imbalance since the incoming energy flux is larger than the outgoing energy
flux. Measuring the EEI as well as its changes over time is highly important to quantify global
warming (Loeb et al., 2018; Meyssignac et al., 2019; von Schuckmann et al., 2020; Loeb et al.,
2021; Hakuba et al., 2021; Marti et al., 2022; von Schuckmann et al., 2023). Recently published
estimates of EEI are listed in Tab. 2.1. The reported estimates vary between 0.47 and 0.94 W /m?.
Differences can occur due the period of evaluation indicating that the imbalance increased further
during the last two decades. The current requirement for EEI estimates is an annual mean accuracy

Table 2.1: Overview of EEI estimates obtained from selected studies during
various periods.

EEI [W/m?] Period Reference Method /data

0.48+0.1 1971-2020 von Schuckmann et al. (2023) observation-based

0.7610.2 2006-2020 von Schuckmann et al. (2023) observation-based
0.7410.22 Aug. 2002 - Aug. 2016 Marti et al. (2022) space geodetic observations
0.9440.25 2005-2019 Hakuba et al. (2021) space geodetic observations
0.50+0.47 mid-2005 - mid-2019 Loeb et al. (2021) CERES and in-situ data
0.47+0.1 1971-2018 von Schuckmann et al. (2020) observation-based
0.874+0.12 2010-2018 von Schuckmann et al. (2020) observation-based

of 0.1 W/m? (Meyssignac et al., 2019).

Basically four different methods exist to obtain EEI (Trenberth et al., 2009; von Schuckmann
et al., 2016). (1) The evaluation of radiative fluxes of incoming and outgoing radiation at TOA
is the most direct approach. Details on this approach will be outlined and discussed below, since
the fluxes are considered in the ERP force modelling and correcting these fluxes will be addressed
in Ch. 7. (2) Second, the exchange of energy between the Earth’s surface and the atmosphere in
terms of sensible and latent heat fluxes can be used to obtain EEI. However, the global coverage of
available measurements on the Earth’s surface is sparse and space observations of heat exchange
on the Earth’s surface have large uncertainties (von Schuckmann et al., 2016). (3) The third
approach focusses on the oceans, where 90 % of the excess heat is stored. The Ocean Heat Content
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