
Beate Klinger, Dipl.-Ing.

A contribution to
GRACE time-variable gravity field recovery:

Improved Level-1B data pre-processing
methodologies

DOCTORAL THESIS

to achieve the university degree of
Doktorin der technischen Wissenschaften

submitted to

Graz University of Technology

Supervisor

Univ.-Prof. Dr.-Ing. Torsten Mayer-Gürr
Institute of Geodesy

Working Group Theoretical Geodesy and Satellite Geodesy

Graz, March 2018



Affidavit

I declare that I have authored this thesis independently, that I have not used other than the
declared sources/resources, and that I have explicitly indicated all material which has been
quoted either literally or by content from the sources used. The text document uploaded to
TUGRAZonline is identical to the present doctoral thesis.

Date Signature



Abstract
The observation of temporal variations within the Earth’s gravity field has become an
invaluable source of information for climate research, providing fundamental insights into
the dynamic system Earth. The Gravity Recovery And Climate Experiment (GRACE) satellite
mission observed these changes by making use of inter-satellite ranging measurements
between two co-planar satellites. GRACE provided information about the Earth’s static and
time-variable gravity field with unprecedented accuracy for more than 15 years. Currently,
no other technique is capable of providing the same resolution, both in space and time.
However, the derived gravity field solutions are not matching the baseline accuracy predicted
prior to launch. Possible contributors to the error budget are errors within the instrument
observation data.

The goal of this work was to improve GRACE derived temporal gravity field models by intro-
ducing Level-1B data pre-processing methodologies as part of the ITSG-Grace gravity field
processing. For this purpose, three major pre-processing steps are introduced: (1) general
data screening strategies to detect outliers within the instrument data, (2) the improvement
of the Level-1B attitude data product based on the sensor fusion approach, i.e. combination
of star camera and angular accelerometer data, and (3) the Level-1B accelerometer data
calibration based on the estimation of biases and a fully-populated scale factor matrix.

The analysis of the improved attitude data, shows that the sensor fusion results in a significant
reduction of the high-frequency attitude noise, causing a smoothing of the pointing variations
and geometric corrections of the ranging measurements. The temporal evolution of the
estimated calibration parameters shows a clear temperature-dependency for both biases
and scale factors, confirming the accelerometers’ temperature sensitivity. Especially for
later mission periods, when the temperature control was switched-off, temperature-induced
accelerometer perturbations need to be modeled to avoid a degradation of the monthly
gravity field solutions. Using the proposed calibration approach, the estimates of the C20
coefficients significantly improve. In terms of monthly gravity field solutions, the pre-
processing methodologies manifest themselves as a step-wise reduction of the error-level.

In general, the results obtained within this work suggest that a detailed analysis of the
instrument data can significantly contribute to the overall accuracy of the recovered gravity
field solutions. Especially for later GRACE mission periods, the importance and potential
of Level-1B data pre-processing methodologies was demonstrated on the basis of the ITSG-
Grace processing chain. The results of the presented analysis not only contribute to the
improvement of current GRACE gravity field solutions, but also provide information highly
valuable for future gravity field missions, such as GRACE-FO. In view of the GRACE-FO
mission - a quasi-replica of GRACE - a profound understanding of possible error sources
and disturbance prevalent within the GRACE instrument data is essential for meeting the
envisaged accuracies.
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Kurzfassung
Die Beobachtung von zeitlichen Variationen innerhalb des Erdschwerefelds gewährt grundle-
gende Einblicke in das System Erde und liefert damit eine wichtige Datengrundlage für die
Klimaforschung. Die Gravity Recovery And Climate Experiment (GRACE) Satellitenmission
ermöglicht die Beobachtung des zeitvariablen Erdschwerefeldes mit Hilfe von relativen
Abstandsmessungen zwischen den beiden GRACE Zwillingssatelliten. Damit hat GRACE in
den vergangenen 15 Jahren einen unverzichtbaren Beitrag zur Schwerefeldmodellierung
geliefert. Bis dato gibt es kein anderes Beobachtungskonzept, welches die gleiche räumliche
und zeitliche Auflösung bereitstellt. Allerdings erreichen die GRACE Schwerefeldlösungen
nicht die aus Simulationsstudien prognostizierte Genauigkeit. Eine mögliche Ursache für
diese Diskrepanz sind nicht detektierte Fehler bzw. Ausreißer in den Instrumentendaten.

Ziel dieser Arbeit war es die monatlichen GRACE Schwerefeldlösungen, basierend auf
Methoden zur Level-1B Datenvorprozessierung, zu verbessern. Dazu wurden innerhalb
des ITSG-Grace Prozessierungsschemas drei wesentliche Erweiterungen implementiert:
(1) Datenscreening Methoden zur Detektion von Ausreißern innerhalb der Instrumenten-
daten, (2) Sensor Fusion: Verbesserung der Level-1B Attitudedaten basierend auf der Kom-
bination von Sternenkamera- und Akzelerometerdaten, und (3) Kalibrierung der Level-
1B Akzelerometerdaten mittels Schätzung von Bias-Parametern und einer vollbesetzte
Skalierungsmatrix.

Die Analyse der kombinierten Attitudedaten zeigt, dass durch die Sensor Fusion das hoch-
frequente Rauschen der Attitudedaten deutlich reduziert werden kann. Daraus ergeben
sich auch eine Reduktion der Pointing-Variationen, sowie eine Glättung der geometrischen
Ranging-Korrekturen. Die geschätzten Kalibrierungsparameter (Bias, Skalierungsfaktoren)
zeigen eine deutliche Temperaturabhängigkeit und bestätigen damit die Sensitivität der Akze-
lerometer gegenüber Temperaturschwankungen. Speziell für spätere GRACE Zeiträume ohne
aktive Temperaturkontrolle müssen temperaturabhängige Störsignale in den Akzelerometer-
daten berücksichtigt werden, um eine Verschlechterung der abgeleiteten Schwerefeldmodelle
zu vermeiden. Der vorgestellte Kalibrierungsansatz führt zudem zu einer signifikanten Ver-
besserung der geschätzten C20 Koeffizienten. Insgesamt führen die einzelnen Methoden zur
Datenvorprozessierung zu einer schrittweisen Verbesserung der Schwerefeldlösungen.

Im Allgemeinen kann eine detaillierte Analyse der Instrumentendaten wesentlich zur Re-
duktion des Rauschniveaus der Schwerefeldlösungen beitragen. Anhand der ITSG-Grace
Schwerefeldprozessierung konnte die Wichtigkeit und das Potential der Datenvorprozessie-
rung gezeigt werden. Die erzielten Ergebnisse führen nicht nur zu einer Verbesserung der
monatlichen GRACE Schwerefeldmodelle, sondern liefern auch wichtige Erkenntnisse für zu-
künftige Schwerefeldmissionen, wie GRACE-FO. Für die Nachfolgemission GRACE-FO ist ein
genaues Verständnis von möglichen Fehlerquellen innerhalb der GRACE Instrumentendaten
essentiell um die geforderten Genauigkeiten erreichen zu können.
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1Introduction

1.1 Motivation
The Earth’s gravity field is an important indicator of mass variations within the dynamic
system of our planet. Primary sources of mass re-distributions and mass variations are
climate-relevant geophysical and anthropogenic processes. Therefore, the observation of
mass changes from time-variable gravity has become an important topic within global
climate research. Observing variations in the Earth’s gravity field provides a unique and
invaluable source of information for various environmental and geophysical research areas,
since these observations provide fundamental insights into the global water cycle, polar
and mountain ice mass loss, changes in ocean surface currents, sea level rise, groundwater
depletion, and many other processes. Hence, satellite gravimetry can substantially contribute
to an improved understanding of the dynamic system Earth and the underlying geophysical
processes. This becomes of utmost importance for both understanding and counteracting
global climate change and climate warming.

In the past two decades, dedicated satellite missions to observe the Earth’s gravity field,
such as the ESA mission GOCE (Gravity field and steady-state Ocean Circulation Explorer;
ESA, 1999), the German minisatellite mission CHAMP (CHAllenging Minisatellite Payload;
Reigber et al., 1999), and the US-German mission GRACE (Gravity Recovery And Climate
Experiment; Tapley et al., 2004) have been realized. In the context of global climate
monitoring, the GRACE mission holds a special status within this group.

The GRACE mission provided information about the Earth’s static and time-variable gravity
field with unprecedented accuracy for more than 15 years (2002-2017), and can be therefore
considered as the most successful gravity field mission so far. Each spacecraft carries a
science payload consisting of a K-Band mircrowave ranging (KBR) system, GPS receiver,
star cameras, and accelerometer, providing the primary observations needed for gravity
field recovery. Due to its unique orbital configuration and measurement principle, relying
on inter-satellite ranging measurements, GRACE provides observations with a high spatial
and temporal resolution. This allows, in addition to the determination of the Earth’s static
gravity field, for the recovery of monthly gravity field models (every ∼ 30 days). Since its
launch in 2002, GRACE has enabled almost continuous monitoring of the time-variable
gravity field, providing an invaluable time series for climate research. The importance of this
mission is underlined by a substantial number of related scientific publications (> 3000), and
numerous contributions to IPCC (Inter governmental Panel on Climate Change) assessment
reports (e.g., IPCC (2013)).

The most recent global mean and time-variable GRACE gravity field models were published
by e.g., Bettadpur (2012), Dahle et al. (2013), Mayer-Gürr et al. (2014), Meyer et al.
(2016), and Mayer-Gürr et al. (2016b). Although the accuracy of GRACE gravity field
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Fig. 1.1.: Illustration of the GRACE baseline offset: Difference degree amplitudes of the
GFZ RL05a (orange), CSR RL05 (green), the ITSG-Grace2014 (blue), and the
ITSG-Grace2016 (red) monthly gravity field solution for December 2008. The difference
degree amplitudes are computed w.r.t. to the GOCO05s.

solutions has increased considerably during the last years, there still remains an offset
between the error-level of present gravity field solutions and the GRACE baseline accuracy
(cf. Fig. 1.1), i.e. the predicted accuracy from pre-launch simulations (Kim and Tapley, 2002).
Therefore, even after more than 15 years of mission operation, efforts are ongoing to identify
the remaining error sources. The accuracy of the GRACE-derived gravity field models is
primarily limited by the inter-satellite ranging measurement noise, accelerometer errors,
attitude errors, orbit errors, and temporal aliasing caused by unmodeled high-frequency
variations in the gravity signal. Hence, not only aliasing effects due to under-sampling in
space and time, and imperfections of the background models, but also errors and disturbances
within the instrument data are a limiting factor. A prominent example for the latter are
temperature variations due to reduced battery capacity (coming along with increased mission
duration), which directly affect the instruments, causing thermal distortions. To avoid a
degradation of the monthly gravity field solutions, the effects of thermal variations on the
accelerometer (and other instruments) need to be taken into account during gravity field
recovery (Klinger and Mayer-Gürr, 2016). This also implies that improvements within the
instrument data processing and instrument data calibration can substantially contribute to
the overall accuracy of current gravity field solutions. In recent years, many investigations
with respect to sensor errors and disturbances have been carried out (e.g., Frommknecht,
2008; Flury et al., 2008; Bandikova et al., 2012; Peterseim et al., 2012; Bandikova and
Flury, 2014; Klinger and Mayer-Gürr, 2014; Inácio et al., 2015; Harvey, 2016; Klinger and
Mayer-Gürr, 2016; Harvey et al., 2016; Goswami and Flury, 2016). However, not all error
sources and perturbations acting upon satellite instruments and sensors are resolved yet.

The GRACE-FO mission, successor to GRACE, is scheduled for launch in spring 2018
(Flechtner et al., 2017). GRACE-FO is a quasi-replica of GRACE, and pursues the primary
objectives of the original GRACE mission by extending the time series of highly-accurate
monthly Earth gravity field models. Therefore, a profound understanding of possible error
sources and disturbances prevalent within the GRACE instrument data is not only essential
for the improvement of current gravity field models, but especially for future gravity field
missions, such as GRACE-FO, where even higher accuracies should be achieved.

1.1 Motivation 2



What all the different approaches for gravity field recovery and involved processing centers
have in common, is the data basis used for the GRACE gravity field recovery. In principal,
all analysis centers use the so-called Level-1B data products, a publicly-available and pre-
processed instrument data set provided by JPL, as input for their algorithms. Therefore, this
work is dedicated to the analysis and pre-processing of GRACE Level-1B data products. The
primary objective of this thesis is to provide a comprehensive overview on how improved
modeling and Level-1B data pre-processing methodologies, as part of the ITSG-Grace gravity
field processing chain, can contribute to the aforementioned goals. Thereby, the main focus
is on general data screening strategies, the attitude improvement based on a sensor fusion
approach (combination of star camera and accelerometer data), and the pre-processing and
calibration of the accelerometer data.

1.2 Outline of the thesis
Following the introduction, Chapter 2 gives an overview of the GRACE mission (Section 2.1),
summarizing the mission design (Section 2.2), instrument payload (Section 2.3), and
available data products (Section 2.4 and Section 2.5). Furthermore, the end-of-lifetime
issues affecting the science instrument operation and mission duration (Section 2.6), and
the future GRACE-FO mission (Section 2.7) are briefly discussed.

The basic concepts are introduced in Chapter 3. This includes the basic formulae used to
describe the equation of motion (Section 3.1), the Earth’s gravity field (Section 3.2), and
non-gravitational accelerations (Section 3.3). The concept of variational equations, applied
for gravity field recovery, the basic principles of least squares adjustment, and VCE are
introduced in Section 3.2, 3.5 and 3.6, respectively.

Chapter 4 provides an overview of the processing chain used for the recovery of the latest
ITSG-Grace2016 gravity field models (Klinger et al., 2016; Mayer-Gürr et al., 2016a; Mayer-
Gürr et al., 2016b). It gives details on the input data (Section 4.1), and the processing
chain itself (Section 4.2), with a focus on the data pre-processing (Section 4.3). The Section
on “Level-1B data pre-processing” also includes the principles of data resampling and data
screening, applied prior to the actual gravity field recovery. Finally, the software package,
used for the ITSG-Grace gravity field recovery, is shortly introduced (Section 4.4).

In Chapter 5, the measurement principles, characteristics, measurement accuracies, and data
products of two fundamental GRACE instruments, namely: (1) the star camera (Section 5.1),
and (2) the accelerometer (Section 5.2), are discussed. A profound knowledge of the
instrument characteristics is the basis for any further methodologies, results, or analysis
presented within this thesis. The star camera is the main instrument used for attitude
determination during science operation. The precise attitude determination is important
not only for the in-orbit maintenance of the inter-satellite pointing, which is a fundamental
prerequisite for KBR ranging, but also for the post-processing of the inter-satellite ranging
observations, and the accelerometer measurements, which are both needed for gravity field
recovery. The main purpose of the accelerometer is to measure the linear non-gravitational
accelerations, needed to separate the non-gravitational forces from the gravitational ones.
Furthermore, it provides additional information in terms of angular accelerations, providing
relative attitude information, which can be exploited for the purpose of sensor fusion.
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Chapter 6 describes in detail the characteristics of the GRACE attitude determination (Sec-
tion 6.1), possible shortcomings of the current attitude determination process (Section 6.2),
and how an improved attitude determination (sensor fusion; Section 6.3) can be realized on
the basis of Level-1B data products. The sensor fusion approach, based on the combination of
star camera and angular accelerometer data, is explained in detail. As part of the presented
analysis, the effects on the attitude data (Section 6.3.4), the ranging observations (Sec-
tion 6.3.5), and the accelerometer observations (Section 6.3.6) are discussed. Additionally,
a short outlook on further option for attitude processing (Section 6.4), concerning GRACE
and GRACE-FO, is given.

Chapter 7 summarizes the basics and results of the accelerometer data calibration, includ-
ing details on the calibration approach itself (Section 7.1), and the estimated calibration
parameters: (1) biases - parameterized in terms of Uniform Cubic Basis Splines (Section 7.2),
and (2) scale factors - represented by a fully-populated scale factor matrix (Section 7.3). As
in the previous Chapter, a short outlook on further options for accelerometer data processing
(Section 7.4) is given.

The results, i.e. the effects of the Level-1B pre-processing methodologies on the recovered
gravity field solutions, are analyzed in Chapter 8. This primarily includes analysis with
resepct to the sensor fusion approach (Section 8.2), and the data screening and accelerometer
data calibration (Section 8.3). In particular, the effect of the accelerometer data calibration
on the estimated C20 coefficients is discussed in detail (Section 8.3.1), representing one of
the major findings of this work.

The final Chapter 9 shortly summarizes the achieved results, and provides a brief outlook
(Section 9.2) for future research possibilities and activities in the context of GRACE and
GRACE-FO data processing for the purpose of gravity field recovery.
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2GRACE

2.1 Mission overview
GRACE (Gravity Recovery and Climate Experiment) is a joint scientific satellite mission
between the National Aeronautics and Space Administration (NASA) in the United States
and the German Aerospace Center (DLR). It has been proposed jointly by the Center for
Space Research (CSR) at the University of Texas at Austin, the German Research Centre for
Geosciences (GFZ), the Jet Propulsion Laboratory (JPL), the Space Systems/Loral (SSL), the
DLR, and the Astrium GmbH in 1996, and was selected as the second mission in NASA’s
Earth System Science Pathfinder (ESSP) program in 1997 (Tapley et al., 2004). The GRACE
mission consists of two identical satellites, GRACE-A and GRACE-B, following each other
in the same orbital track, linked by a highly accurate inter-satellite K-Band microwave
ranging system. The satellite constellation is depicted in Figure 2.1. GRACE was successfully
launched on board a Rockot launch vehicle from the Russian spaceport Plesetsk on March 17,
2002. The twin satellites were placed in a near-circular and near-polar orbit with an initial
altitude of about 500 km and a nominal along-track separation of 220 km. Since then,
the orbit naturally decayed to an altitude of about 320 km at the end of science mission.
After more than 15 years of missions operation, GRACE has ended science operations in
October 2017 due to an age-related battery issue on GRACE-B. On December 24, 2017
GRACE-B re-entered the Earth’s atmosphere and burned up upon re-entry. GRACE-A is
currently in the decommissioning phase with an expected atmospheric re-entry in early
March 2018 (personal communication with Frank Flechtner (GFZ)).

Fig. 2.1.: Illustration of the GRACE twin satellites in orbit. Source: NASA/JPL.
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2.1.1 Science objectives
The primary science objective of the GRACE mission is to obtain accurate global models for
the mean and the time-variable components of the Earth’s gravity field (Stanton et al., 1998).
To provide accurate information about the Earth’s gravity field, each satellite is equipped with
a science payload consisting of a K-Band microwave ranging (KBR) system measuring the
inter-satellite distance with micrometer accuracy, a Global Positioning System (GPS) receiver
for position determination and radio occultation measurements, star cameras (SCA) for
precise attitude determination, and an accelerometer (ACC) measuring the non-gravitational
forces acting upon the satellites. Details on the KBR measurement principle and the different
instruments on board the GRACE satellites are given in Section 2.2 and 2.3.

GRACE provided information about the Earth’s static and time-variable gravity field for more
than 15 years, and can be considered as the most successful gravity field mission so far. As
the gravity field is an important indicator of mass variations within the dynamic system Earth,
the observation of mass changes from time-variable gravity has become an important topic
within the scientific community, especially with regard to global climate research (e.g., Fifth
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC-AR5; IPCC,
2013). The precise knowledge of the gravity field and its variations provides a unique and
invaluable source of information for various environmental and geophysical research areas,
enabling fundamental insights into the global water cycle, polar and mountain ice mass loss,
changes in ocean surface currents, sea level rise, groundwater depletion, and many other
processes.

The secondary science objective of the GRACE mission is to obtain globally distributed
vertical temperature and humidity profiles of the atmosphere using the GPS radio occultation
technique. Together with other missions, the GRACE radio occultation data enables advances
in various fields of atmospheric and climate sciences, including weather modeling and
forecasting (Wickert et al., 2009).

2.2 Mission design - Measurement principle
The GRACE measurement principle is based on the Satellite-to-Satellite Tracking (SST)
measurement technique, which makes use of satellites to track other satellites (cf. Fig. 2.2).
Basically, two types of SST are distinguished: (1) High-low Satellite-to-Satellite Track-
ing (hl-SST), and (2) Low-low Satellite-to-Satellite Tracking (ll-SST).

High-low Satellite-to-Satellite Tracking: The orbit of a Low Earth Orbit (LEO) satellite
is determined using several high altitude satellites with accurately known orbits, such
as GNSS (Global Navigation Satellite System) satellites. Details on the GNSS signals,
measurement principle and data processing can be found in e.g., Hofmann-Wellenhof et al.
(2008).

Low-low Satellite-to-Satellite Tracking: Two satellites are placed in the same orbit with
a separation up to a few hundreds of kilometers. Irregularities in the Earth’s gravity field
cause changes in the relative distance between the two satellites, which can be measured by
an on-board ranging system.
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GRACE-A GRACE-B

KBR (ll-SST)

GPS (hl-SST)

Fig. 2.2.: GRACE measurement principle: hl-SST and ll-SST

The dual-satellite mission GRACE combines both techniques to determine the Earth’s gravity
field from (1) continuous GPS orbit tracking data (hl-SST), and (2) inter-satellite tracking
data (ll-SST: ranges, range-rates, range-accelerations) measured by the onboard KBR system
(cf. Section 2.2.1).

To enable ll-SST, the two GRACE satellites (GRACE-A and GRACE-B) are placed in a near-
circular (e < 0.005) and near-polar (i = 89.0◦) orbit, with an initial altitude of 500 km and
a nominal along-track separation of 220 ± 50 km. This orbital configuration guarantees a
sufficient spatial coverage over any typical 30-day span, which is the nominal interval for
GRACE monthly gravity field solutions. Over the mission lifetime, the orbit altitude decays
from almost 500 km at the beginning of the mission, to approximately 300 km at the end of
the mission. Besides the altitude decay, the orientation of the orbital plane relative to the
Sun (β′ angle) changes with a period of 322 days (cf. Appendix D.2).

As the satellite pair orbits the Earth, both GRACE satellites experience gravitational pertur-
bations due to the inhomogeneous mass distribution and re-distribution (e.g., exchange of
mass between land, ocean, and atmosphere) within the system Earth. Since both satellites
are flying in a co-planar orbit separated by 170 km to 270 km, the leading and trailing
satellite are sensing slightly different perturbations, resulting in continuous inter-satellite
distance variations. These range changes are measured very accurately by the GRACE KBR
system (cf. Section 2.3). In addition to the gravitational perturbations, the satellites also
experience perturbations due to non-gravitational forces, such as atmospheric drag, solar
radiation pressure, and albedo (cf. Section 3.3). For this reason, the GRACE satellites are
equipped with high-sensitive accelerometers, which directly measure the non-gravitational
accelerations acting upon the spacecraft. This ensures that the differential range changes due
to the non-gravitational accelerations are accurately removed (from the GRACE inter-satellite
tracking measurements). More details on the SuperSTAR accelerometers on-board GRACE
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are provided in Section 5.2. Each GRACE satellite also carries a geodetic GPS receiver to
enable continuous Precise Orbit Determination (POD) and the spatial registration of the
inter-satellite ranging data.

The combination of GPS hl-SST, KBR ll-SST and accelerometry enables the recovery of
highly-accurate temporal gravity field models. Compared to other gravity field missions,
such as CHAMP or GOCE, the differential KBR measurements contribute to an improvement
of the long and medium wavelength, and allow to observe temporal variations within the
Earth’s gravity field.

2.2.1 K-band inter-satellite ranging
The KBR Assembly, providing dual one-way range measurements with micrometer-level
accuracy, is the key science instrument of the GRACE mission. It measures the changes
in the separation distance between the two GRACE satellites using phase tracking of
K-band (24 GHz) and Ka-band (32 GHz) signals sent between the two satellites. Figure 2.3
illustrates the concept of the KBR system according to Thomas (1999) and Kim and Tapley
(2002).

GRACE-A GRACE-B

+
USO-1

-
USO-2

+-

++

Dual one-way phase

Corrections

One-way phase φA One-way phase φB

Instantaneous biased range ρ

Microwave
(K/Ka)

Fig. 2.3.: Schematic overview of the KBR system: operating principle of the dual one-way ranging
system according to Thomas (1999) and Kim and Tapley (2002).

The KBR Assembly is identical for both satellites and consists of a single horn antenna, an
Ultra-Stable Oscillator (USO), frequency convertors, and an Internal Processing Unit (IPU)
(cf. Section 2.3.1). The KBR-horn is mounted at the front panel of each satellite (cf. Fig. 2.5),
and is used for both transmission and reception of the microwave signal. Both satellites
transmit a dual microwave signal, consisting of a carrier signal modulated on a 24 GHz
K-Band and a 32 GHz Ka-Band frequency. The onboard USO, a Quartz crystal resonator, gen-
erates these highly-stable microwave signals (Asmar, 1997). The onboard signal processing
is done by the IPU and provides for each of the satellite the one-way phase measurements,
which represent the difference between the receiver’s reference phase and the received
phase. During on-ground processing, the one-way phase measurements are combined to
the dual one-way phase measurement and corrected for systematic effects. To obtain the
instantaneous biased range, the dual one-way phase measurement is multiplied by the
wavelength (cf. Fig. 2.3).
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The dual one way range R(t), representing the range between the two satellites’ centers of
mass (CoMs) at a certain time epoch t, is obtained by (Kim and Tapley, 2002)

R(t) = ρ(t) + ∆ρT OF + ∆ρIono + ∆ρAOC +B + ∆ρerr. (2.1)

Therein, ρ(t) denotes the instantaneous biased range at the time epoch t. The light-time
correction ∆ρT OF accounts for the satellites motion during the signal time of flight (TOF).
The ionospheric correction ∆ρIono accounts for the ionospheric delay. The correction for the
antenna center offset ∆ρAOC , which is often denoted as antenna offset correction (AOC),
represents the distance between the KBR antenna phase center and the center of mass (CoM)
(cf. Section 6.1). The range bias B results from the unknown phase ambiguity values in the
one-way phases. And ∆ρerr represents the measurement noise. The range rates and range
accelerations are obtained by numerical differentiation of the range measurements. More
details on the KBR can be found in e.g., Thomas (1999), Kim (2000), and Kim and Tapley
(2002).

2.2.2 In-orbit constellation - Formation keeping
Since the inter-satellite ranging is carried out between the two KBR horn antennas, which
are mounted at the front panel of each satellite, the leading satellite is always turned by
180◦ around its z-axis. The KBR measurement principle requires the KBR antenna phase
centers to be aligned with the Line-Of-Sight (LOS) within a few milliradians. In order to
ensure a LOS orientation of the KBR microwave link, the formation-flying requires a pitch
angle offset between 0.4◦ and 2.2◦, depending on the altitude and separation (Kirschner
et al., 2001). During nominal altitude and separation, both satellites fly with a ±1◦ pitch
angle offset to enable precise inter-satellite pointing between the two satellites (cf. Fig. 2.4).
The importance of the precise satellite alignment is further discussed in Section 6.1.1.

The x-axis (along-track) of the body-fixed Science Reference Frame (SRF) is pointing towards
the KBR antenna horn, i.e. it is approximately tangential to the satellite orbit except for
the pitch angle offset. The z-axis (radial) is nadir pointing, and the y-axis (cross-track)
completes the right handed triad. These somewhat vague definitions of the SRF axes are
introduced here for an easier comprehension within this thesis; the exact definitions of the
GRACE reference frames can be found in e.g., Case et al. (2010) and Bettadpur (2010). An
overview of the most important frames is also provided in Appendix A.

Flight direction

GRACE-A

LOS

vA

θB

GRACE-B

vB

xSRFθA xSRF

Fig. 2.4.: In-orbit constellation of the GRACE satellites: orientation of the leading and trailing satellite
relative to the orbit trajectory, with a pitch angle offset (θA, θB) enabling KBR inter-satellite
ranging.
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2.3 Payload
The two co-orbiting twin satellites GRACE-A and GRACE-B are identical, except for ground
and inter-satellite communication frequencies. Both GRACE satellites have a prismatic body
(3.1 x 1.9 x 0.7 m) with a fully fueled mass of about 487.2 kg. Because of their dimensions,
the GRACE satellites belong to the category of small satellites. The description of the GRACE
payload is based on the GRACE Launch Press Kit (NASA, 2002) and the GRACE mission
pages of GFZ1 and CSR2.

2.3.1 Science Instrument System (SIS)
In order to provide accurate information about the Earth’s gravity field, the GRACE satellites
are equipped with a broad variety of instruments and sensors. The measurements of these
instruments and sensors are either directly linked to the Earth’s gravity field, or they are
needed to liberate the direct measurements from biasing signals in order to enable the
recovery of the gravity field information solely. The key science instrument on board GRACE
is the KBR Assembly, measuring the inter-satellite distance change (cf. Section 2.2.1). A
schematic overview of the GRACE satellites and the science instruments onboard is shown in
Figure 2.5. In the following, the different components of the Science Instrument System (SIS)
are shortly described and summarized. The SIS includes all elements of the KBR system, the
GPS receivers, and associated sensors such as the star cameras and accelerometers. It also
coordinates the integration activities of all sensors, assuring their compatibility with each
other and the satellite.

(a) (b)

(c)

Fig. 2.5.: GRACE instrumentation: (a) front view, (b) bottom view, and (c) internal view of a GRACE
satellite. Source: GRACE Launch Press Kit (NASA, 2002).

1https://www.gfz-potsdam.de/en/grace/
2http://www2.csr.utexas.edu/grace/spacecraft/
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As primarily the accelerometer and star cameras are analyzed within this thesis, they are
introduced within this Section, but are discussed in more detail in subsequent Sections
(cf. Section 5.2 and 5.1).

K-Band Ranging Assembly (KBR): The KBR measures the dual one-way range change
between the two GRACE satellites with a precision of about 1 µm/s. The hardware consists
of the components listed below:

USO The USO serves as frequency and clock reference for the satellites.

KBR-Horn The KBR-Horn transmits and receives K-Band (24 GHz) and Ka-Band
(32 GHz) carrier signals between the two satellites.

Sampler The Sampler downconverts and samples the incoming K- and Ka-Band
carrier phase.

IPU The IPU provides the digital signal processing functions for the K-/Ka-
Band signals, and for the GPS signals. Additionally, it is responsible for
the data processing of the star camera attitude quaternions.

Global Positioning System Receiver Assembly (GPS): The GPS Receiver Assembly consists
of two omnidirectional navigation antennas (primary and backup) and one high-gain helix
occultation antenna, which track GPS signals for: (1) POD with cm-accuracy, (2) time-tagging
of science data, (3) satellite position and clock determination for on-board operations, and
(4) atmospheric and ionospheric profiling.

SuperSTAR Accelerometer (ACC): The SuperSTAR Accelerometer, manufactured by Office
National d’Études et de Recherches Aérospatiales (ONERA), measures the non-gravitational
accelerations acting on the GRACE satellites. The ACC consists of a Sensor Unit (SU), an
Interface Control Unit (ICU), and a harness. The SU consists of a metallic proof mass located
inside a slightly larger sensor cage, mounted in the CoM of the satellite. The ICU supplies
power to the SU, and performs the filtering and digital signal processing functions for the
accelerometer. The ACC measurements are essential for gravity field recovery (separation of
gravitational and non-gravitational forces), or can be used to determine upper atmospheric
density variations. A more detailed description of the ACC is provided in Section 5.2.

Star Camera Assembly (SCA): The Star Camera Assembly, manufactured by the Technical
University of Denmark (DTU), consists of two star camera heads, and determines the
attitude of the GRACE satellites with respect to the inertial frame. The SCA measurements
are used for the precise orientation of the satellite within the AOCS, and for the correct
interpretation of the ACC measurements. A more detailed description of the SCA is provided
in Section 5.1.

Laser Retro Reflector (LRR): The Laser Retro Reflector, provided by GFZ, is a passive
payload consisting of 4 prisms. The LRR enables the tracking of the GRACE satellites by
terrestrial Satellite Laser Ranging (SLR) stations for orbit determination and control.
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2.3.2 Satellite System (SAT)
All science instruments (cf. Section 2.3.1), the fuel tanks, batteries and other satellite sub-
systems are mounted on a Carbon-Fiber Reinforced Plastic (CFRP) platform in the interior
of the satellite (cf. Fig. 2.5). In the following, the individual sub-systems of the Satellite
System (SAT) are described in more detail.

Spacecraft Housekeeping & Data Handling System:

OBDH The Onboard Data Handler (OBDH), the central processor and memory
onboard the satellites, is needed for science and housekeeping data
management and spacecraft health functions.

RFEA The Radio-Frequency Electronics Assembly (RFEA) prepares the OBDH
data for the S-Band transmission to the ground data system.

S-Band Boom The S-Band Boom is the primary system used for ground communication.

SZA (TX/RX) The S-Band Zenith Transmitter (TX) and Receiver (RX) Antenna form
the backup system for ground communication.

PCDU The Power Conditioning, Distribution and Control Unit (PCDU) is re-
sponsible for the generation, storage, conditioning and distribution of
electrical power, which is generated by solar arrays.

Battery The Nickle-Hydrogen (NiH) battery (with 16 Ah capacity) provides
power storage.

Solar cells Electrical energy is generated by solar arrays on the top and side panels
of the satellites.

Mass Trim System (MTM & MTE): The Mass Trim Mechanism (MTM), and the associated
Mass Trim Electronics (MTE) ensure that the spacecraft center of gravity coincides with the
center of the ACC proof-mass. This ensures that the ACC only measures the non-gravitational
forces.

Attitude and Orbit Control System (AOCS):

SCA The Star Camera Assembly is the primary sensor within the AOCS.

CESS The Coarse Earth/Sun Sensor is an additional sensor providing coarse
attitude determination.

MAG The Förster magnetometer is an additional sensor measuring the Earth’s
magnetic field. It provides coarse attitude determination based on the
satellite position (GPS) and an Earth magnetic field model.

Gyro The Gyroscope is an additional sensor providing 3-axis attitude rate
information.

Actuators Six Magneto-Torquers (MTQ) and a set of 10 mN thrusters (ATH) are
used for attitude control.

Orbit Control Two 40 mN thrusters (OTH) are used for orbit maneuvering and control.

Thermal Control: The Thermal Control sub-system consists of 64 independent heater cir-
cuits, 45 resistors and 30 thermistors, which are used for in-flight temperature housekeeping,
monitoring and heater control, as well as for on-ground verification testing.

2.3 Payload 12



2.4 Data levels
All available GRACE data products are distributed and archived by a distributed Science Data
System (SDS). The system development, science data processing, archiving, distribution,
and product verification are shared between the JPL, CSR and GFZ (Case et al., 2010). The
GRACE Level-0 to Level-2 SDS data products are defined as follows (Case et al., 2010):

Level-0: The Level-0 data products contain the raw science instrument and housekeeping
data, which is received from the GRACE satellites, collected and decommutated by the Raw
Data Center (RDC) of the Mission Operation System (MOS), which is part of the DLR, and
located in Neustrelitz, Germany. The DLR is not only responsible for the data reception, but
also for the mission control of the GRACE satellites.

Level-1A: The Level-1A data products are the result of a non-destructive processing applied
to the Level-0 data, i.e. the binary encoded measurements are converted to engineering
units. The Level-1A data products also contain editing and quality control flags, as well as
ancillary data products needed for the further Level-1A to Level-1B processing.

Level-1B: The Level-1B data products contain the final and publicly available science
instrument and housekeeping data products, and are derived from the Level-1A data products.
During Level-1A to Level-1B data processing the data are correctly time-tagged, resampled
and converted to a common reference frame, i.e the original data cannot be reconstructed.

The processing of Level-1 data products (cf. Fig. 2.6) is done primarily at the JPL. For
a detailed description of the Level-1 processing, see Case et al. (2010). All Level-1B
data products are archived at JPL’s Physical Oceanography Distributed Active Archive
Center (PODAAC)3 and at GFZ’s Information System and Data Center (ISDC)4.

Level-2: The Level-2 data products contain the static and time-variable (monthly) gravity
field models in a spherical harmonic representation (cf. Section 3.2), derived from the
Level-1B data products. Additionally, the Level-2 data products also include ancillary data
products (e.g., mean atmospheric and oceanic mass variations), which are necessary to
interpret time variabilities within the gravity field solutions.

The Level-1B to Level-2 data processing, as shown in Figure 2.6, is performed independently
by different analysis centers (ACs) inside and outside the GRACE SDS. The individual gravity
field solutions differ considerably, since each AC adopts independent processing standards
and analysis methods. Temporal gravity field models are provided by e.g., CSR (Bettadpur,
2012), JPL (Watkins and Yuan, 2014), GFZ (Dahle et al., 2013), Le Centre national d’études
spatiales/Le Groupe de Recherche de Géodésie Spatiale (CNES/GRGS) (Biancale et al.,
2014), Astronomical Institute of the University of Bern (AIUB) (Meyer et al., 2016), Institute
of Geodesy (IfG) of the Graz University of Technology (Mayer-Gürr et al., 2016b), and
others. The official Level-2 products (CSR, JPL, GFZ) are archived at JPL’s PODAAC and
at GFZ’s ISDC, whereas all other Level-2 products can be accessed via the International
Centre for Global Earth Models (ICGEM) website5. The ICGEM is a service at GFZ coordi-

3ftp://podaac.jpl.nasa.gov/allData/grace/
4ftp://rz-vm152.gfz-potsdam.de/grace/
5http://icgem.gfz-potsdam.de/series
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Fig. 2.6.: GRACE data products: Illustration of the Level-0 to Level-2 data processing scheme.

nated by the International Gravity Field Service (IGFS) of the International Association of
Geodesy (IAG).

2.5 Level-1B data products
The analysis and results presented within this thesis are based on the GRACE Release 02 (RL02)
Level-1B data products listed in Table 2.1. Besides, pre-processed Level-1B data prod-
ucts (cf. Section 6 and 7), and kinematic orbits derived by the raw acceleration approach
(Zehentner and Mayer-Gürr, 2015) are used as input for the gravity field recovery. Details
on the ITSG gravity field processing are given in Section 4.

Tab. 2.1.: Overview of used GRACE Level-1B science instrument and housekeeping data products.

Science data product Description
ACC1B Accelerometer Data Product
GNV1B GPS Navigation Data Format Record
KBR1B KBR Data Format Record
SCA1B Star Camera Data Product
Housekeeping data product Description
AHK1B Accelerometer Housekeeping Data Product
MAS1B Spacecraft Mass Data Format Record
THR1B Thrusters Data Format Record
TNK1B Cold Gas Tank Data Format Record
VKB1B Vector Product (KBR antenna phase center offset)
SOE Sequence of Events file
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In general, two types of GRACE Level-1B data products are distinguished: (1) science data
products, and (2) housekeeping data products. The former are the data products primarily
used by the scientific community, as they provide the key observations of the instruments
on-board GRACE. The latter give additional information in terms of internal satellite and/or
telemetry data. A detailed description of the official Level-1B data products is given in the
GRACE Level 1B Data Product User Handbook (Case et al., 2010).

In this section, the GRACE Level-1B RL02 science and housekeeping data products, used
and/or analyzed within this thesis, are introduced. The main characteristics and the content
of the individual data products are described concisely.

2.5.1 Science data products
All GRACE Level-1B science data products refers to the satellite body-fixed Science Reference
Frame (SRF; cf. Appendix A). The data is sampled with a rate of 5 seconds, except the ACC1B
data (1 second) and the GNV1B data (60 seconds).

K-Band ranging data (KBR1B)

The KBR1B data product provides the dual-one-way ranging data (biased range, range rate,
range acceleration), the light time correction, and the geometric correction (cf. Section 2.2.1).
The ranging data, contained within the KRB1B data product, needs to be corrected for these
two effects, but is already corrected for ionospheric effects (cf. Eq. (2.1)). In addition, the
signal-to-noise ratio (SNR) numbers of the K-/Ka-Band for GRACE-A and GRACE-B are
provided, giving information about the signal strength and ranging measurement quality.

Accelerometer data (ACC1B)

The ACC1B data product provides the linear and angular acceleration components (along-
track, cross-track, radial) of the accelerometer proof mass. Since the accelerometer has an
unknown scale and bias in each direction, the accelerations contained in the ACC1B data
product include an instrument scale and bias offset. A general recommendation for the initial
estimates of the scale and bias to apply to the ACC1B data is made in the GRACE Technical
Note TN-02 (Bettadpur, 2009). The data calibration applied within the ITSG-Grace gravity
field recovery is extensively discussed in Section 7.

Star camera data (SCA1B)

The SCA1B data product provides attitude quaternions, describing the orientation of the
GRACE spacecrafts with respect to the inertial frame.

The representation of attitude in terms of quaternions is commonly used within spacecraft
dynamics and 3D computer graphics, since it consumes relatively little memory capacity
(e.g., compared to rotation matrices), and is numerically stable. For details on quaternions,
see Appendix C.
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Orbit data (GNV1B)

The GNV1B data product provides the navigation solution for the GRACE spacecrafts in terms
of satellite positions and velocities with respect to the International Terrestrial Reference
Frame (ITRF). Additionally, formal errors for both positions and velocities are provided.

In addition to the above described contents all Level-1B science data products also contain
instrument-specific quality flags, providing additional information on the data quality.

2.5.2 Housekeeping data products
Besides the GRACE science data products, ancillary housekeeping data products are provided
(cf. Tab. 2.1). Housekeeping data products consist of internal satellite data and/or telemetry
data, which is needed for the maintenance of the satellite instruments or the attitude and
altitude control. The Level-1B housekeeping data products contain additional information
about the instrument health, output of additional on-board sensors (e.g., temperature), or
calibration data. Hence, it is a supplementary source of information to monitor the GRACE
satellites and thus helps analyzing the GRACE science data.

Accelerometer housekeeping data (AHK1B)

The AHK1B data product provides accelerometer housekeeping data, including displacements
of the capacitive sensors, temperatures from various sensors located within the accelerometer,
and voltages. Figure 2.7(a) shows the accelerometer core-temperature of both GRACE
satellites during science mission (April 2002 to June 2017), derived from the AHK1B
data product. As obvious from Figure 2.7(a), between September 2016 and May 2017
no temperature data is available for GRACE-B, since the accelerometer was permanently
shut-off in this period (cf. Section 2.6).

Since the accelerometers need a thermally stable environment, they are directly affected
by temperature variations (Klinger and Mayer-Gürr, 2016). Detailed investigations con-
cerning the observed temperature variations and their impact on Level-1B accelerometer
measurements can be found in Section 7.

Mass data (MAS1B)

The MAS1B data product contains the spacecraft mass in kilograms, derived from both fuel
tank observations and thruster usage. Due to fuel consumption, the spacecraft mass is not
constant and continuously decreased from 487.2 kg at launch, to approximately 460 kg
at the end of mission. Figure 2.7(b) shows the satellite mass of GRACE-A and GRACE-B,
based on fuel tank observations, from April 2002 till June 2017. Both mass values, based on
fuel tank observations and thruster usage (not shown here), show unexplained jumps and
discontinuities from February 2015 onward.

Since the MAS1B data product is used within the accelerometer data modeling (cf. Sec-
tion 3.3), it directly influences the magnitude of the derived non-gravitational accelerations
(cf. Eqs. (3.17), (3.19), (3.26), and (3.30)), and operates as a kind of scaling factor.
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(a) AHK1B

(b) MAS1B

Fig. 2.7.: Temporal evolution of (a) the accelerometer core-temperature, and (b) the satellite mass
for GRACE-A (blue) and GRACE-B (red) for the whole GRACE science mission (April 2002
to June 2017). The temperature values in (a) are derived from the AHK1B data product.
The satellite mass values in (b) are derived from the MAS1B data product. Note that here
the mass values based on fuel tank observations are shown.

Thruster data (THR1B)

The THR1B data product contains the thruster activation data of the on-board cold-gas
thrusters (7 pairs in total), separately for each spacecraft. The cold-gas thrusters are needed
for orbit and attitude control (cf. Section 2.3.2), and are nominally operated in pairs. For
each cold-gas thruster all thruster firing events are logged, including the exact activation
time, and the duration of each thruster activation. On average, there are about 600 thruster
events per day, primarily needed for attitude maintenance. Note that these number deviates
for early and late periods of the GRACE mission. Figure 2.8 shows the spatial distribution of
the occurring thruster events and the overall on-time of thrusters for GRACE-A for two month
(January 2007, January 2015), representing different orbit constellations. Evidently, the
thrusters are activated longer along the geomagnetic equator. This is because the magnetic
torquers cannot sufficiently control the attitude (about the roll axis) within this region. In
high latitudes, the thrusters are needed to control the attitude (about the yaw axis).

Except for the orbit maintenance thrusters (1 pair), all other thrusters should enforce a torque
upon the spacecraft, and therefore should not be visible as linear accelerations. However,
due to a possible angle misalignment between the thruster pairs, or small differences in the
thrusting force or thrusting time, linear accelerations due to thruster events become visible
within the accelerometer data, and have to be considered during the ACC1B data calibration
(cf. Section 7).
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Fig. 2.8.: Spatial distribution of thruster activations for GRACE-A over one month: January 2007 (left)
and January 2015 (right). The color indicates the overall thruster on-time, i.e. the sum
of all attitude thrusters (6 pairs in total). The thruster events for orbit maintenance are
excluded here.

KBR antenna phase center vector (VKB1B)

The VKB1B data product contains the vector offset of the KBR phase center, i.e. the vector
from the satellites CoM to the KBR antenna phase center (phC). The x-, y-, and z-components
of the vector are given with respect to the SRF. The values of the phC vector were updated
once within the GRACE mission, and are also given within the SOE.

Sequence of Events file (SOE)

The SOE file records all relevant satellite events and state changes of satellite sensors, i.e.
it contains a sensor and event time series describing their changes of state. These changes
may affect the Level-1B science data quality. The ancillary SOE file (GRACE Technical Note
TN-01) and the GRACE Technical Note TN-03 (Kruizinga, 2004), which provides a detailed
description and format information on the SOE file, can be downloaded - like all other
Level-1B data products - from JPL’s PODAAC or GFZ’s ISDC. For details on the SOE file
structure, the reader is referred to Case et al. (2010) and Kruizinga (2004).

The following satellite events and state changes are taken into account during data screening
within the Level-1B data pre-processing: (1) orbit maneuvers (yaw turns), (2) disabling
of heater circuits, (3) KBR calibration maneuvers, and (4) CoM calibration maneuvers
(cf. Section 4.3.2).

2.6 End-of-lifetime issues
After exceeding the nominal mission duration of 5 years and with further increasing lifetime,
GRACE is facing additional challenges due to the following reasons:

• Reduced battery capacity,

• Propellant consumption (for orbit and attitude control),

• Orbit decay.
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The first two challenges are primarily affecting GRACE-B, because of an age-related battery
issue and one worse performing star camera. In order to extend the mission as long as
possible, special operations were adopted to handle the constraints due to the reduced
battery capacity, and due to the limited fuel availability (Herman et al., 2012; Herman and
Steinhoff, 2012).

To ensure that the better star camera is used as primary input for attitude control, especially
during Moon or Sun intrusions, satellite swap maneuvers are regularly performed since 2014
(cf. Section 4.3.2). Thus, the satellite swap maneuvers indirectly help to save fuel.

However, the most severe effects on the science instruments arise from the power constraints,
which directly affect and/or interrupt the instrument operation periods (cf. Tab. 2.2). There-
fore, the reduced battery capacity, the resulting countermeasures to prolong the mission, and
their inevitable effects on the science data are discussed in more detail in the following.

2.6.1 Battery capacity
As already mentioned, the major challenge for the nominal operation of the satellites, and
the onboard science instruments is posed by the degradation of the NiH batteries, which are
comprised of 20 cells packaged in the common pressure vessel (CPV) configuration. The
age-related battery degradation limits the available battery capacity, and thus the availability
of power-supply in certain orbital configurations (Herman et al., 2012).

As a result of reduced battery capacity, active thermal control was switched-off in April 2011
(Tapley et al., 2015). Since then, temperature variations directly affect the on board
instruments. To avoid a degradation of the monthly gravity field solutions, the effects of
thermal variations on the accelerometer measurements have to be modeled during gravity
field recovery (cf. Section 7.2.1).

To further extend the batteries’ lifetime, the KBR and ACC are shut down for approximately
40-50 days during each 161-day β′ cycle, i.e. data are not collected during these time
periods (Tapley et al., 2015). The β′ angle represents the angle between the orbital plane
and the Earth-Sun line (cf. Appendix D.2). Every 161 days, at β′ = 0◦ crossings, the Sun
is in the orbital plane of the satellites. During these periods, the spacecraft spend nearly
half their revolution time in the Earth’s shadow, and thus rely on their batteries for power.
As a consequence, the GRACE instruments are periodically shut down for small β′ angles.
In between, when the satellite is in full-sun orbit (β′ > 70◦), all science measurements are

Tab. 2.2.: Chronology of GRACE power constraints due to degraded battery capacity.

Date Power constraint Affected satellite
Since April 2011 Active thermal control stopped GRACE-A, GRACE-B
Since April 2011 KBR, ACC shut down for small β′ angles GRACE-A, GRACE-B
Since April 2011 Yaw turns for battery discharge & charge GRACE-A, GRACE-B
Since January 2016 Excess power release by heaters GRACE-A, GRACE-B
October 2016-May 2017 Permanent shut-down of the ACC GRACE-B only
Since January 2017 Partial KBR ranging data collection GRACE-A, GRACE-B
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available (Herman et al., 2012). In addition, yaw turns (cf. Section 4.3.2) are performed on
a regular basis in order to guarantee an optimal level of battery over-charge, since too much
or too little overcharge is a major threat to the batteries lifetime (Herman et al., 2012).

Increased occurrences of battery cell failures on GRACE-B, made additional operational
limitations necessary. Since January 2016, the heaters on-board GRACE-B are additionally
activated to release excess power if necessary, i.e. avoiding a battery overcharge. Between
October 2016 and May 2017, the GRACE-B accelerometer was permanently powered-off.
Since all other science measurements are periodically available, GRACE-B accelerometer
data is synthesized (Bandikova et al., 2017) to allow gravity field recovery during this period
(cf. Section 5.2.3). From early 2017 onward, the KBR ranging data collection is limited to
full sun orbit periods (partial KBR operation) in order to reduce the load on the batteries
(Save, 2016).

2.7 GRACE-FO
The GRACE-FO (Gravity Recovery And Climate Experiment Follow-On) mission is the
successor to the GRACE mission, and carries on the work of its predecessor (Flechtner et al.,
2017; Flechtner et al., 2016). GRACE-FO is, as GRACE, implemented under US-German
partnership. The GRACE-FO satellites will be launched on a Space-X Falcon-9 (rideshare
with 5 Iridium-Next satellites) from the Vandenberg Air Force Base in California within the
launch period in spring 2018.

The primary objective of the GRACE-FO mission is to continue and extend the GRACE time
series of high-resolution global monthly Earth gravity field models with a minimal data
gap between both missions. For this, evolved versions of the GRACE microwave ranging
instrument, GPS receiver, and accelerometer will be used. Additionally, lessons learnt from
GRACE are taken into account for the mission design, i.e. the GRACE-FO attitude control
is based on three star camera heads instead of two in the case of GRACE. The use of three
star camera heads allows for a more robust attitude determination, especially in phases of
Sun or Moon blindings. A secondary objective is to demonstrate the effectiveness of a Laser
Ranging Interferometer (LRI) in improving the inter-satellite ranging performance. The LRI
serves as a technical demonstration to asses if precision laser interferometry can help to
improve the spatial and temporal resolution of the derived gravity field models, which is of
particular importance for future next-generation gravity missions (NGGM). Additionally, the
GRACE radio occultation measurements should be continued (Flechtner et al., 2016; Sheard
et al., 2012).

In contrast to GRACE, the GRACE-FO Level-1A data products (cf. Section 2.4) will be publicly
available to all processing centers, in addition to the pre-processed Level-1B data products.

For more details on the GRACE-FO mission, and its instrumentation, the reader is referred
to e.g., Flechtner et al. (2017), Flechtner et al. (2016), Sheard et al. (2012), and Christophe
et al. (2015).
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3Basic concepts

3.1 Equation of motion
According to Newton’s second law of motion (1686)

“The rate of change of momentum of a body is directly proportional to the force applied
and is in the direction of the applied force.”,

the (perturbed) motion of a satellite in an inertial system under the influence of a force can
be described by the equation of motion

r̈ = F
m

= f(t, r, ṙ). (3.1)

Herein, f denotes the mass-specific force function depending on the time t, the position
of the satellite r, and its velocity ṙ, respectively. Subsequently, italics are used for scalar
variables, bold lowercase letters for vectors, and bold uppercase letters for matrices.

The overall acceleration of the satellite r̈ is the sum of the acceleration due to gravitational
forces r̈G, and the acceleration due to non-gravitational forces r̈NG:

r̈ = r̈G + r̈NG. (3.2)

The primary gravitational force is caused by the Earth’s gravity field (cf. Section 3.2). To
a minor extent, third bodies, tidal effects, relativistic effects, and other non-gravitational
perturbing forces (cf. Fig. 3.1) also affect the satellite.

Fig. 3.1.: Modeled gravitational and non-gravitational accelerations of GRACE-A for one month
(January 2007). It should be noted that the magnitude of the non-gravitational accelerations
due to atmospheric drag (r̈drag) strongly depends on the orbit altitude (∼ 475 km in
January 2007).
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Thus, the total acceleration experienced by the satellite r̈ is the sum of the following
constituents:

r̈ = g + r̈3body + r̈tides + r̈rel + r̈drag + r̈SRP + r̈albedo, (3.3)

with
g Earth’s gravity field

r̈3body 3rd body tides (Sun, Moon, other planets)

r̈tides solid Earth tides, Earth pole tides,

ocean tides, ocean pole tides, atmospheric tides

r̈rel general relativistic perturbations


r̈G

r̈drag atmospheric drag

r̈SRP solar radiation pressure (SRP)

r̈albedo Earth radiation pressure (albedo)

 r̈NG

In the following, only the representation of the Earth’s gravity field (cf. Section 3.2), and
the non-gravitational accelerations acting upon LEOs (cf. Section 3.3) are discussed in more
detail. A detailed description of the other gravitational forces (e.g., solid Earth tides, Earth
pole tide, ocean tide, ocean pole tide, etc.) can be found e.g., in the International Earth
Rotation and Reference System Service (IERS) conventions (Petit and Luzum, 2010).

3.2 Earth’s gravity field
According to Newton’s universal law of gravitation (1687), the gravitational force between
two bodies with masses m and M at a distance l from each other is given by

F = G
mM

l2
l
l
, (3.4)

with G being the gravitational constant (G = 6.67408 × 10−11 m3kg−1s−2, Mohr et al.
(2016)). Combining Equation (3.4) with Newton’s second law of motion (cf. Eq. (3.1)),
the gravitational acceleration of the body with mass m with respect to the CoM of the two
bodies is obtained by

r̈ = GM

l2
l
l
. (3.5)

For m being negligibly small compared to M , Equation (3.5) is consistent with a coordinate
system whose origin is at the CoM of M . Then, the gravitational acceleration r̈ describes
the force exerted on an object (e.g., artificial satellite) with unity mass by a central body
of mass M (e.g., Earth) at a distance l. Instead of using the vector representation, the
gravitational acceleration in Equation (3.5) can be represented as the gradient of a scalar
function (r̈ = ∇V ), yielding the gravitational potential

V = GM

l
. (3.6)

As the Earth’s gravity field is determined by an inhomogeneous mass and density distribution
inside the system Earth, the gravitational potential cannot be computed by integrating
Equation (3.6) over the Earth surface. However, the gravitational potential of the Earth V ,
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representing a harmonic function outside the Earth’s surface and thus satisfying Laplace’s
equation, can be expressed as a series of spherical harmonics (Kaula, 1966; Heiskanen and
Moritz, 1967):

V (r, θ, λ) = GM

R

∞
n=0

n
m=0


R

r

n+1
(cnmCnm(θ, λ) + snmSnm(θ, λ)). (3.7)

Therein, the spherical (geocentric) coordinates r, θ, λ denote the radius, co-latitude and
longitude w.r.t. the Earth fixed reference system, respectively. The constants R and GM

are the Earth’s reference radius, and the gravitational parameter of the Earth (GM =
3.9860044150 × 1014 m3s−2), defined as the product of the gravitational constant G and the
mass of the Earth M . cnm and snm are the normalized spherical harmonic coefficients of
degree n and order m, describing the global structure and irregularities of the Earth’s gravity
field in the spectral domain. Cnm and Snm are the normalized base functions - or surface
spherical harmonics - defined as

Cnm(θ, λ) = cos(mλ)P̄nm(cos θ), (3.8)

Snm(θ, λ) = sin(mλ)P̄nm(cos θ), (3.9)

with the 4π-normalized associated Legendre functions of the first kind P̄nm.

Based on the formulation as a series of spherical harmonics in Equation (3.7), numerical
values for the spherical harmonic coefficients cnm and snm can be determined. In practice,
the series in Equation (3.7) is truncated at a maximum degree nmax, defining the spatial
resolution of the gravity field. The process of coefficient determination, denoted as “gravity
field recovery”, from GRACE observations is described in Section 3.4.

The acceleration due to the gravity field of the Earth g is defined by the gradient of the
gravitational potential V

g(r, θ, λ) = ∇V (r, θ, λ). (3.10)

3.2.1 Degree amplitudes
In order to analyze and compare different models of the Earth’s gravity field in the spectral
domain, degree variances or amplitudes are commonly used to evaluate the accuracy of the
gravity field models.

The signal degree amplitudes are defined as the square root of the signal degree variances

σn =

σ2

n =

 n
m=0

(c2
nm + s2

nm). (3.11)

Based on Equation (3.11), the difference degree amplitudes are given by

∆σn =

 n
m=0

(∆c2
nm + ∆s2

nm), (3.12)

3.2 Earth’s gravity field 23



Fig. 3.2.: Concept of degree amplitudes: Comparison of an arbitrary gravity field model (blue)
with a reference model (black) by means of signal (degree amplitudes), difference degree
amplitudes, and error degree amplitudes.

where ∆cnm = cnm − c′
nm and ∆snm = snm − s′

nm denote coefficient differences w.r.t.
another model (c′

nm, s
′
nm). Hence, the difference degree amplitudes can be used as a

measure of consistency between two gravity field solutions (cf. Fig. 3.2).

The error degree amplitudes or formal errors, follow Equation (3.11), with the spherical
harmonic coefficients being replaced by their error estimates (σ̂(cnm), σ̂(snm))

σ̂2
n =

 n
m=0

(σ̂2(cnm) + σ̂2(snm)). (3.13)

Figure 3.2 illustrates the concept of degree amplitudes by comparing an arbitrary gravity
field model with a reference model by means of degree amplitudes.

3.2.2 Equivalent water height
The Earth’s gravity field underlies time-dependent changes due to mass re-distributions
within the system compartments. Since most of the gravity changes are caused by changes
in water storage, these mass variations can be interpreted as a thin layer of water thickness
changes near the Earth’s surface (Wahr et al., 1998). Thus, another method to analyze
gravity field models in the spatial domain, is to represent differences or temporal changes in
the spherical harmonic coefficients ∆cnm and ∆snm in terms of changes of the equivalent
water height (EWH). It is common to use a static gravity field model (e.g., GOCO05s) as
reference, to represent the changes in the spherical harmonic coefficients of temporal mean
gravity field models (e.g., ITSG-Grace2016).
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The height changes of equivalent water columns can be related to temporal changes in the
Earth’s gravity field as (Wahr et al., 1998)

∆EWH(θ, λ) = M

4πR2ρw

∞
n=1

n
m=0

1 + k′
n

2n+ 1(∆cnmCnm(θ, λ) + ∆snmSnm(θ, λ)), (3.14)

where ρw denotes the average density of water (∼ 1025 kg/m3). k′
n are the degree-dependent

load Love numbers, representing the contribution of the indirect loading effect due to mass
re-distributions.

3.2.3 Gaussian filter
GRACE derived monthly gravity field models, represented in terms of spherical harmonic
coefficients, contain different types of errors. A part of these errors is caused by correlated
and high-frequency noise due to anisotropic spatial sampling of the mission, instrumental
noise (KBR, GPS, ACC, SCA), and temporal aliasing caused by the incomplete reduction of
short-term mass variations by models (e.g., Dobslaw et al., 2017). In the spatial domain,
these errors in the spherical harmonic coefficients manifest themselves as typical north-south
“striping patterns”. In order to reduce the noise (or striping), smoothing filters need to be
applied to GRACE derived monthly gravity field solutions. In the spectral domain, this can be
done by applying a filter matrix W to the spherical harmonic coefficients to derive smoothed
coefficients:

xs = Wx = W

cnm

snm


. (3.15)

Alternatively, the GRACE solutions can be filtered by convolving a filter kernel in the spatial
domain. In general, two types of filters are distinguished: (1) isotropic and (2) anisotropic fil-
ters. Isotropic filters are degree-dependent in the spectral domain, i.e. W in Equation (3.15)
becomes a diagonal matrix, and independent of direction in the spatial domain. The most
common isotropic filter applied to GRACE monthly gravity field solutions is the Gaussian
smoothing filter (Jekeli, 1981) (cf. Section 8). It acts as a spatial low-pass filter on the spheri-
cal harmonic coefficients with the resulting solutions being essentially spatially averaged over
the filter-defined smoothing radius (cf. Fig. 3.3). In contrast, anisotropic filters (e.g., DDK
filter (Kusche et al., 2009)) are degree and order dependent in the spectral domain and
location dependent in the spatial domain. For more details on filters, the reader is referred
to e.g., Wahr et al. (1998), Jekeli (1981), Kusche (2007), and Kusche et al. (2009).

Fig. 3.3.: Unfiltered (left) and Gaussian filtered (right) EWHs for April 2014 (ITSG-Grace2016). The
EWHs are given in cm, with the static GOCO05s, trend, annual and semiannual signals
removed.
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3.3 Non-gravitational accelerations
The non-gravitational accelerations acting upon low altitude satellites, such as GRACE, are
caused by atmospheric drag, solar radiation pressure and Earth radiation pressure:

r̈NG = r̈drag + r̈SRP + r̈albedo. (3.16)

These non-gravitational accelerations are significantly smaller than the major gravitational
accelerations caused by the Earth’s gravity field (cf. Fig. 3.1). For LEOs, the non-conservative
accelerations are dominated by atmospheric drag and solar radiation pressure; the mag-
nitudes of the individual compartments are mainly depending on the satellite’s current
position with respect to the Earth and Sun, its attitude, velocity, shape, mass, cross-surface
area and surface properties. In along-track direction, the main contribution to the non-
conservative acceleration is caused by atmospheric drag (cf. Section 3.3.1), pointing always
in opposite direction of the satellites motion causing a permanent de-acceleration of the
satellite. Whereas, in cross-track and radial direction, the accelerations are composed of
different components, with the magnitudes strongly depending on the orbital configuration
(cf. Section 7.1.4, cf. Fig. 7.5).

GRACE Macro Model: The GRACE Macro Model, a 9-plate model, represents the satellites
complex geometry by flat surface elements, and is given in the GRACE Product Specification
Document (Bettadpur, 2010). It contains the surface properties and geometry of the GRACE
satellites; which are identical for both spacecraft. For more details on the GRACE Macro
Model, see Appendix B.

The individual forces (atmospheric drag, SRP, albedo), and the basic equations used for the
modeling of the non-gravitational accelerations are described in the following. To model
the non-gravitational accelerations realistically, the geometry and surface properties of the
two GRACE satellites have to be taken into account. Therefore, the described formulae for
acceleration modeling refer to the individual surface elements of the GRACE Macro Model.
To obtain the total non-gravitational acceleration acting upon the satellite, the individual
contributions of atmospheric drag, SRP, and albedo for each of the 9 surface elements have
to be added (cf. Section 3.3.4).

3.3.1 Atmospheric drag
Atmospheric drag is the force acting on the satellite’s surface caused by its interaction with the
surrounding atmosphere; it represents the predominant non-gravitational perturbation acting
on LEOs. The atmospheric drag is always directed opposite to the velocity of the satellite
motion, hence de-accelerating the satellite. Lift and binormal forces, acting perpendicular to
the satellite’s relative velocity causing minor perturbations, can be neglected (Montenbruck
and Gill, 2001).

The acceleration due to atmospheric drag is obtained by

r̈drag,i = −1
2cD

Ai

m
ρ(r)ṙ|ṙ|, (3.17)
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with its magnitude depending on the drag coefficient cD, the atmospheric density ρ at the
satellite’s position r, the relative velocity of the satellite with respect to the atmosphere ṙ,
the cross-sectional area A of the surface element i, and the satellite mass m. The drag
coefficient cD is a dimensionless quantity, describing the interaction of the satellite’s surface
material with the atmosphere; for GRACE a constant value of 2.4 is approximated. For the
relative velocity of the satellite it is assumed that the atmosphere co-rotates with the Earth
(Montenbruck and Gill, 2001), and both vertical and horizontal winds are neglected. The
cross-sectional area Ai is provided by the GRACE Macro Model (cf. Appendix B). For a more
realistic drag modeling, the satellite-specific mass m is not assumed to be constant, but
derived from the MAS1B data product (cf. Section 2.5.2). The MAS1B data product contains
the total satellite mass in kilograms, based on thruster firings and/or gas tank readings.

There exist several atmospheric models, such as the Drag Temperature Model 2013 (DTM2013;
Bruinsma, 2014), the Jacchia-Bowman 2008 (JB2008; Bowman et al., 2008), and the
NRLMSISE-00 (Picone et al., 2002), which deliver two fundamental quantities: (1) the
atmospheric density, and (2) the ambient air temperature. Here, the DTM2013 and JB2008
models are used to obtain atmospheric density values ρ (cf. Section 3.3.5). For GRACE,
the atmospheric drag modeling seems to be a limiting factor in accelerometer modeling,
especially for later time periods with a constantly decreasing satellite altitude. Therefore,
this topic is discussed further in Section 7.1.4.

In general, accurate modeling of the atmospheric drag is difficult for several reasons: (1) the
density of the upper atmosphere and its variations are not very accurately known, (2) drag
modeling requires a detailed knowledge of the interaction of the satellite’s different surfaces
with the surrounding atmosphere, and (3) the varying attitude and altitude of the satellite
have to be taken into account (Montenbruck and Gill, 2001). Hence, especially the numerical
values used for the density ρ, and the drag coefficient cD in Equation (3.17) are a major
source of uncertainty in modeling the accelerations due to atmospheric drag.

3.3.2 Solar radiation pressure
Solar radiation pressure is the force acting on the satellite’s surface caused by its interaction
with the incident sunlight, i.e. the absorption and/or reflection of photons (cf. Fig. 3.5).
Aside from the gravitational forces and the atmospheric drag, the solar radiation pressure
has a significant influence on LEOs.

In a first step, the size of the incoming solar radiation pressure acting on a sunlit surface is
modeled according to

P⊙ = ν · 1AU2

r2
⊙

Φ
c
. (3.18)

The solar radiation pressure P⊙ is determined by the incident solar flux Φ divided by the
velocity of light c. In a distance of 1 Astronomical Unit (1 AU = 149 597 870 700 m) from
the Sun - in the vicinity of the Earth - the solar flux has a value of Φ ∼ 1367 W/m2 (McCarthy,
1996). For realistic SRP modeling, the varying distance of the satellite from the Sun r⊙

is taken into account by applying the inverse square law, i.e. the solar radiation pressure
increases with a decreasing Sun-satellite distance. The shadow function ν determines the
eclipse conditions, whether the satellite is in Earth’s umbra (ν = 0), penumbra (0 < ν < 1),
or in full sunlight (ν = 1). Therefore, it directly influences the magnitude of the solar
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Penumbra

Penumbra

Umbra

Fig. 3.4.: Conical shadow model according to Montenbruck and Gill (2001)

radiation pressure. For the shadow function a simple conical shadow model (Montenbruck
and Gill (2001); cf. Fig. 3.4) is used, which computes the eclipse conditions for both the
Earth and the Moon.

In a second step, the actual acceleration on the individual surface element i due to solar
radiation pressure is obtained by

r̈SRP,i = P⊙
Ai

m
cos(θi) [(εabs,i)e⊙ − (2εrefl,i cos(θi))ni − (2

3εdiff,i)ni], (3.19)

with
cos(θi) = −nT

i · e⊙. (3.20)

In Equation (3.19), Ai denotes the cross-section area of surface element i, m denotes the
satellite mass, e⊙ denotes the unit vector pointing from the satellite to the Sun, and ni

denotes the unit normal vector of the surface element i. The cosine of the angle between the
surface normal vector ni and the direction to the Sun e⊙ is represented by cos(θi). If cos(θi)
is negative, the surface element i is not illuminated by the Sun, and thus the acceleration
due to solar radiation pressure becomes zero. Otherwise, one part of the incoming solar
radiation is absorbed, and the other part is reflected. Basically, three types of radiation
pressure forces occur simultaneously: (1) absorption, (2) specular reflection, and (3) diffuse
reflection (cf. Fig. 3.5). The corresponding absorptivity and reflectivty coefficients ε of the
individual surface elements i satisfy the following condition

εabs,i + εrefl,i + εdiff,i = 1. (3.21)

For GRACE SRP modeling, the cross-section area Ai, the unit normal vector ni and the
reflectivity coefficients εabs,i, εrefl,i, εdiff,i are derived from the GRACE Macro Model (cf. Ap-
pendix B). The satellite mass is derived from the MAS1B data product (cf. Section 2.5.2).

(a) absorption (b) specular reflection (c) diffuse reflection

Fig. 3.5.: Three basic types of radiation pressure forces: (a) absorption, (b) specular reflection, and
(c) diffuse reflection. Interaction between incoming radiation (red) and satellite surface
element (blue), and the resulting radiation pressure force vectors (black).
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3.3.3 Earth radiation pressure - Albedo
The Earth radiation pressure (albedo) is the force acting on the satellite’s surface caused
by its interaction with the radiation re-emitted by the Earth. Compared to the direct solar
radiation pressure, the albedo only causes a small perturbation on the satellite (∼ 10 − 35%
of the acceleration due to solar radiation pressure (Knocke et al., 1988); cf. Fig. 3.1), which
acts strongest in radial direction. In connection with Earth’s albedo, two components are
distinguished: (1) the shortwave visible radiation, and (2) the longwave infrared (IR)
radiation. The shortwave radiation results from the portion of incoming shortwave solar
radiation, which is reflected back to space by the Earth’s surface or clouds. Therefore, the
shortwave albedo is only emitted by the daylight side of the Earth and may vary significantly
depending on surface characteristics and cloud coverage. Whereas, the longwave part of
the re-emitted radiation results from the portion of direct solar radiation, that has been
absorbed by the Earth’s surface and is re-emitted to space as IR radiation. Hence, the
longwave albedo always acts on the spacecraft. The total acceleration due to albedo, acting
on one satellite surface element i, is given by the sum of all shortwave (r̈albedo(VIS),i) and
longwave (r̈albedo(IR),i) accelerations:

r̈albedo,i = r̈albedo(VIS),i + r̈albedo(IR),i. (3.22)

Subsequently, the modeling of the perturbing accelerations caused by shortwave and long-
wave albedo are described in more detail.

Shortwave albedo (visible)

The incoming shortwave albedo acting on a satellite surface i is determined according to

P Vis
⊗,k = 1

πr2
sat,k

cos(αk)δkP⊙,k cos(ϕk)∆Ωk, (3.23)

with
cos(ϕk) = nk · e⊙

⊗,k, (3.24)

cos(αk) = nk · e⊗,k. (3.25)

In Equation (3.23), the amount of shortwave Earth radiation pressure P Vis
⊗,k received by

the satellite depends, firstly, on the incoming solar radiation pressure P⊙,k arriving at the
Earth’s surface element k, the surface element area ∆Ωk, and the angle of the incident
solar radiation cos(ϕk) (i.e., the angle between the surface element normal vector and the
direction to the Sun). Assuming a Lambertian reflection - a perfectly diffuse reflection with
the reflection being independent of the incident angle of the incoming radiation (cf. Fig. 3.6)
- the incoming radiation pressure P Vis

⊗,k depends, secondly, on the mean reflectivity δk of the
surface element k, the angle of the reflected radiation cos(αk) (i.e., the angle between the
surface element normal vector and the Earth-satellite direction), and the distance to the
satellite rsat,k; with the pressure decreasing proportional to the square of the distance from
the reflecting source. To determine the shortwave albedo, a surface model of the Earth,
which describes the reflectivity properties of the Earth’s surface, is needed. For this purpose,
the CERES (Clouds and Earth’s Radiant Energy System) model (Wielicki and Barkstrom,
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1996) is used. The CERES model is a mean global surface albedo model providing mean
reflectivity values δk for each surface element k on a global grid (cf. Section 3.3.5).

The resulting acceleration due to shortwave albedo (from one surface element k on one
satellite surface element i) is derived in the same way as for the solar radiation pressure
(cf. Eq. (3.19)), yielding

r̈albedo(VIS),i,k = P Vis
⊗,k

Ai

m
cos(θi) [(εabs,i)e⊗,k − (2εrefl,i cos(θi))ni − (2

3εdiff,i)ni], (3.26)

with
cos(θi) = −nT

i · e⊗,k. (3.27)

By summing up all Earth’s surface elements k, which are visible to the satellite, the accelera-
tion for one surface element of the satellite i is obtained by

r̈albedo(VIS),i =


k

r̈albedo(VIS),i,k. (3.28)

Longwave albedo (IR)

The acceleration due to the second constituent of the Earth albedo, the longwave albedo, is
basically derived in the same way as for the shortwave albedo (cf. Eqs. (3.23), (3.25), (3.26),
and (3.27)). The incoming longwave albedo acting on a satellite surface i is determined
according to

P IR
⊗,k = 1

4πr2
sat,k

cos(αk)εk∆Ωk. (3.29)

Compared to Equation (3.23), the IR radiation pressure P IR
⊗,k received by the satellite is

independent of the incoming solar radiation (at the Earth’s surface), and only depends on
the mean emissivity εk of the surface element k, the angle between the surface element k
and the satellite cos(αk) (cf. Eq. (3.25), cf. Fig. 3.6), and the distance to the satellite rsat,k.
As the IR radiation is a near isotropic re-emission of the direct solar radiation absorbed
by the Earth, the factor 1

πr2
sat,k

in Equation (3.23), representing the irradiated Earth cross-

section, is replaced by 1
4πr2

sat,k

, representing the total radiating Earth surface. To determine

the longwave albedo, the mean emissivity values εk for each Earth surface element k are
again derived from the CERES model (Wielicki and Barkstrom (1996); cf. Section 3.3.5),
representing a mean global surface albedo model.

Fig. 3.6.: Albedo surface model: incident (e⊗,k
⊙ ) and reflected (e⊗,k) radiation
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The acceleration due to longwave albedo (from one surface element k on one satellite surface
element i) is given by (cf. Eq. (3.26))

r̈albedo(IR),i,k = P IR
⊗,k

Ai

m
cos(θi) [(εabs,i)e⊗,k − (2εrefl,i cos(θi))ni − (2

3εdiff,i)ni]. (3.30)

The sum over all Earth’s surface elements k gives the total acceleration for one surface
element i of the satellite

r̈albedo(IR),i =


k

r̈albedo(IR),i,k. (3.31)

3.3.4 Total non-gravitational accelerations
The total non-gravitational acceleration acting on the satellite due to atmospheric drag,
solar radiation pressure and albedo is given by the sum over all compartments and surface
elements i:

r̈NG =


i

r̈drag,i +


i

r̈SRP,i +


i

r̈albedo,i. (3.32)

For more details on the formulae used for the non-gravitational acceleration modeling, the
reader is referred to Montenbruck and Gill (2001) and Frommknecht (2008).

3.3.5 Atmospheric density & Albedo models
Table 3.1 summarizes the individual models and constants used for the modeling of the
non-gravitational surface forces acting on the GRACE satellites (cf. Sections 3.3.1, 3.3.2, and
3.3.3). The surface elements of the satellites, including geometry and surface properties, are
modeled according to the GRACE Macro Model (Bettadpur, 2010, cf. Appendix B).

Tab. 3.1.: Models and constants used for the modeling of the non-gravitational forces.

Model Constants

Atmospheric drag DTM2013 a drag coefficient (cD = 2.4)

JB2008 b drag coefficient (cD = 2.4)

Solar radiation pressure - c solar flux at 1 AU (Φ ≈ 1367 W/m2)

Earth albedo CERES d -

aDrag Temperature Model 2013 (Bruinsma, 2014)
bJacchia-Bowman 2008 (Bowman et al., 2008)
cShadow function modeled according to Montenbruck and Gill (2001)
dClouds and the Earth’s Radiant Energy System (Wielicki and Barkstrom (1996);

Rodríguez-Solano et al. (2009))
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DTM2013 and JB2008 Model: Both models, DTM2013 and JB2008, are used to obtain
the atmospheric densities along the GRACE orbits, which are needed for the modeling of
the atmospheric drag (cf. Section 3.3.1). Note that the JB2008 is only used from June 20,
2015 onward, as the DTM2013 is currently not available for subsequent time periods
(cf. Fig. 3.7).

Figure 3.7 illustrates the temporal evolution of the atmospheric densities from April 2002 to
June 2017, derived from the DTM2013 and JB08 model.

Fig. 3.7.: Temporal evolution of the atmospheric density for GRACE-A from April 2002 to June 2017
derived from DTM2013 (blue) and JB2008 (red) models. Note that the atmospheric densities
are displayed on a logarithmic scale.

CERES Model: The reflectivity and emissivity coefficients needed for albedo modeling
(cf. Section 3.3.3) are derived from CERES data (Wielicki and Barkstrom, 1996). Based on
the monthly means of the CERES data, a model containing mean reflectivity and emmisivity
values for each month of the year (on a 2.5◦ × 2.5◦ grid) is derived (Rodríguez-Solano
et al. (2009), cf. Fig. 3.8). This simplification is justified as the impact on the modeled
non-gravitational accelerations is very small (not shown here).

Figure 3.8 exemplarily shows the mean reflectivity values and the mean emissivity values of
the Earth’s surface for the month of July, derived from CERES data.

Fig. 3.8.: CERES model: Mean reflectivity (left) and emmissivity (right) for the month of July derived
from 10 years (2000-2009) of CERES data (Rodríguez-Solano et al., 2009; Wielicki and
Barkstrom, 1996)
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3.4 Gravity field determination
There exist several methods and concepts to derive the Earth’s gravity field and its temporal
variations from satellite observations (Johannessen et al., 2003). Within this thesis, the
main focus is put on the gravity field recovery from GRACE data, i.e. the exploitation of the
concept of ll-SST and hl-SST for the estimation of temporal gravity field models.

The GRACE mission (cf. Section 2) enables the determination of the Earth’s static and
temporal gravity field with unprecedented accuracy. Therefore, it allows to monitor mass
variations within the system Earth. The primary observable of GRACE is the (biased)
range (ρ) between the two satellites, which is continuously measured by the on-board
KBR system tracking the relative motion of the two satellites. The corresponding range
rate (ρ̇) and range acceleration (ρ̈) are numerically derived by differentiation (Thomas,
1999; Kim, 2000). For a successful recovery of the Earth’s gravity field, one of the primary
observation quantities (range, range rates, range accelerations) needs to be be connected to
the gravitational potential V (cf. Section 3.2) or any other functional of the gravitational
potential. Generally, various approaches exist to derive global mean and time-variable gravity
field models (i.e., spherical harmonic coefficients) from GRACE. The most common and
successful approaches are: (1) the classical variational equation approach (Reigber, 1989;
Tapley et al., 2004), (2) the celestial mechanics approach (Beutler et al., 2010), (3) the
integral equation approach (Schneider, 1968; Mayer-Gürr, 2006), and (4) the acceleration
approach (Rummel, 1979). All four approaches are based on Newton’s equation of motion
(cf. Eq. (3.1)). Variants of the classical variational equation approach are used by the
official processing centers (CSR, JPL, GFZ) to produce the official releases of static and
monthly GRACE gravity field solutions. The most recent GRACE-derived gravity field models
were published by e.g., Bettadpur (2012), Dahle et al. (2013), Meyer et al. (2016), and
Mayer-Gürr et al. (2016b). All methods feature solutions with comparable quality. However,
differences occur due to different error characteristics of the used primary observation
quantity and the propagation of the observation errors through the processing chain.

Here, the focus is on the variational equation approach, which has been successfully utilized
to derive the latest ITSG-Grace releases, including the ITSG-Grace2014 (Mayer-Gürr et al.,
2014) and the ITSG-Grace2016 (Klinger et al., 2016; Mayer-Gürr et al., 2016a) release.
Previous releases, such as the ITG-Grace03 (Mayer-Gürr, 2007) and ITG-Grace2010 (Mayer-
Gürr et al., 2010), were based on the integral equation approach (Mayer-Gürr, 2006).
Compared to other common approaches, the particular characteristics of the integral equation
approach are the use of short-arcs to avoid the accumulation of modeling errors, and the
consideration of correlated errors between the observations.

The basic principles of the variational equation approach are presented in the following. For
a detailed description of the variational equations, the reader is referred to e.g., Montenbruck
and Gill (2001) and Bettadpur and McCullough (2017).
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3.4.1 Variational equations
Integration of the equation of motion (cf. Eq. (3.1)), which represents a second order
differential equation, yields

ṙ(t) = ṙ0 +
 t

t0

f(t′, r(t′))dt′, (3.33)

r(t) = r0 + ṙ0t+
 t

t0

(t− t′) · f(t′, r(t′))dt′. (3.34)

Equation (3.34) represents an initial value problem. The position r(t) at any epoch t is
only dependent on six initial parameters, i.e. the position and velocity of the satellite
at the beginning of the integration. The relation to the unknown spherical harmonic
coefficients (cnm, snm) is given implicitly through the force function f . The variable t′ ∈ [t0, t]
denotes the variable of integration.

The position and velocity of a satellite at a epoch t are given by the state vector

y(t) =

r(t)

ṙ(t)

 . (3.35)

The initial state y(t0) = [r0 ṙ0]⊺ is defined by the position and velocity of the first epoch t0.
Any change of these initial values results in a change of all positions and velocities at any
later epoch t along the orbital arc. This relation is described by the state transition matrix, i.e.
by the partial derivatives with respect to the initial state (Montenbruck and Gill, 2001):

Φ(t, t0) =

∂y(t)
∂y(t0)


6×6

. (3.36)

Aside from the initial state, the orbit also depends on two types of parameters: (1) the
force model parameters p = [cnm, snm, . . . ]⊺ - determining the different forces acting on
the satellite, and (2) the measurement model parameters q - including e.g., bias values,
misalignments. These dependencies are described by the sensitivity matrices, i.e. by the
partial derivatives with respect to the force model and measurement model parameters:

Sp(t) =

∂y(t)
∂p


(6×np)

, (3.37)

Sq(t) =

∂y(t)
∂q


(6×nq)

. (3.38)

In simplified notation, the variational equations are given by

r(t)

ṙ(t)


  

y(t)

=


∂r(t)
∂p

∂r(t)
∂q

∂r(t)
∂r0

∂r(t)
∂ṙ0

  
Sp

∂ṙ(t)
∂p   

Sq

∂ṙ(t)
∂q   

Φ

∂ṙ(t)
∂r0

∂ṙ(t)
∂ṙ0




p

q

r0

ṙ0


  

x

, (3.39)
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where y(t) denotes the state vector, A = [Sp Sp Φ] denotes the design matrix - representing
the partial derivatives of the state with respect to the parameters, and x = [p q r0 ṙ0]⊺ de-
notes the vector of unknown parameters. However, the partial derivatives in Equation (3.39)
are complicated by the fact that the specific force function f , appearing in the equations for
both position and velocity, is again dependent on the position r(t).

For details on numerical integration methods, the set up of the differential equations for the
state transition matrix and sensitivity matrix, and methods for solving a system of variational
equations, the reader is referred to Montenbruck and Gill (2001).

The observation equations for all other types of observations (e.g., KBR observations, SLR,
etc.) can be derived from the variational equations and realized as simple matrix multi-
plication (cf. Eq. (3.39)). In the case of GRACE, the observation equations are composed
of positions and KBR range rate observations. To derive the observation equation for KBR
range rate observations (ρ̇), the relative velocity vector ṙAB is projected along the LOS eAB

between the two GRACE satellites:

ρ̇(t) = eAB(t) · ṙAB(t), (3.40)

Aρ̇ = ∂ρ̇

∂x = ∂ρ̇

∂ṙ
∂ṙ
∂x . (3.41)

Following from Equation (3.39), a system of linearised observation equations can be estab-
lished trough

l = Ax + e, (3.42)

where l = (r, ρ̇)⊺ represents the reduced observations, composed of satellite positions and
KBR range rate observations. The unknown parameters are represented by the vector x,
denoting the spherical harmonic coefficients, initial values and other force and measure-
ment model parameters, respectively. The design matrix A is composed of the partial
derivatives with respect to the unknown parameters, as shown in Equation (3.39). The
vector e denotes the error vector. The system of equations is solved by a least squares adjust-
ment (LSA; cf. Section 3.5). For GRACE, every day of a month represents a partial system
of observation equations, which are block-wise accumulated to build the whole system of
observation equations. From this follows, that for each day a set of initial conditions are
adjusted. In order to account for different observation accuracies separate variance factors
are estimated for individual arcs, which represent a shorter sub-daily period of e.g., 3 hours,
by means of a variance component estimation (VCE; cf. Section 3.6) procedure (Koch and
Kusche, 2001).

3.5 Least squares adjustment
In the field of satellite geodesy, Least Squares Adjustments (LSAs) are commonly used to
determine the best linear unbiased estimate (BLUE; e.g., Koch (1999), Meissl (1982), and
Niemeier (2008)) of parameters from an overdetermined system of observation equations.
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Within this thesis, the principles of LSA are applied to estimate: (1) improved attitude
quaternions based on the sensor fusion approach (cf. Section 6), (2) calibration parameters
for the GRACE accelerometer data (cf. Section 7), and (3) monthly sets of spherical harmonic
coefficients from GRACE observations (cf. Section 3.4).

In a LSA, the unknown parameters are estimated from the observations based on a functional
and a stochastic model. The relation between observations and unknown parameters can be
expressed as system of equations in the form of

l = Ax + e with Σ(l) = σ2
0P−1, (3.43)

where l denotes the observations (number of observations n > number of unknowns u),
x denotes the unknown parameters, and the design matrix A contains the partial derivatives
of the functional model w.r.t. the unknown parameters (A = ∂f(x)/∂x). The stochastic
model describes the observation errors, and is characterized by the variance covariance
matrix of the observations Σ(l). This matrix is derived from the inverse of the weight
matrix P, containing the accuracies of the observations, and the a priori variance factor σ2

0 .
By adding the residual vector e, random errors in the observations are taken into account.
Thus, a consistent system of observation equations is obtained. Equation (3.43) represents
the general formulation of a Gauß-Markov Model.

In most cases, the observation equations are non-linear. Therefore, the functional model f(x),
describing the relationship between l and x, has to be linearized. The linearization is
achieved by a first-order Taylor series approximation with respect to the unknown parame-
ters x:

l − l0 = ∂f(x)
∂x


x0

(x − x0) + e, (3.44)

evaluated at the approximate values of the unknown parameters x0. In Equation (3.44),
the right-hand term l − l0 denotes the residual parameters, and the term x − x0 denotes
the residual parameters. Hereinafter, a linear or linearized system of equations is assumed.
Hence, in the case of a linearized system, the parameter vector x := x−x0 represents residual
parameters and the observations vector l := l − l0 represents residual observations.

By minimizing the squared residuals in the L2-norm

e⊺Pe → MIN!, (3.45)

the overdetermined system of equations in Equation (3.43) can be solved in a least squares
sense

x̂ = (A⊺PA)−1 A⊺Pl. (3.46)

Therein, x̂ denotes the statistical estimate of the parameter vector x, or the improvements to
the approximate values x0. Equation (3.46) can be rewritten as

x̂ = N−1n with N = A⊺PA and n = A⊺Pl, (3.47)

with the normal equation matrix N and the right-hand side vector n.
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The a posteriori variance factor

σ̂2
0 = ê⊺Pê

n− u
with ê = l − l̂ = l − Ax̂, (3.48)

is an estimator for the common variance level of the observations. Therefore, it can be
used as a plausibility check for the a priori assumptions made (cf. Eq. (3.43)). In reality,
the accuracies of the observations are usually not exactly known and often more than one
set of observations (e.g., k observation groups lk with different accuracies) is used. In that
case, the variance factors can be approximated in an iterative LSA analyzing the post-fit
residuals ê (e.g., by means of VCE, cf. Section 3.6).

The stochastic behavior of the estimated parameters x̂ is represented by the variance
covariance matrix, defined as

Σ(x̂) = σ̂2
0N−1. (3.49)

3.6 Variance component estimation
VCE enables the estimation of different levels of accuracies for multiple inhomogeneous
observation groups. If different types of observations (e.g., quaternions and angular accel-
erations, range rates and positions) and thus different levels of accuracies are combined
within one LSA, the proper relative weighting between the observation groups becomes
essential. Instead of relying on the a priori assumed accuracies, the relative weighting of
the observation groups is estimated iteratively from the observations themselves. For this
purpose, the method of VCE has been established. The following formulations are based on
the approach described by Koch and Kusche (2001).

Within the gravity field processing chain (cf. Section 4), the concept of VCE is applied
at different phases: (1) within the sensor fusion approach for the relative weighting of
different types of observations and for the outlier detection based on the estimated variances
(cf. Sections 6.3.1 and 6.3.3), and (2) within the gravity field recovery for the proper relative
weighting of the observation groups within individual arcs.

The total normal equation system
Nx̂ = n, (3.50)

is accumulated by the weighted sum of the individual normal equations

N =


k

1
σ̂2

k

Nk =


k

1
σ̂2

k

A⊺
kPkAk,

n =


k

1
σ̂2

k

nk =


k

1
σ̂2

k

A⊺
kPklk,

(3.51)

where the index k denotes the kth group of observations. The unknown variance component
estimates σ̂2

k can be obtained by the best invariant quadratic unbiased estimation (Förstner,
1979). Thus, the variance component of one observations group k is given by

σ̂2
k = Ωk

rk
. (3.52)
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Therein, Ωk denotes the square sum of the residuals

Ωk = ê⊺
kPkêk = x̂⊺Nkx̂ − 2n⊺

kx̂ + l⊺kPklk, (3.53)

and rk the partial redundancy, i.e. the contribution of the observations and the prior
information to the overall redundancy. The partial redundancy is obtained from

rk = mk − 1
σ̂2

k

trace(NkN−1), (3.54)

where mk denotes the number of observations within one observation group. The total
redundancy


k rk = m− n is equal to the sum of the partial redundancies.

To allow for an estimation of the variance components, the estimated solution x̂ of the
LSA and the variance components σ̂2

k themselves are needed (cf. Eqs. (3.52), (3.53) and
(3.54)). Therefore, both, the solution of the normal equation system and variance component
estimation are done iteratively. Starting from approximate values, the estimation of the
variance components is iterated until convergence. Here, a threshold value for the relative
change in the a posteriori variance factor (cf. Eq. (3.48)) is used as convergence criterion,
as it is an estimator for the common variance level of the different observation groups. For
more details on the principles of VCE, the reader is referred to Koch and Kusche (2001).

3.6.1 Robust estimation of variance components
In order to consider outliers within the observation groups, a robust estimator, such as the
robust Huber M-estimator, can be used in combination with VCE.

A robust parameter estimation is an estimation which is insensitive to outliers in the observa-
tions. Hence, the method of LSA does not belong to the robust estimators, since minimizing
the sum of squares of the residuals leads to a blurring of the outliers (Koch, 1999). By
robust estimators, observations which may be distorted by outliers can be identified and
thus down-weighted within the LSA. In order to be robust, the adjustment is performed
iteratively with variable weights:

ŵi := w(êi) := Ψ(êi)
êi

, (3.55)

with Ψ denoting the influence function.

Within this thesis, the concept of VCE in combination with a slightly modified robust Huber
M-estimator is applied to the sensor fusion approach (cf. Section 6). The combination of VCE
(observation group weighting) with individual data weighting (M-estimation) enables not
only a relative weighting of the different inhomogeneous observation groups (quaternions,
angular accelerations), but also the simultaneous detection of large outliers or spurious data
within the individual observation groups.

Subsequently, the robust Huber M-estimator, the Danish method, and the estimator used
within this thesis are shortly introduced. The formulations are based on the principles of
robust parameter estimation described by Koch (1999).
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Robust Huber M-estimator

To derive the robust Huber M-estimator, a probability density function is chosen, which in the
middle consists of the normal distribution and at the tails of the Laplace distribution, a special
form of the exponential distribution (Koch, 1999). Thus, the Huber distribution (Huber,
1981) assumes the observations to be normally distributed within an interval [−cσ, cσ], and
following the Laplace distribution outside this interval. By this, outliers can be considered
by decreasing the influence of observations outside the predefined interval. The weights
proposed by Huber (1981) can be expressed as

ŵi =

1 for |êi| ≤ cσ
cσ

|êi|
for |êi| > cσ,

(3.56)

where the index i denotes the observation epoch, and c denotes a constant whose value
depends on the amount of outliers in the data (Huber, 1981). Commonly, c is chosen in
an interval between 1.5 and 3. The robust weights wi will decrease if the standardized
residual |êi| is outside the defined interval. In Huber’s robust M-estimation, the observations
are iteratively re-weighted by the weights derived according to Equation (3.56), i.e. no
outliers are removed but the weights of the outliers will decrease until convergence.

Danish method

Instead of the weights proposed by Huber (1981), the Danish method (Krarup et al., 1980;
Kubik et al., 1985), which is also frequently applied, uses

ŵi =

1 for |êi| ≤ 2σ

e−kê2
i for |êi| > 2σ,

(3.57)

where k denotes a constant. For more details on robust estimators, the reader is referred to
e.g., Koch (1999).

Modified Huber M-estimator

In order to allow for an outlier detection within the sensor fusion approach (cf. Section 6),
the concept of VCE (cf. Section 3.6) is extended by robust estimation. For this purpose, the
VCE is combined with a slightly modified version of the Huber M-estimator, which is based
on a combination of the Huber M-estimator with the Danish method (cf. Eq. (3.56) and
(3.57)). The robust variances can be written as

σ̂i =


σ̂k for σ̂i


Ωi/ri ≤ cσ̂k

σ̂k ·


σ̂i


Ωi/ri

cσ̂k

1.5

for σ̂i


Ωi/ri > cσ̂k.

(3.58)

Therein, σ̂i denotes the empirical variance at observation epoch i (within one observation
group k), and σ̂k denotes the variance component of the observation group k derived by
means of VCE. The constant is set to c = 2.5. In contrast to Equation (3.56), the formula is
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extended by the exponent 1.5. This modification allows for a more rigorous outlier detection
within the observation groups, and thus guarantees that not only large blunders, but also
smaller outliers are identified, and are down-weighted accordingly. If the empirical variance
differs significantly from the value of the variance component, a new weight based on both
the empirical variance and the variance component is assigned to the observation. The
decision on the significance of the difference is based on the modified Huber-M-estimator.
In a first step, the variance components are estimated according to Equation (3.52). In a
second step, the variance components (of suspicious observations, i.e. possible outliers)
are re-weighted by Equation (3.58). Both steps are done iteratively, using least squares
methodology.

This approach offers the following advantages: (1) there is no need for an a priori outlier
detection to remove bad or spurious observations, and (2) arcs with a small number of
observations can still be solved, since no observations are removed beforehand. The only
drawback of this method is that enough observations are needed in order to allow for a
reliable outlier detection.
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4Gravity field processing -
ITSG-Grace2016

The ITSG-Grace2016 release1 (Mayer-Gürr et al., 2016b), successor to the ITSG-Grace2014
release (Mayer-Gürr et al., 2014), comprises the latest GRACE only gravity field models
computed at the Institute of Geodesy (IfG) at the Graz University of Technology. Aside
from unconstrained monthly gravity field models, it also provides Kalman smoothed daily
solutions (e.g., Kurtenbach, 2011; Kvas et al., 2016). The current release covers the whole
GRACE time span, from April 2002 to June 2017. The ITSG-Grace2016 time series is
the working groups’ contribution to the European Space Agency (ESA) Climate Change
Initiative (CCI); since the temporal gravity field models are used as input for operational ice
mass balance products.

The following Sections give a - very general - overview of the gravity field processing chain
used to derive the monthly ITSG-Grace2016 gravity field models, with an emphasis on the
GRACE Level-1B data pre-processing. Section 4.1 shortly summarizes the data products
used as input for the GRACE gravity field recovery and/or for data pre-processing purposes.
Section 4.2 provides a general overview of the ITSG-Grace processing chain, i.e. the process
of deriving spherical harmonic coefficients from GRACE observations based on the variational
equation approach (cf. Section 3.4). Whereas, Section 4.3 outlines details of the Level-1B
data pre-processing methodologies, which are part of the ITSG-Grace2016 processing chain.
This also includes the introduction of some strategies for data resampling and data screening.
Section 4.4 introduces the GROOPS software package, used for the ITSG gravity field
recovery.

4.1 Input data
The ITSG-Grace2016 monthly gravity field models are computed from GRACE Level-1B RL02
data products (cf. Section 2.5), including the inter-satellite range-rates derived from the
K-Band link between the two satellites, attitude data from the star cameras, non-gravitational
accelerations measured by the accelerometer, and orbit information.

In addition to the official Level-1B orbit data products (cf. Section 2.5), kinematic orbits
computed at the IfG (Zehentner and Mayer-Gürr, 2015) are also part of the input data.
Prior to the actual gravity field recovery, the Level-1B data products are pre-processed
(cf. Section 4.3). From this an improved attitude data product and a calibrated accelerometer
data product are derived (cf. Sections 4.3, 6, and 7), which replace the official Level-1B star
camera and accelerometer data product (SCA1B, ACC1B) in the further recovery process.

1Available for download at: ifg.tugraz.at/ITSG-Grace2016
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4.2 Processing chain
The gravity field recovery from GRACE data is complex, and cannot be explained in full
detail here. Therefore, Figure 4.1 explains schematically the processing chain of the ITSG-
Grace2016 release. Based on the GRACE Level-1B input data and background models, the
monthly gravity field models are estimated in terms of spherical harmonic coefficients by an
iterative LSA using variational equations.

In a first step (1 in Fig 4.1), the GRACE Level-1B input data is pre-processed. The data
pre-processing includes data resampling to a common sampling interval of 5 seconds (cf. Sec-
tion 4.3.1), data screening (cf. Section 4.3.2), combination of angular accelerometer and
star camera data (cf. Section 6), and accelerometer data calibration (cf. Section 7). The
pre-processed GRACE Level-1B data serves as input for the gravity field recovery. In a second
step (2 in Fig 4.1), the observations equations are set-up and the LSA is solved iteratively.
An essential part is to integrate the variational equations and fit them to the kinematic orbits.
Details on the numerical orbit integration can be found in Ellmer and Mayer-Gürr (2017b).
Another important aspect is the observation weighting and noise modeling (Behzadpour et
al., 2017), which is done by applying the principles of VCE. As output (3 in Fig 4.1) one gets
the estimated spherical harmonic coefficients, representing an unconstrained GRACE-only
global monthly gravity field model of the Earth.

Details on the ITSG-Grace2016 processing chain can be found in e.g., Mayer-Gürr et al.
(2016a), Mayer-Gürr et al. (2016b), and Klinger et al. (2016).

Level-1B RL02 data products:

(ftp://podaac.jpl.nasa.gov/allData/grace/)

Kinematic orbits:

(ftp://ftp.tugraz.at/outgoing/ITSG/tvgogo/orbits/)

Gravity field recovery - ITSG-Grace:
Level-1B data pre-processing:1

Iterative LSA* - Variational equations:2

Level-2 data products:

(ftp://ftp.tugraz.at/outgoing/ITSG/GRACE/ITSG-Grace2016/)

Level-2 data products Level-1B data

Input data

(a)

(b)
Background models

*Iterative LSA:

3 1

JPL ACC1B, KBR1B, SCA1B, GNV1B

POD

THR1B, MAS1B, AHK1B, SOE

pre-processing

3

2 (b) 2 (a)

» Data screening
» Sensor fusion
» ACC1B data calibration

Monthly gravity field models

Set-up of equation system:
» Variational equations
» Numerical orbit integration

Observation weighting:
» Noise modeling
» VCE

Input data:

Fig. 4.1.: Schematic overview of the ITSG-Grace processing chain: gravity field recovery based on
ITSG-Grace2016 processing standards.
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4.3 Level-1B data pre-processing
The GRACE Level-1B data processing is part of the ITSG-Grace processing chain and can be
seen as an a priori processing of the official GRACE Level-1B RL02 data products, before they
are used as input for the actual recovery of the gravity field models (cf. Fig. 4.1). This Section
gives a general overview of the GRACE Level-1B data pre-processing step. Additionally,
Section 4.3.1 and 4.3.2 will introduce the most important aspects of data resampling and
data screening. The necessity of resampling and screening the input data prior to the actual
data pre-processing, depicted in Figure 4.2, is one aspect all pre-processing steps have in
common. The latter is of particular importance to identify anomalous data before being used
as input for data pre-processing and thus gravity field recovery.

Figure 4.2 shows a flowchart of the GRACE Level-1B data pre-processing: starting from
the input data the individual sub-modules, data streams, derived output data and mutual
dependencies between the modules are shown. The sub-modules represent the different
pre-processing methodologies applied to the GRACE Level-1B data products. The processing
chain to obtain pre-processed Level-1B data products can be roughly divided into three
individual modules or steps. These steps include: (1) the combination of accelerometer
and star camera data to derive an improved attitude data product (sensor fusion), (2) the
modeling of non-gravitational accelerations, and (3) the accelerometer data calibration. The
input data are the GRACE Level-1B RL02 science and housekeeping data products. The
resulting output data includes an improved attitude data product, modeled accelerometer
data, and a priori calibrated accelerometer data.

Legend:

SCA1B

ACC1B

GNV1B

MAS1B

Macro Model

ACC1B

Input data:

THR1B

Model Param.

ACCModeled

ACCCalibrated

SCAFusion
Sensor fusion:

ACC modeling:

ACC1B data calibration:

Level-1B data pre-processing:

Data screening

Gravity field recovery - Iterative LSA

Output data:

» Combination of angular
accelerations & quaternions

» Atmospheric drag
» Solar radiation pressure
» Albedo

» Biases
» Scale factors

Data pre-processing

Data stream

Iterative module

Output data

module

Input data/

Data resampling &
Data screening

Fig. 4.2.: Schematic overview of the GRACE Level-1B data pre-processing: flowchart of the data
stream among the individual sub-modules.
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The schematic overview given in Figure 4.2 serves as an introduction to subsequent Sections,
discussing the individual pre-processing methodologies in-depth. Details on the characteris-
tics of the improved attitude determination and accelerometer data modeling and calibration,
are given in Section 6 and Section 7, respectively. The characteristics of the GRACE attitude
determination, star camera and accelerometer data are discussed separately within Section 5.
The effects and benefits of the presented pre-processing methodologies on the recovered
temporal gravity field solutions are then further analyzed in Section 8.

4.3.1 Data resampling
The Level-1B science data products are resampled in order to guarantee a common sampling
interval of 5 seconds, and to interpolate small data gaps (up to a maximum predefined time
interval). Table 4.1 gives an overview of the resampling method used for the interpolation
of accelerometer, orbit and star camera data. Data gaps within the Level-1B KBR ranging
data are not interpolated.

Tab. 4.1.: Level-1B data resampling.

Data product Max. data gap Resampling method LSA*

ACC1B 10 sec polynomial interpolation (degree = 1) no

GNV1B 10 min polynomial interpolation (degree = 3) yes

SCA1B 10 min polynomial interpolation (degree = 1) no

*yes: LSA, no: degree+1 surrounding data points used for interpolation

The Level-1B housekeeping data products (cf. Section 2.5.2) are not edited, but used as
given. Note that not all Level-1B housekeeping data products are uniformly sampled (Case
et al., 2010).

4.3.2 Data screening
The purpose of data screening prior to the actual data pre-processing is to automatically
detect large blunders and outliers within the Level-1B science data products, as well as
to identify periods of possibly anomalous data quality. Therefore, the data screening is
divided into three independent steps: (1) threshold-based outlier detection tailored to the
(accuracy) characteristics of the different science data products, (2) identification of periods
with reduced data quality based on the information contained in the SOE, and (3) detection
of periods around yaw turns with non-nominal attitude characteristics.

Figure 4.3 shows time periods (on a monthly basis), in which data was screened out within
the GRACE data pre-processing due to specific satellite events (2, 3). Details on the individual
events highlighted in Figure 4.3, are given in the subsequent paragraphs.
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Fig. 4.3.: GRACE data screening: time periods with screened data from April 2002 to October 2017.

Threshold-based outlier detection

Within the Level-1B data pre-processing, a fully automated threshold-based outlier detec-
tion is done in order to minimize the amount of blunders and large outliers within the
Level-1B data products. The thresholds are defined empirically according to the accuracy
characteristics of the individual data products (cf. Sections 5.1 and 5.2). Depending on
the instrument-type and the data products available, one (or more) of the following three
methods is applied:

(1) median-based: |xi − x̃| ≥ threshold, (4.1)

(2) absolute value: |xi| ≥ threshold, (4.2)

(3) reference data: |xi − xi
ref| ≥ threshold. (4.3)

Therein, xi denotes arbitrary data derived from Level-1B data products at an epoch i,
xi

ref denotes reference data at the same epoch i, and x̃ represents the median value of the
data set. Methods (1) and (2) are chosen for data screening of Level-1B data products with
no reference data available, i.e. the outlier detection is based on the data itself. Blunders
within the data are identified by means of extreme values (1) or by deviations to the median
value (2). With additional reference data available, outliers are identified by analyzing the
differences between the data sets (3). If the differences exceed a predefined threshold, the
corresponding epochs are removed. For all three methods an arbitrary margin can be defined
to additionally remove epochs before and after the identified outliers.

Table 4.2 summarizes the threshold values and margins used for outlier detection within the
Level-1B data pre-processing.
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Tab. 4.2.: Level-1B data screening: Threshold-based outlier detection.

Data product Data type Threshold Margin

ACC1B angular accelerations |ai
y| ≤ 0.005 300 sec

|ai
z| ≤ 0.005 300 sec

ACC1B angular accelerations |ai
x − ãx| ≤ 8 · 10−4 300 sec

|ai
y − ãy| ≤ 8 · 10−4 300 sec

|ai
z − ãz| ≤ 8 · 10−4 300 sec

ACC1B linear accelerations |ai
x − ãx| ≤ 10−5 600 sec

|ai
y − ãy| ≤ 10−5 600 sec

|ai
z − ãz| ≤ 10−5 600 sec

ACCCalib, ACCModeled linear acceleration |ai
x,calib − ai

x,modeled| ≤ 10−6 150 sec

|ai
y,calib − ai

y,modeled| ≤ 10−6 150 sec

|ai
z,calib − ai

z,modeled| ≤ 10−6 150 sec

KBR1B, AOCFusion* antenna offset correction |AOCi
ρ − AOCi

ρ,fusion| ≤ 10−4 150 sec

(range)

KBR1B, AOCFusion* antenna offset correction |AOCi
ρ̇ − AOCi

ρ̇,fusion| ≤ 10−5 150 sec

(range rate)

*Details see Section 6.1.1

Sequence of Events file (SOE)

Based on the SOE file (cf. Section 2.5.2), time periods, in which GRACE-A and/or GRACE-B
perform CoM calibration maneuvers and/or KBR calibration maneuvers, are identified and
excluded from the gravity field recovery. The exclusion is done precautionary, since the
Level-1B data quality might be reduced during these maneuvers.

CoM calibration maneuvers: The CoM of each satellite changes during the mission, mainly
due to fuel consumption and the imbalance between the two fuel tanks. Therefore, CoM
calibration maneuvers are executed on a regular basis every few months (cf. Fig. 4.3).
This ensures that the proof mass of the accelerometer is positioned within 100 µm of the
CoM of the satellite. During these dedicated CoM calibration maneuvers, the CoM offset is
determined, and reset to zero to avoid a contamination of the non-gravitational acceleration
measurements by rotational accelerations and gravity gradients (Wang et al., 2010).

KBR calibration maneuvers: KBR calibration maneuvers are needed to precisely determine
the location of the KBR phase center with respect to the CoM. This information is essential
to determine the geometric correction of the KBR ranging measurements (cf. Section 6.1.1).
As shown in Figure 4.3, KBR calibration maneuvers were performed solely in the early years
of the mission.

For the CoM and KBR calibration, the satellites execute a number of pre-defined sequences of
maneuvers to calibrate the COM position and K-Band boresight. For details on the calibration
procedures, the reader is referred to e.g., Wang (2003) and Wang et al. (2010).
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Yaw turns

A yaw turn, or yaw slew, is defined as a counterclockwise rotation of the spacecraft about its
radial axis. In the case of GRACE, yaw turns are executed during satellite swap maneuvers,
when leading and trailing satellite change position, or for battery management purposes.
Figure 4.4 (a) illustrates the accommodation of the body-fixed SRF within the GRACE
spacecraft and the corresponding definition of roll, pitch and yaw angles. The concept of a
±90◦ yaw turn of GRACE-B in top view is depicted in Figure 4.4 (b).

Satellite swap: During a satellite swap maneuver the GRACE satellites exchange position
using an eccentricity-inclination vector separation (Kirschner et al., 2004). After half the
nominal mission lifetime (∼ 2.5 years after launch, cf. Fig. 4.3), the first satellite swap
maneuver was executed to switch the GRACE formation. The switch in satellite positions
mainly aimed at balancing the surface erosion of the on-board K-Band horns. Since 2014,
satellite swap maneuvers are executed approximately every 161 days (cf. Fig. 4.3) to keep
the better star camera as primary camera for attitude control on both satellites (Bandikova,
2015). Thus, the satellite swaps help to save fuel, especially on GRACE-B, by staying on the
better performing star camera.

Yaw turns - battery management: With increasing mission lifetime, GRACE is facing
additional challenges due to the degradation of the on-board batteries; this applies in
particular to GRACE-B (cf. Section 2.6). Due to battery degradation and multiple cell
failures, the available capacity of the operational cells is severely limited. To prolong the
mission despite these considerable power constraints special operations are needed. In order
to avoid too little and too much overcharge of the batteries, which is a major threat to
the batteries lifetime, yaw turns are executed to guarantee an optimal level of over-charge
(Herman et al., 2012).

During full-sun orbit (β′ > 70◦; cf. Appendix D.2), when the Sun is visible to the satellite at
all time and primarily illuminates the side panels, the solar panels are turned away from
the Sun by making a −90◦ yaw maneuver. This results in an artificial eclipse, i.e. the Sun
illuminates the rear side of the satellite. After a short stay at this −90◦ offset, the satellite
is slewed back to its nominal orientation by making an additional +90◦ yaw maneuver. By
these ±90◦ yaw turns, the battery on-board GRACE is forced to discharge and re-charge with
a high current rate, which facilitates rapid cell recovery (Herman et al., 2012).

zSRF

yaw

ySRF

xSRF

xOrbit

pitch

roll

(a)

GRACE-A

LOS

GRACE-B

±90
◦

(b)

Fig. 4.4.: Left (a): Accommodation of the SRF within the GRACE spacecraft and definition of roll,
pitch, yaw angles. Right (b): top view of a ±90◦ yaw turn of GRACE-B
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During most time of the yaw turn maneuvers, no KBR data is available, since the satellites
are not in LOS anymore, and the inter-satellite link is lost (cf. Fig. 4.4). However, close
to the beginning and end of such yaw turn maneuvers the KBR is still tracking and thus
providing KBR measurements. To avoid a degradation of the recovered gravity field models
due to anomalous KBR data, the available KBR data with yaw angles exceeding a 100 mrad
threshold (± 10 min margin) is excluded from processing (cf. Figs. 4.5(b) and 4.5(c)). This
ensures that data significantly exceeding the attitude control deadbands over long time
periods is removed, but epochs just slightly exceeding the deadbands are not screened. The
GRACE roll and pitch deadbands are fixed to 3 mrad and 4 mrad. The value of the yaw
deadband was changed several times during mission operations, and was lastly fixed to 5.4
and 5.2 mrad for GRACE-A and GRACE-B, respectively (cf. Section 6; Herman and Steinhoff,
2012). Large movements such as yaw turns can be identified by analyzing the inter-satellite
pointing variations in terms of roll, pitch, and yaw rotation angles; which can be derived
from the GRACE star camera (SCAFusion), orbit (GNV1B) and KBR antenna phase center
offset (VKB1B) data. The roll, pitch, and yaw angles are defined as the angular deviation of
the KBR antenna phC from the LOS, i.e. inter-satellite pointing variations are represented as
a rotation between the KBR-Frame and LOS-Frame (cf. Section 6.1.2, cf. Appendix A and
D.1). Further details on the characteristics of the inter-satellite pointing and attitude control
are discussed in Section 6.1.1.

Figure 4.5(a) shows yaw pointing variations of GRACE-A for the time period of one month,
plotted along the orbit. The yaw pointing angle time series clearly reflects the presence of
satellite events (CoM calibration maneuver, yaw turn maneuvers) within the shown period.
Apart from these satellite events, the AOCS successfully keeps the yaw pointing variations
within the specified deadband of 5.4 mrad. Figures 4.5(b) and 4.5(c) illustrate the results of
the applied data screening for two individual yaw turn maneuvers.
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(a)

(b) 2011-09-06

(c) 2011-09-17

Fig. 4.5.: (a) Yaw angle variations of GRACE-A for one month (September 2011) plotted along the
orbit. Yaw turns for battery management and CoM calibration maneuvers are marked in
black and black-dashed boxes, respectively. (b,c) Time series of yaw pointing angles (blue)
for a time-span of 2 hours during yaw turn maneuvers on 2011-09-06 and 2011-09-17.
Left: The KBR range rates are shown in black, with the KBR data screened shown in red. No
KBR data is available for the time period highlighted in lightblue. Right: Zoom-in of the
yaw angles, showing small scale variations. Yaw angles exceeding the 100 mrad threshold
(± 10 minutes) are excluded from processing. The yaw deadband limits are highlighted by
red-dashed lines. Note that the scaling for figures on the left and right is different.
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4.4 GROOPS
The gravity field processing chain for the recovery of the ITSG-Grace2016 release (cf. Sec-
tion 4.2), including the instrument data pre-processing and calibration methodologies
developed within this thesis, is implemented completely within the Gravity Recovery Object
Oriented Programming System (GROOPS).

GROOPS is an independent scientific software package dedicated to all kinds of applications
related to gravity field recovery, as well as to applications related to GNSS processing.
Besides, the software offers a wide variety of tools for data handling, conversion and
visualization in general. Originally, the software was developed by Prof. Dr.-Ing. Mayer-Gürr
at the Institute of Geodesy and Geoinformation at the University of Bonn in Germany. Since
2011, the Working Group for Theoretical Geodesy and Satellite Geodesy at the IfG at the
Graz University of Technology maintains and further develops the GROOPS software package.
Therefore, the software is in a permanent process of development and improvement. At the
moment, the GROOPS software comprises approximately 400 individual C++ routines. A
Graphical User Interface (GUI) facilitates the handling of the software by offering pull-down
menus that represent the main programs in a logical way. The GUI is based on Extensible
Markup Language (XML).

The main field of application is the gravity field recovery from various satellite missions, such
as GRACE, Champ, GOCE or Swarm. The highly modular design of the GROOPS software
offers not only flexibility for different processing scenarios, but also enables a detailed
control over all relevant processing options. Furthermore, it offers a powerful environment
for automating mission-specific processing chains, as done for the latest ITSG-Grace2016
release. A detailed description of all available GROOPS programs is out of the scope of this
work. Therefore, only schematic overviews of the ITSG-Grace2016 processing chain, and the
GRACE instrument data pre-processing in particular (cf. Fig. 4.1 and Fig. 4.2), are given.
Within this work, a variety of C++ routines for GRACE instrument and housekeeping data
handling and data pre-processing have been developed. All analysis and results presented
are based on GROOPS.
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5Instrument characteristics

In order to recover the Earth’s gravity field from GRACE observations, a broad variety
of closely collaborating instruments and sensors is needed. Some instrument or sensor
measurements are directly linked to the Earth’s gravity field, whereas others are needed
to liberate these direct measurements from biasing or disturbing signals to allow for the
recovery of the gravity field information.

In Section 2.3, the instruments and sensors on-board GRACE are briefly introduced and
discussed. For GRACE, the KBR assembly is considered as the key-instrument, since it
enables ll-SST tracking between the two twin satellites. However, for the data pre-processing
methodologies, introduced within this thesis (cf. Section 4.3, 6, and 7), the star camera
assembly (SCA) and the accelerometer (ACC) are of major importance. A detailed under-
standing of both instruments is essential for any results and analysis presented and discussed
within subsequent Sections. Therefore, Sections 5.1 and 5.2 are dedicated to the on-board
SCA and ACC, introducing the measurement principle and the accuracy characteristics of
both instruments. Additionally, the SCA and ACC Level-1B data products (SCA1B, ACC1B)
are discussed in more detail.

5.1 Star Camera
A star camera or star tracker allows artificial satellites and other space probes to orient
themselves within space by determining their absolute 3-axis attitude from star observations.
Without this absolute attitude information, scientific measurements from satellites often
become worthless. Thus, star cameras can be considered as essential parts of the payload,
specifically in the case of GRACE (cf. Section 6). Basically, a star tracker is a digital
camera connected to a mirco-processor (Liebe, 2002). By taking pictures of the stars in
its field of view (FoV) on a charged coupled device (CCD) array, stars can be located and
identified. Based on these observations the attitude of the satellite can be determined
(cf. Section 5.1.1).

The star camera assembly (SCA) on-board GRACE, as for CHAMP and GOCE, was developed
and built by the DTU (Jørgensen and Pickles, 1998). As shown in Figure 5.1, the SCA
consists of two star camera head units (star cameras), two baffles, and a data processing unit.
The baffles protect the star camera head units from light intrusions, i.e. reduce the effect of
stray light from the Sun, Moon or Earth. For GRACE, the data processing unit is integrated
into the IPU, where SCA, KBR and GPS data are processed together. The SCA is part of the
AOCS, and is the key attitude determination sensor onboard GRACE, providing accurate
information about the satellite’s orientation with respect to the inertial frame. Moreover, this
attitude information is needed for the correct interpretation of the ACC measurements.
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Fig. 5.1.: (a) CHAMP SCA: 2 SCA heads and data processing unit (Source: Jørgensen and Pickles
(1998)), (b) Mounting of the GRACE star camera head units, (c) Illustration of an individual
star camera head.

On-board the GRACE satellites, the two star camera head units are rigidly attached to the
accelerometer and view the sky at a ±45◦ angle with respect to the zenith direction, pointing
towards the port and starboard panel of the spacecraft (cf. Fig. 5.1(b) and Fig. B.1). Each
star camera head unit provides attitude information in terms of quaternions, representing
the attitude of the star camera frame (SCF) with respect to the inertial frame. The SCF is
a sensor frame, with one axis beeing aligned with the boresight or optical axis of the star
camera (cf. Figs. 5.1(b) and 5.1(c), cf. Appendix A).

5.1.1 Measurement principle
The GRACE SCA comprises the following two main parts: (1) two star camera head units
- each an optical system with a wide angle lense and a low light CCD array, and (2) a
data processing unit (part of the IPU), including a micro-processor, and software with an
internally stored star catalog (Jørgensen and Pickles, 1998, cf. Fig. 5.1(a)). GRACE uses
ESA’s Hipparcos star catalog 1, containing information about the position of the stars in the
celestial sphere, to identify individual stars within the sensed images. Figure 5.2 shows the
layout of a modern autonomous star camera according to Liebe (2002).

Each star camera views a small area of the surrounding starry sky and takes a digital
image of the stars in its FoV (18◦ × 16◦). The brightest stars within the FoV are detected
(centroiding), and the digital image is matched against the internal star catalog by comparing
the measured star coordinates with the known positions of the stars. Based on the sensed star
patterns, stars can be located and identified by automatically performed pattern recognition
algorithms. Thereby, each star camera unit is able to determine what direction it is pointing,
and the attitude of the spacecraft to which it is attached can be determined as well. In the
case of GRACE, the attitude output of the two star cameras is provided in terms of attitude
quaternions (cf. Appendix C), representing the orientation of the SCF with respect to the
inertial frame. A more detailed description of the measurement principle of autonomous
star cameras, as used for GRACE, can be found in e.g., Jørgensen and Pickles (1998), Liebe
(2002), and Bandikova (2015).

1https://www.cosmos.esa.int/web/hipparcos/catalogues
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Fig. 5.2.: Layout of an autonomous star camera. Source: Liebe (2002).

For GRACE, each satellite is equipped with a SCA, consisting of two simultaneously operating
star cameras, looking at different parts of the sky. The mounting geometry (cf. Fig. 5.1(b))
guarantees redundancy, and thus ensures a continuous attitude determination by at least
one of the two star cameras. Due to the orbital configuration of GRACE, both sensors are
repeatedly blinded by either the Sun or the Moon (cf. Fig. 5.4), i.e. the Sun or the Moon
moves into the FoV. During these Sun or Moon intrusions, the second camera proceeds to
measure the attitude.

5.1.2 Measurement accuracy
Due to the sensor construction geometry, star cameras are characterized by an anisotropic
measurement accuracy, i.e. not all rotations about the three axis can be determined with
the same accuracy. Star cameras are more sensitive to rotations about the cross-boresight
axes than about the boresight axis (Liebe, 2002). The latter is perpendicular to the focal
plane and points in direction of the FoV (cf. Fig. 5.1). From that follows, that rotations
about the boresight axis result in rotations of the stars around the center of the FoV, i.e.
stars close to the center show much smaller displacements than stars at the edge. Whereas,
rotations around the cross-boresight axes result in a translation of all stars in the FoV,
causing a uniform displacement across the whole image. Therefore, rotations around the
cross-boresight axes can be determined more accurately by the optical system.

The performance of a star camera depends on several different factors: (1) the sensitivity to
starlight, (2) the FoV, (3) the accuracy of star centroiding, (4) the star detection threshold,
(5) the number of stars in the FoV, (6) the internal star catalog, and (7) the calibration
(Liebe, 2002). Detailed discussions of the individual accuracy components can be found in
e.g., Liebe (2002), Jørgensen and Pickles (1998), and Jørgensen (2000).

For GRACE, the nominal accuracy requirements of the star cameras are defined with 30 µrad
and 240 µrad for the rotation about the cross-boresight axes (xSCF,ySCF) and boresight
axis (zSCF), respectively (Stanton et al., 1998). From that follows, that rotations about the
cross-boresight axes can be determined with a factor 8 better than the rotation about the
boresight axis. However, no error model describing the star camera noise is available. From
the Power Spectral Density (PSD) in Figure 5.3(a) and 5.3(b), showing the rotation angles
about the SCF axes (derived from SCA1A data), the anisotropic accuracy characteristics
become evident. The rotations about the cross-boresight axis (x,y) are characterized by a
smaller noise compared to the boresight axis (z). At high frequencies, between 0.02 Hz and
0.5 Hz, the PSD becomes white noise. Here, the noise levels meet the nominal accuracy
requirements. All three axes, show strong per revolution signals (1-per-revolution, 2-per-
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(a) GRACE-A: SCA head #1 (6 h) (b) GRACE-B: SCA head #2 (6 h)

(c) GRACE-A: SCA head #1 (1 h) (d) GRACE-A: SCA head #2 (1 h)

Fig. 5.3.: Noise characteristics of the GRACE star cameras: PSD of the roll, pitch, and yaw rotation
angles about the SCF cross-boresight (x, y) and boresight (z) axis, derived from the SCA1A
data product. Here 6 h intervals (with no data gaps) for (a) the star camera head #1 of
GRACE-A and (b) the star camera head #2 of GRACE-B on 2008-12-01 are shown. Addi-
tionally, 1 h intervals (with no data gaps) for (c) the star camera head #1 and (d) head #2
of GRACE-A on 2008-12-01 are shown. The Level-1A data products, used for the analysis
shown here, were kindly provided by the CSR.

revolution, 3-per-revolution, etc.), caused by the orbital constellation. However, the noise
characteristics are not the same for the in total four star cameras (cf. Fig. 5.3) and are not
constant over time, i.e. change over the mission lifetime (Bandikova, 2015; Inácio et al.,
2015). Since, the thesis focuses on Level-1B data pre-processing, no further accuracy analysis
of the SCA1A data are presented or discussed here.

For further data processing, the attitude information provided by the individual star cameras
needs to be related to the common SRF. Because of the anisotropic noise characteristics, the
rotation from SCF to SRF is affected by an unfavorable noise propagation of the less accurate
component (c.f. Siemes, 2011). Due to the mounting geometry of the two star cameras,
the combination of both star cameras can prevent the noise propagation induced by the
reference frame transformation. By correctly combining both star cameras, full accuracy
about all three axes can be achieved. Therefore, the GRACE SCA1B data product contains a
combined attitude solution (cf. Section 5.1.3).

5.1.3 GRACE SCA1B RL02 data product
The GRACE SCA1B (RL02) data product provides the attitude of the GRACE satellites in terms
of attitude quaternions (cf. Appendix C), which represent the orientation of the satellites SRF
with respect to the inertial frame. The SCA1B data product is obtained from the SCA1A data
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products during Level-1A to Level-1B processing (Wu et al., 2006). The original attitude
quaternions of both star camera heads are combined by a weighted sum, if valid data from
both heads is available. However, as shown by Bandikova and Flury (2014), the combination
is not done correctly due to an implementation error in the processing scheme. Therefore,
the combined solution within the SCA1B data product shows a significantly higher noise
level than expected and does not carry the full accuracy about all three axes. By correctly
combining the two star camera heads, i.e. taking the anisotropic noise characteristics into
account, the noise could be reduced by a factor of 3-4 and full accuracy about all three axis
can be achieved (Bandikova and Flury, 2014). The shortcomings of the current attitude
processing are further discussed in Section 6.2.

Data availability

The SCA1B data product contains a combined solution only in periods when valid data from
both star camera heads is available, otherwise single star camera head solutions are provided.
Figure 5.4 shows the SCA1B identification number (ID) for one year of data for GRACE-A
and GRACE-B, respectively. The SCA1B ID contains information about the data combination,
i.e. whether the SCA1A data of one star camera head or both heads were combined to derive
the SCA1B data product. Due to the orbital configuration of GRACE, the two star cameras
are repeatedly blinded by either the Sun or the Moon, causing star camera data outages.

1

1

2

4

3

(a) GRACE-A

1

1

3

2

4

3

(b) GRACE-B

Fig. 5.4.: SCA1B data combination information of (a) GRACE-A and (b) GRACE-B for one year (2008).
Blue = Star camera #1, Red = Star camera #2, Light gray = Combination of star
camera #1 + #2, Black = no data available. SCA outages: 1 = Sun intrusions, 2 = Moon
intrusions, 3 = data gap, 4 = SCA outage not related to Sun or Moon blinding.
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These regular star camera outages are a common issue to both GRACE satellites, causing a
reduced availability of the combined solution, which also influence the SCA1B data accuracy.
Other outages, not related to Sun or Moon intrusions, might be causes by stray light due to
an increased Earth Albedo (cf. Fig. 5.4; Witkowski and Massmann, 2012).

Noise characteristics

To analyze the performance of the SCA1B data product, the quaternions and the correspond-
ing angular accelerations are analyzed in the time and frequency domain. For details on the
derivation of angular accelerations from quaternion representation, see Appendix C.

Figure 5.5 shows time series of the attitude quaternion elements contained in the SCA1B
data product for a sample 6 h interval, and the corresponding PSD derived from this sample
data set for both GRACE-A and GRACE-B, respectively. The time series of the quaternions
show a sinusoidal behavior, with an oscillation period twice the revolution period (≈ 3 h).
Thus, the PSD shows a strong signal at half the orbit frequency, at about 9 · 10−5 Hz (not
perfectly resolved due to the limited interval length). At high frequencies, between 0.01 Hz
and 0.1 Hz, the PSD becomes white noise. The noise level of all for quaternion components
lies around 5-e5 (≈ 11 arcs), for both GRACE-A and GRACE-B. According to the attitude
requirements, the simulated noise level is in the range of 9 − 11 arcsec (4.4 − 5.3 · 10−5)
(Frommknecht, 2008), which principally agrees with the real data shown here. But, all
four quaternions are characterized by a rather homogeneous high-frequency noise, which is
attributed to the combination error during the Level-1A to Level-1B data processing.

(a) GRACE-A

(b) GRACE-B

Fig. 5.5.: GRACE SCA1B data product: Left: Time series of the SCA1B attitude quaternions of
GRACE-A (a) and GRACE-B (b) for a 6 h interval on 2008-12-01; Right: PSD of the
SCA1B attitude quaternions for GRACE-A (a) and GRACE-B (b) for the same 6 h sample
interval on 2008-12-01.
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(a) SCA1B (b) SCA1B Repro (Correct combination)

Fig. 5.6.: PSD of the angular accelerations ω̇x (black), ω̇y (red), ω̇z (blue) derived from the SCA1B
data product (a), and from a correctly combined re-processed attitude data product
(Level-1A to Level-1B processing according to Wu et al. (2006)) (b). To show the ef-
fect of not taking into account the anisotropic noise characteristics of the star cameras
during data combination, the PSD is derived from a 1 h interval on 2008-12-01, where both
star camera heads provided valid attitude data without gaps. The Level-1A data products,
used for the analysis shown here, were kindly provided by the CSR.

Another method to asses the performance of the SCA1B data product, is to analyze the
angular accelerations derived from the attitude quaternions. Figure 5.6 shows the PSD
of the angular accelerations derived from the original SCA1B (RL02) data product, and
from a correctly combined re-processed Level-1B attitude product (according to Wu et al.
(2006)). A time interval of 1 h is shown, where both star camera heads simultaneously
provide valid attitude data without gaps. For the angular accelerations derived from the
SCA1B data product (cf. Fig. 5.6(a)), the noise level of the angular accelerations about the
x-axis is significantly smaller than that of the y- and z-axis. Due to the mounting geometry
of the star camera heads, one would expect approximately the same noise level for all
three axes. In case of correct data combination, taking into account the anisotropic noise
characteristics (cf. Fig. 5.6(b)), the noise level of the angular accelerations about the y- and
z-axis can be reduced significantly. The reduced noise between 5 · 10−3 Hz and 10−1 Hz is
the result of the correct weighting of the boresight and cross-boresight axes (cf. Bandikova
et al., 2016). Thus, it can be concluded from Figures 5.6(a) and 5.6(b), that the SCA1B
data product does not contain the full accuracy about all three axes due to the error in the
Level-1A to Level-1B data processing.

5.2 Accelerometer
An accelerometer, located at a satellites COM, allows to measure the accelerations due
to the non-gravitational forces acting on it. The SuperSTAR accelerometer onboard each
GRACE satellite is a servo-controlled three-axis electrostatic accelerometer manufactured by
the Office National d’Études et de Recherches Aérospatiales (ONERA) in France (Touboul
et al., 1999). It provides the satellites linear accelerations along three axes, and the angular
accelerations about the same three axes. The SuperSTAR accelerometer is the successor of
the STAR accelerometer, a quasi-identical instrument which was used on-board the CHAMP
mission. Because of the low-vibration design of the GRACE satellites, the high temperature
stability, and other improvements (e.g., smaller acceleration bias and bias fluctuations), the
SuperSTAR resolution is improved by a factor 10 - compared to its predecessor STAR.
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The main purpose of the accelerometers is to measure the non-gravitational forces, including
atmospheric drag, solar radiation pressure and Earth albedo (cf. Section 3.3), acting upon
the spacecraft. For the recovery of the Earth’s gravity field, the non-gravitational forces are
needed to separate them from the gravitational forces. Furthermore, the accelerometer also
provides additional information in terms of angular accelerations, which can be used e.g., for
the purpose of attitude determination (cf. Section 6).

5.2.1 Measurement principle
The sensor unit of the SuperSTAR accelerometer, depicted in Figure 5.7, consists of a
parallelepipedic proof mass, located inside a slightly lager sensor cage, which is mounted
in the CoM of the satellite. The proof mass is a gold-coated titan cube (40 × 40 × 10 mm2),
with a mass of 70 g. The asymmetry of the configuration, i.e. a not cubic proof mass, is
required to perform an electrostatic levitation of the proof mass during ground testing under
normal gravity (Touboul et al., 2004).

In principle, the accelerometer comprises two main parts: (1) the position detector - detecting
the position of the proof mass inside the sensor cage, and (2) the servo-mechanism - keeping
the proof mass in its nominal position. To allow for electrostatic position detection and
control, the gold-coated walls of the sensor cage are equipped with electrodes, which serve
both as capacitive sensors to derive the instantaneous proof mass position, and as actuators
to apply low frequency actuation voltages to keep the proof mass motionless at the center
of the electrodes cage. Measurements of the electrostatic forces and torques, which are
generated by the electrodes in order to maintain the mass motionless with respect to the
sensor cage, provide the six outputs of the accelerometer (linear acceleration vector, angular
acceleration vector). The measured electrostatic force is proportional to the acceleration
exerted upon the satellite by the non-gravitational forces.

More details on the accelerometer and its measurement principle can be found in e.g., Touboul
et al. (1999), Touboul et al. (2004), and Frommknecht (2008).

(a) (b)

Fig. 5.7.: SuperSTAR accelerometer: (a) accelerometer model (Image courtesy of ONERA), (b) sensor
head inside three gold coated plated rigidly fixed to the instrument reference frame
(Source: Touboul et al. (2004)).
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Disturbing forces

The measurements of the GRACE accelerometers are perturbed by different types of dis-
turbances, including electric, magnetic, thermal, and pressure disturbances resulting from
internal parasitic forces (Touboul et al., 2004). As a consequence, the accelerometer senses
in addition to the surface accelerations also satellite-induced disturbing accelerations, such
as accelerations due to temperature variations (Klinger and Mayer-Gürr, 2016), thruster
firings (Frommknecht, 2008), magnetic torquer induced accelerations (twangs and spikes)
(Hudson, 2003; Fackler, 2004; Peterseim et al., 2012; Peterseim, 2014) and others. The
effect of twangs and spikes is reduced by low-pass filtering the 1 Hz accelerometer data
during Level-1A to Level-1B processing, but it is not corrected sufficiently (Peterseim, 2014).
Since, the influences due to these effects onto the recovered gravity field are expected to be
small, and already pre-processed Level-1B data products are used for gravity field recovery,
they are neglected in the analysis presented within this thesis. Under the assumption of
thruster misalignments, force imbalances or differences in reaction time, the accelerations
due to thruster firings represent actual linear accelerations, and thus need to be measured
by the accelerometer. Hence, their presence within the acceleration time series is justified.
Since the GRACE accelerometers principally have or had a thermally controlled environment,
which should keep the temperature variations below 0.1 K per revolution (Stanton et al.,
1998), accelerations due to temperature variations were not expected to have a large influ-
ence on the gravity field recovery. In order to achieve the required thermal stability both
satellites are equipped with an active thermal control, i.e. heaters keeping the temperature
of parts of the satellite or instruments within a specified temperature range. As a result
of reduced battery capacity, the active thermal control was permanently switched-off in
April 2011 (Tapley et al., 2015). Since then, temperature variations, resulting from the
orbital geometry, directly affect the on-board accelerometers. To avoid a degradation of
the recovered gravity field solutions, these temperature variations have to be taken into
account during Level-1B data pre-processing and gravity field recovery (cf. Section 7 and
Section 8).

In case the accelerometer is not precisely located at the satellite’s CoM, i.e. the accelerometer
is displaced relative to the CoM, the measured linear accelerations contain additional signal
due to the satellite’s angular motion and due to gravitational forces (Kim, 2000). In order
to meet the requirements of the GRACE mission (Stanton et al., 1998), the proof mass has
to be positioned very precisely at the CoM (or center of gravity) of the satellite to avoid
accelerations offsets and measurement disturbances. To minimize these effects, the offset
is corrected by the Mass Trim System (cf. Section 2.3.2), by regularly performing CoM
calibration maneuvers.

In general, it is not trivial to differ distinctly between sensor errors, noise and disturbances
induced by the satellite environment. In order to reduce their impact on the recovered
gravity field solutions, known sources of disturbances or errors should be modeled within
the data pre-processing and gravity field recovery, if applicable.

Measurement model

The linear accelerations measured by the accelerometer are the sum of the non-gravitational
accelerations corrupted by unknown scale factors, biases, disturbing forces and random
noise. Under the assumptions that the accelerometer is located at the CoM, and that other
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disturbing forces can be neglected, a simplified measurement model is given by (Stanton
et al., 1998):

Γ = c0 + c1ad + c2a2
d + c3a3

d + noise, (5.1)

where Γ denotes the accelerometer output, ad denotes the true non-gravitational accelera-
tions expressed in the accelerometer coordinates, c0 denotes the bias vector, and c1, c2, c3 cor-
respond to the linear, quadratic and cubic scaling factors. According to the SuperSTAR error
specifications (Stanton et al., 1998), the noise is specified according to Equations (5.2) to
(5.4), and the bias is expected to be < 2·10−6m/s2 for the sensitive axes, and < 50·10−6m/s2

for the less-sensitive axis. The linear scaling factors for both sensitive and less-sensitive axes
are assumed to be 1 ± 0.02. Higher order scaling factors are assumed to be negligible.

Accelerometer and Science Reference Frame

The original accelerometer measurements refer to the Accelerometer Frame (AF), whereas
the acceleration vector given in the ACC1B data product refers to the SRF. The SRF is
defined to have its origin at the CoM of the satellite, the axes are directed parallel to the
measurement axes of the accelerometer (cf. Fig. 5.8) (Bettadpur, 2010). According to Case
et al. (2010), the xSRF axis (along-track) is pointing towards the K-Band antenna horn, i.e.
it is pointing towards the other satellite. It is approximately tangential to the satellite orbit,
except of a pitch angle offset ensuring precise inter-satellite pointing (cf. Section 2.2.2).
The zSRF axis (radial) is nadir pointing, and the ySRF axis (cross-track) completes the
right handed triad. The exact definitions of the GRACE reference frames can be found in
Appendix A, or in e.g., Case et al. (2010) and Bettadpur (2010).

ySRF

yAF

pitch

xOrbit

zSRF

xAF

zAF

xSRF

Fig. 5.8.: Accommodation of the Accelerometer Frame (AF) (blue) and the Science Reference
Frame (SRF) (red) within the GRACE spacecraft.

5.2.2 Accuracy characteristics
Before the launch of GRACE, the performance of the SuperSTAR accelerometers was analyzed
by pre-launch simulations (Stanton et al., 1998; Hudson, 2003). Afterwards, various studies
further analyzed the noise characteristics of the real Level-1A and Level-1B accelerometer
data (Fackler, 2004; Flury et al., 2008; Frommknecht, 2008; Peterseim et al., 2012; Peterseim,
2014). Table 5.1 summarizes the pre-launch specifications of the SuperSTAR accelerometer,
including the measurement range and measurement accuracy of the linear and angular
accelerations, as defined by Stanton et al. (1998), Hudson (2003) and ONERA (personal
communication).
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Tab. 5.1.: Specifications of the SuperSTAR accelerometer, derived from Stanton et al. (1998), Hudson
(2003) and ONERA

Axis (SRF) Range Accuracy

ax ±5 · 10−5 m/s2 1 · 10−10 m/s2/
√

Hz

ay ±5 · 10−4 m/s2 1 · 10−9 m/s2/
√

Hz

az ±5 · 10−5 m/s2 1 · 10−10 m/s2/
√

Hz

ω̇x ±1 · 10−2 rad/s2 5 · 10−6 rad/s2/
√

Hz

ω̇y ±1 · 10−3 rad/s2 2 · 10−7 rad/s2/
√

Hz

ω̇z ±1 · 10−2 rad/s2 5 · 10−6 rad/s2/
√

Hz

Linear accelerometer

The SuperSTAR accelerometer has two high-sensitive axes, the radial and along-track axes,
and one less-sensitive axis, the cross-track axis (w.r.t. the SRF). The cross-track axis has a
reduced sensitivity due to the non-cubic shape of the proof mass, which allows for a levitation
of the proof mass during ground testing under normal gravity conditions on Earth (Touboul
et al., 2004). Within the high frequency band (frequencies above 30 mHz), the linear
acceleration can be determined with an accuracy of 10−10ms−2/

√
Hz for the high-sensitive

axes, and with 10−9ms−2/
√

Hz for the less-sensitive axis (Flury et al., 2008).

The accelerometer performance mainly depends on the accuracy of the proof mass motion
sensing and control, on the measurement accuracy of the generated electrostatic forces of
the suspension, and on proof mass motion disturbances that are generated by environment
fluctuations (e.g., magnetic, electric, thermal) or by any residual stiffness that links the
test mass to the accelerometer cage (Touboul et al., 2004). For the linear accelerations, an
estimate of the noise is provided by error models defined by Stanton et al. (1998):

noiseax
(f) = 1 · 10−10 [1 + (0.005/f)]0.5 ms−2/

√
Hz, (5.2)

noiseay (f) = 1 · 10−9 [1 + (0.1/f)]0.5 ms−2/
√

Hz, (5.3)

noiseaz (f) = 1 · 10−10 [1 + (0.005/f)]0.5 ms−2/
√

Hz, (5.4)

with the frequency f expressed in Hz. The noise in Equations (5.2) to (5.4) is specified
as the sum of white position and acceleration noise with an additional 1/f component
below a corner frequency f0, with f0 = 0.1 Hz for the less-sensitive axis and f0 = 0.005 Hz
for the sensitive axes. During Level-1A to Level-1B data processing, the Level-1A linear
accelerations are low-pass filtered in order to reduce the high-frequent measurement noise
(Wu et al., 2006). Following from this, the linear accelerations provided within the ACC1B
data product represent a smoothed version of the Level-1A accelerometer (ACC1A) data
product. Since the AF should coincide with the SRF, expect for the axis definition, the
accelerometer noise characteristics (below the 0.035 Hz cut-off frequency used for filtering)
given in Equations (5.2) to (5.4) should be transferable to the ACC1B data product.

Thorough investigations of the ACC1A data product already have been carried out in the past
by e.g., Hudson (2003), Fackler (2004), Flury et al. (2008), Frommknecht (2008), Peterseim
et al. (2012), and Peterseim (2014). Here, only the ACC1B data product is analyzed and
compared with the findings of the previous investigations.
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(a) GRACE-A (b) GRACE-B

Fig. 5.9.: Noise characteristics of the ACC1B linear accelerations: PSD of the linear accelerations
ax (black), ay (red), az (blue) derived from a 6 h interval of the ACC1B data product
on 2008-12-01, for GRACE-A (a) and GRACE-B (b). The sensor error model for the high-
sensitive (black-dashed line) and less-sensitive (red-dashed line) axes is shown as well. Note
that here the bias was reduced according to GRACE TN-02 (Bettadpur, 2010).

Figure 5.9 shows the accelerometer error models for the high-sensitive and less-sensitive
axes, and the PSD derived from the ACC1B data product for a 6 h sample interval for
both GRACE-A and GRACE-B, respectively. According to the investigations carried out by
Frommknecht (2008), the performance of the sensitive axes (along-track, radial) is about
5 times worse than predicted by the instrument specifications. Whereas, the performance of
the less-sensitive axis (cross-track) seemingly agrees with the specifications. Investigations
by Flury et al. (2008) showed that the pre-launch noise specifications are met only during
periods with the heater circuits being inactive. According to Figure 5.9, the noise levels of the
Level-1B along-track and radial accelerations are significantly higher than expected from the
sensor model. The main causes for the high noise levels were found to be thruster activations,
magnetic torquer induced accelerations (twangs and spikes), and heater activations and
de-activations (Fackler, 2004; Flury et al., 2008; Frommknecht, 2008; Peterseim et al., 2012;
Peterseim, 2014). The linear acceleration in all three directions (along-track, cross-track,
radial) show strong once- and twice-per-revolution signals. Compared to the motion of
the satellite relative to the Earth, the non-gravitational forces experienced by the satellite
are almost the same from one revolution to the other. Therefore, the measured linear
accelerations are periodic with the orbit frequency. In terms of signal magnitude, the
along-track component is expected to be strongest followed by the cross-track and radial
component. However, the magnitude strongly depends on the orbit altitude and orbit
constellation, i.e. the current β′ angle. Additionally, thruster firing, which are primarily
present in the cross-track and radial axes (cf. Fig. 5.11), contribute to the signal magnitude.
At frequencies higher than 0.035 Hz, the drop of the signal is caused by the low-pass filter
applied during Level-1A to Level-1B data processing.

Angular accelerometer

The angular accelerations are characterized by an anisotropic accuracy, with one sensitive
axis (cross-track), and two less-sensitive axes (along-track, radial) - vice versa to the linear
accelerations. For the angular accelerations, an estimate of the noise of the angular accelera-
tions with respect to the AF can be provided from the instrument error budget (personal
communication with Bernard Foulon (ONERA)). Since the AF should coincide with the SRF,
expect for the axis definition, the noise characteristics should be transferable to the angular
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accelerations provided within the ACC1B data product. From the initial design description
document, the performance of the angular accelerations, i.e. the noise of the ϕ, θ, ψ rotation
about the x-, y-, and z- axis (in the SRF), in the [10−4 Hz; 4 · 10−2 Hz] frequency bandwidth,
is specified by:

noiseω̇x
= 5 · 10−6 [1 + (0.010/f)]0.5 rads−2/

√
Hz, (5.5)

noiseω̇y
= 2 · 10−7 [1 + (0.005/f)]0.5 rads−2/

√
Hz, (5.6)

noiseω̇z
= 5 · 10−6 [1 + (0.010/f)]0.5 rads−2/

√
Hz, (5.7)

with the frequency f expressed in Hz.

The bias estimated from the error budget is defined by:

biasω̇x
= 2.2 · 10−3 rads−2, (5.8)

biasω̇y
= 7.7 · 10−5 rads−2, (5.9)

biasω̇z
= 2.2 · 10−3 rads−2. (5.10)

Figure 5.10 shows the error models for the angular accelerations, and the PSD derived
from the SCA1B data product for a 6 h sample interval for both GRACE-A and GRACE-B,
respectively. The noise levels of the angular accelerations, representing rotations about the
along-track, cross-track and radial axis, are approximately equal (cross-track) or even below
(along-track, radial) the specifications. The PSD of all three components is almost flat, apart
from signal peaks at once- and twice-per-revolution. The angular accelerations about the
cross-track axis also shows a signal peak at about 3 · 10−3 Hz, which is probably caused
by the on-board magnetic torquers, since the rotation about the cross-track axis is almost
entirely controlled by the magnetic torquers (not shown here; Frommknecht, 2008). The
presence of thruster events, mainly visible in the rotations about the along-track and radial
axis (cf. Fig. 5.12), possibly influences the signal amplitude. Additionally, magnetic torquer
induced signals and temperature variations, might also affect the signal.

(a) GRACE-A (b) GRACE-B

Fig. 5.10.: Noise characteristics of the ACC1B angular accelerations: PSD of the angular accelerations
ω̇x (black), ω̇y (red), ω̇z (blue) derived from a 6 h interval of the ACC1B data product
on 2008-12-01, for GRACE-A (a) and GRACE-B (b). The sensor error model for the high-
sensitive (black-dashed line) and less-sensitive (red-dashed line) axes is shown as well.
Note that here a constant bias was reduced.
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5.2.3 GRACE ACC1B & AHK1B RL02 data product
Bias and scale factors

The ACC1B data product contains the linear and angular acceleration measurements in
along-track, cross-track and radial direction (w.r.t. the SRF). The accelerations contained
in the ACC1B data product include an unknown instrument scale and bias offset, i.e. the
accelerometer measurements are subject to instrument specific scale factors, biases and
random noise.

A general recommendation for the initial estimates of the scale and bias to apply to the linear
accelerations (ACC1B data) is made in the GRACE Technical Note TN-02. For details on the
estimation, the reader is referred to Bettadpur (2009). As the recommendations are based
on analysis of data between launch and March 2009, the recommendations will progressively
worsen as the epoch of the data moves further into the future. Further, the scale factors
and biases may vary significantly over the satellite’s lifetime due to satellite-induced effects
(or external influencing factors), such as the activations and de-activations of the onboard
heater lines, or temperature variations due to the switched-off thermal control. The topic of
bias variations is further discussed in Section 6.3.2 and Section 7.2.

Figures 5.11 and 5.12 exemplary show bias-corrected linear and angular accelerations in
along-track, cross-track, and radial direction derived from the ACC1B data product, in the
temporal and spatial domain. The left columns show the acceleration time series for a
selected 6 h time interval on 2008-12-01, and the right columns show the accelerations
along the orbit for one month of data (December 2008). As both GRACE satellites are
identical and show a similar behavior for the selected time period, the analysis is confined to
one satellite, GRACE-A. The spikes within the time series of the linear and angular ACC1B
accelerometer measurements correspond to epochs with thruster firing events, indicated by
the black dots.

From Figure 5.11 it becomes obvious, that the along-track accelerations have the largest
magnitude (several 1 · 10−8 m/s2) of all three axis. Since the atmospheric drag is the major
contributor to the along-track accelerations (for LEOs), the accelerations are mostly negative,
resulting in a de-acceleration of the satellite. But in general, the magnitude of the linear
accelerations strongly depends on the orbital altitude, as well as on the orbital configuration
with respect to the Sun (cf. Appendix D.2). For the time interval shown, the β′ angle is
about 35◦ and the orbit altitude is about 470 km. The peaks of the thruster events visible are
smoothed and smeared out (compared to ACC1A data), and mainly affect the cross-track and
radial axes. The horizontal stripe-like pattern visible within the linear accelerations plotted
along the orbit (between −30◦ and 90◦), corresponds to eclipses, i.e. the GRACE-A satellite
crosses the Earth shadow. The eclipses are also marked within the linear acceleration time
series (left column). During eclipses, the accelerations due to solar radiation pressure and
due to shortwave Albedo (cf. Section 3.3) become zero, leading to a reduction of the overall
accelerations. A detailed analysis of the different non-gravitational acceleration components
(atmospheric drag, solar radiation pressure, albedo) is given in Section 7.1.4.

From Figure 5.12, showing the angular accelerations around the along-track, cross-track,
and radial axis, it becomes visible that the thruster firing events mainly affect the rotations
about the along-track and radial axis. The rotations about these two axes are mainly
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(a) along-track

(b) cross-track

(c) radial

Fig. 5.11.: Linear accelerations in along-track (a), across-track (b), and radial (c) direction for
GRACE-A recovered from the Level-1B RL02 data products (ACC1B). The left column
shows the linear accelerations (blue) for a selected 6 h interval on 2008-12-01. The black
dots indicate epochs with thruster firings. The left column shows the linear accelerations
along the orbit for GRACE-A for the whole month (December 2008). Note that here
bias-corrected linear accelerations are shown, the accelerations are calibrated according to
the initial recommendations in TN-02 (Bettadpur, 2009).
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(a) ω̇x

(b) ω̇y

(c) ω̇z

Fig. 5.12.: Angular accelerations about the along-track (a), across-track (b), and radial (c) axis for
GRACE-A recovered from the Level-1B RL02 data products (ACC1B). The left column
shows the angular accelerations (blue) for a selected 6 h interval on 2008-12-01. The black
dots indicate epochs with thruster firings. The left column shows the angular accelerations
along the orbit for GRACE-A for the whole month (December 1008). Note that here
bias-corrected angular accelerations are shown.
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controlled by the cold-gas thrusters. Whereas, the rotations about the cross-track axis
are controlled by the magnetic torquers instead. From the rotations about the cross-track
axis (cf. Fig. 5.12(b)), the typical latitude-dependent pointing jitter (pitch variations) also
becomes visible (cf. Section 6.1.2). The magnitude of the angular accelerations is largest for
the rotations about the along-track axis.

Data availability

In October 2016, the accelerometer on-board GRACE-B was permanently powered-off to
reduce the stress on the remaining battery cells (cf. Section 2.6). Since then, no GRACE-B
accelerometer data is available (except for May 2017). To allow for gravity field recovery,
the GRACE-B accelerometer data needs to be replaced by synthetic accelerometer data, the
so-called transplant data (Bandikova et al., 2017).

The synthetic accelerometer transplant data - replacing the missing GRACE-B accelerometer
measurements - is recovered from the GRACE-A accelerometer measurements by applying a
time and attitude correction. The GRACE accelerometer data transplant is possible because
both satellites fly in the same orbit and have a time delay of approximately 25 seconds due
to the spacecraft separation. Therefore, the change in the non-gravitational accelerations
during this time delay is very small, and both accelerometers should measure approximately
the same signal. The time and attitude correction, which is applied to the GRACE-A accel-
erometer measurements, appropriately accounts for both the variable separation between
the two spacecrafts and the orientation differences relative to each other. The inclusion of
the modeling of residual linear accelerations due to thruster firings additionally improves
the quality of the transplanted data (Bandikova et al., 2017). To further improve the ac-
celerometer transplant solution, the angle of attack difference between the two spacecrafts
was removed in April 2017. By removing the pitch offset, i.e. changing the pitch offset
from 1◦ to 0◦, the differences in the non-gravitational accelerations due to atmospheric drag
can be minimized. However, this also led to increased noise in the KBR range corrections
(cf. Section 6.3.5). For a detailed description of the accelerometer data transplant procedure,
the reader is referred to e.g., Bandikova et al. (2017) and Kruizinga et al. (2017).

Temperature variations

The AHK1B housekeeping data product (cf. Section 2.5.2) provides information about the
onboard temperature variations. From this data it becomes obvious, that since April 2011
the temperature variations are highly correlated to the orbital configuration w.r.t. the
Sun (cf. Fig. D.2). This behavior is illustrated in Figure 5.13, showing the GRACE-A core-
temperature variations (AHK1B), the β′ angle variations, and the illumination of the side
panels (starboard, port) by the Sun for the year 2012. Details on the computation of the
incident angle cos(θ) are given in Section 3.3. If the surface element is not illuminated
by the Sun, cos(θ) becomes zero. If the incident radiation is perpendicular to the surface
normal, cos(θ) becomes one. For periods with maximum β′ angles, causing a permanent
and near-perpendicular illumination of one of the side panels, the temperature increases
accordingly (cf. Figs. 5.13(a), 5.13(c), and 5.13(d)). The β′ angle maxima occur with a
period of ∼ 160 days (cf. Appendix D.2), causing temperature variations with the same
periodicity.
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(a) (b)

(c) (d)

Fig. 5.13.: (a) Accelerometer core temperature variations (AHK1B), (b) β′ angle variations, and
(c,d) incident angles (cos(θ)) of solar radiation for the port and starboard panel along
the orbit for GRACE-A for the year 2008. The β′ angle variations and incident angles
are recovered based on Level-1B RL02 data products (GNV1B, SCA1B) and the GRACE
Macro Model. Note that gray areas (a,c,d) correspond to data gaps due to the shut-
down of KBR and ACC for small β′ angles. The red-dashed boxes highlight time periods
with temperature maxima, and the blue-dashed box highlights a yaw turn maneuver on
2012-12-07 (cf. Section 4.3.2).
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6Attitude determination - Sensor fusion

For GRACE, the precise knowledge of the satellite’s attitude and the associated attitude data
processing are not only essential for the realization and maintenance of the precise in-orbit
inter-satellite pointing, but also for the fulfillment of the mission goals, i.e. the recovery of
accurate temporal gravity field models of the Earth.

One of the main objectives of this work is to improve the official Level-1B RL02 attitude
data product by combining Level-1B star camera and angular accelerometer data. This
combination approach - hereafter simply denoted as sensor fusion - will be extensively
discussed and analyzed within this Chapter. For the presented results and analysis, a detailed
understanding of the GRACE star cameras and angular accelerations is essential. Therefore,
Sections 5.1 and 5.2 give an overview of the measurement principle and performance
characteristics of both instruments.

The following Sections give an overview of the GRACE attitude determination, and outline
the sensor fusion approach applied to improve the official Level-1B RL02 attitude data prod-
uct (SCA1B). Section 6.1 discusses the characteristics of the GRACE attitude determination
in more detail, and highlights the importance of the precise inter-satellite pointing for the
KBR ranging observations. Besides, the representation of inter-satellite pointing variations in
terms of attitude angles is presented. Section 6.2 discusses the shortcomings of the current
RL02 attitude data product with respect to the data combination, possible pointing biases,
and the benefits of incorporating additional attitude information. Section 6.3 introduces the
sensor fusion approach, including details on the data combination. Furthermore, the results
and their impact on the KBR ranging and accelerometer are analyzed. Finally, in Section 6.4
further options for the GRACE attitude data processing are outlined.

6.1 Characteristics of the attitude determination
The precise inter-satellite pointing is a fundamental requirement for the realization of
the KBR inter-satellite ranging, which represents the primary observation technique of
GRACE. Thus, the maintenance of the alignment is one of the major challenges of the
mission operations in order to meet the pointing requirements. The spacecraft’s attitude
is permanently perturbed by both internal and external disturbing torques. The attitude
determination and control is performed by the AOCS (cf. Section 2.3.2), which is responsible
for the recovery of the orientation of the GRACE spacecrafts from sensor measurements, as
well as for maintaining and adjusting the satellite’s attitude with the help of the on-board
thrusters and torquers. The AOCS also enables the performance of satellite maneuvers under
a controlled environment. These maneuvers, including calibration maneuvers, satellite
swap maneuvers, and battery-management maneuvers (cf. Section 4.3.2), are fundamental
for a successful mission operation, and in the case of GRACE also for an effective mission
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prolongation. Depending on the operation mode, the absolute orientation of the spacecraft
is determined with respect to the Earth, the Sun, the Earth’s magnetic field or the stars
(Herman et al., 2004). During science mode (SM), when science data for the gravity
field recovery is collected and the precise inter-satellite pointing has to be maintained, the
absolute orientation of the GRACE spacecrafts with respect to the inertial frame is sensed
by the two star cameras on-board each satellite. The star cameras are the most important
attitude determination sensors on-board GRACE, since they provide accurate information
about the spacecraft’s instantaneous attitude (cf. Section 5.1).

Besides the in-orbit alignment of the GRACE satellite, the precise information on the satellite’s
attitude is also a key element for the scientific data processing of both KBR ranging and
accelerometer observations. Since these observations are directly used as input data for
the gravity field recovery (cf. Section 4), any imperfections in the alignment or systematic
errors within the attitude data propagate directly to the recovered gravity field models.
Thus, any improvements within the on-ground determination of the inter-satellite pointing
will contribute to the overall accuracy of the recovered gravity field solutions. The on-
ground attitude determination includes not only the Level-1A to Level-1B star camera data
processing, but also the derivation of geometric corrections from the star camera observations
for the KBR ranging data. In the following, the importance of the precise inter-satellite
pointing for the KBR processing is discussed.

Details on the on-board attitude determination and control system, as well as on the
differences between on-board and on-ground attitude determination can be found in
e.g., Bandikova (2015). This thesis concerns the Level-1B star camera data product, and
thus only discusses the on-ground attitude determination during data post-processing.

6.1.1 Inter-satellite pointing - Effects on KBR ranging
As previously mentioned, the precise inter-satellite pointing or exact alignment of the GRACE
satellites is an essential prerequisite for the KBR inter-satellite ranging (cf. Sections 2.2.1
and 2.2.2), which provides the primary observations for gravity field recovery. In the case
of an ideal alignment, the line joining one satellite’s CoM with its KBR antenna phase
center (APC) would exactly point to the twin satellite’s CoM (cf. illustration of non-ideal
alignment in Fig 6.1). During SM, the AOCS maintains the GRACE satellites close to the
state of ideal alignment (Arbinger et al., 2003; Herman et al., 2004).

The KBR ranging observations (biased range, range rate, range acceleration) are originally
related to the KBR APCs, i.e. the system measures the range between the two antenna phase
centers (cf. Fig. 6.1). However, for the purpose of gravity field recovery, the distance between
the two satellites’ CoMs needs to be obtained.

Antenna Offset Correction

To convert the original ranging observation to a distance between the two satellites’ CoM, a
geometric correction, often denoted as antenna offset correction (AOC; cf. Eq. (2.1)), has
to be added. The AOC directly depends on the inter-satellite alignment (Case et al., 2010),
and corrects for both the offset of the KBR antenna phase center from the CoM, and for the
imperfect inter-satellite pointing. This dependency is illustrated in Figure 6.1.
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Fig. 6.1.: Illustration of the geometric antenna offset correction (AOC; blue) for the measured
range ρ (gray). The components for both GRACE satellites are shown: AOCρ,A and AOCρ,B.

The total AOC consists of the two components: AOCA for GRACE-A, and AOCB for GRACE-B
(cf. Fig. 6.1). Geometrically, the AOC for the range (AOCρ) can be interpreted as the
projection of both phC vectors (phCA,phCB) on the LOS

AOCρ = AOCρ,A + AOCρ,B

= phCA cosφA + phCB cosφB.
(6.1)

Therein, φ denotes the misalignment angle, representing the angle between the phC and LOS
vector. During SM, this angle is kept within a threshold of a few milliradians (Herman et al.,
2004). The misalignment angle φ directly depends on the pitch (θ), and yaw (ψ) angle. The
attitude angles (roll, pitch, yaw) can be computed from GRACE Level-1B data products as
described in the subsequent Section (cf. Section 6.1.2). According to the spherical law of
cosines, the misalignment angle φ can be expressed by:

cosφ = cos θ · cosψ. (6.2)

For each satellite, the correction is calculated by first transforming the phC vector from
the SRF to the inertial frame (IRF), and then evaluating the inner product with the LOS
vector (eAB), which is given in the IRF, pointing from one CoM to the other satellites CoM.
Consequently, the total AOC for the range is obtained by

AOCρ = eAB · (RIRF
SRF,AphCA)  

AOCρ,A

− eAB · (RIRF
SRF,BphCB)  

AOCρ,B

, (6.3)

where eAB represents the normalized LOS vector (derived from GNV1B), and RIRF
SRF denotes

the rotation matrix from SRF to IRF (given by SCA1B). The phc vector (given by VKB1B) has
a length of approximately ∼ 1.47 m, i.e. the APC is mounted in a distance of ∼ 1.47 m from
the satellites COM (cf. Fig. 6.1).

The antenna offset corrections (AOCs) for the range rates (AOCρ̇) and range accelera-
tions (AOCρ̈) represent the time derivatives of the geometric range correction (AOCρ), and
are obtained by numerical differentiation

AOCρ̇ = d

dt
AOCρ, (6.4)

AOCρ̈ = d2

dt2
AOCρ = d

dt
AOCρ̇. (6.5)
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Fig. 6.2.: GRACE KBR AOCs for range rates, derived from the KBR1B data product, plotted along the
orbit for the year 2011.

The values for the AOCρ are in the range of 2.95 m, due to the APC offset from the
COM. The values for the AOCρ̇ and AOCρ̈ are in the range of ±0.5 µm/s and ±0.2 µm/s2,
respectively.

The KBR AOCs for the ranges, range rates and range accelerations are provided within the
Level-1B KBR data product (KBR1B; cf. Section 2.5) (Case et al., 2010). During Level-1A
to Level-1B processing, precise geometric information is used to compute the geometric
correction for the KBR data. Following Equation (6.3), the AOCs for each satellite can be
computed based on three inputs: (1) the satellite positions (GNV1B), (2) the CoM-to-APC
vector (phC) with respect to the SRF (VKB1B), (3) and the inertial orientation of the
satellite (SCA1B).

Figure 6.2 shows AOCs for range rates (AOCρ̇), recovered from the KBR1B data product,
for one year (2011). Obviously, the AOCs are subject to systematic effects (e.g., striping
pattern), which are a result of systematics contained within the inter-satellite pointing
variations (cf. Fig. 6.3). These effects are further discussed in Section 6.1.2. Reproducing the
geometric range rate corrections according to Equations (6.3) and (6.5) using the GNV1B
orbits, VKB1B phC vector, and SCA1B quaternions, results practically in the same corrections
as those contained in the KBR1B data product (not shown here).

Any systematic errors present in the attitude data (SCA1B) and/or phC vector (VKB1B),
directly affect the accuracy of the KBR ranging observations through the AOCs. In addition,
the attitude data is also needed for the rotation of the accelerometer data product (ACC1B)
from the SRF to the IRF. Thus, alignment errors not only directly affect the KBR observations,
but also indirectly affect the ACC observations (cf. Section 6.3.6). These two effects on
the GRACE observations may in turn affect the accuracy of the recovered gravity field
solutions.

6.1.2 Inter-satellite pointing - Attitude angles
The most intuitive and common way to describe the attitude or rotation of a satellite is
to use Cardan angles: roll, pitch, and yaw (cf. Appendix D.1). Roll (ϕ), describes the
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rotation around the x-axis, which corresponds here to the along-track direction. Yaw (ψ),
describes the rotation around the z-axis, corresponding to the radial direction, which is
perpendicular to the horizontal plane of the satellite. Pitch (θ), describes the rotation around
the cross-track axis, which completes the right-handed system. For GRACE, the inter-satellite
pointing variations can be geometrically interpreted as angular deviations of the KBR phC
vector from the LOS (cf. Fig. 6.1), expressed in terms of roll, pitch, and yaw rotation angles
(cf. Bandikova et al., 2012).

Roll, pitch, yaw

Per definition, the phC vector, joining the CoM with the KBR APC, coincides with the x-axis
of the KBR frame (KF), and the LOS coincides with the x-axis of the LOS frame (LOSF)
(cf. Appendix A). Therefore, roll, pitch and yaw attitude angles can be derived from the
matrix rotating the KF to the LOSF, which is obtained by

RLOS
KF = RLOS

IRF


RKF

IRF

⊺
. (6.6)

The pointing variations represented by Equation (6.6), can be expressed as a sequence of
rotations

RLOS
KF = R1(ϕ)R2(θ)R3(ψ), (6.7)

where Ri (i = 1, 2, 3) represents elementary rotations about the roll (x), pitch (y), and
yaw (z)-axis, respectively. Thus, the roll (ϕ), pitch (θ), and yaw (ψ) attitude angles can be
directly derived from the elements of the RLOS

KF matrix (cf. Eq. (D.1))

ϕ = arctan

R23

R33


,

θ = − arcsin(R13),

ψ = arctan

R12

R11


,

(6.8)

where Rij denotes the matrix elements, with the indices i, j referring to the rows and
columns of the matrix.

Following from Equation (6.6), the recovery of the attitude angles from the GRACE Level-1B
data products is done in three subsequent steps: (1) expressing the phC vector in the
SRF (VKB1B), (2) rotating the SRF to the IRF (SCA1B), and (3) rotating the IRF to the
LOSF (GNV1B). From the resulting rotation matrix RLOS

KF , representing the rotation from
the KF into the LOS frame (cf. Eq. (6.6)), the attitude angles can be derived according
to Equation (6.8). In the following, the representation of the underlying RKF

IRF and RLOS
IRF

matrices are explained in more detail.

Based on the inertial orientation of the spacecraft, and the alignment of the phC within the
SRF, the matrix rotating the IRF into the KF can be obtained as follows (cf. Appendix A.5)

RKFj

IRF =


x⊺

KFj

y⊺
KFj

z⊺
KFj

 =




RSRFj

IRF

⊺ phC
|phC|

⊺


zKFj × xKFj

⊺
xLOSj × ySRFj

⊺

 , (6.9)
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where the index j = A, B refers to GRACE-A or GRACE-B. The vector phC represents
the KBR phC vector with respect to the SRF, provided by the VKB1B data product. The
information about the inertial orientation of the GRACE spacecrafts is provided by the
SCA1B data product, containing the attitude of the SRF with respect to the IRF in terms of
quaternions. Thus, the matrix rotating the SRF to the IRF is given by (cf. Appendix C)

RIRF
SRF =


q2

0 + q2
1 + q2

2 + q2
3 2(q1q2 − q0q3) 2(q1q3 + q0q2)

2(q1q2 + q0q3) q2
0 − q2

1 + q2
2 − q2

3 2(q2q3 − q0q1)

2(q1q3 − q0q2) 2(q2q3 + q0q1) q2
0 − q2

1 − q2
2 + q2

3

 . (6.10)

In order to derive the instantaneous LOS vector (xLOS), joining the two satellites COMs,
the positions of both satellites witch respect to the IRF (provided by GNV1B) are needed.
Based on the inertial positions, the matrix rotating the IRF into the LOSF can be obtained by
(cf. Appendix A.6)

RLOSj

IRF =


x⊺

LOSj

y⊺
LOSj

z⊺
LOSj

 =




ri − rj

|ri − rj |

⊺


xLOSj

× rA

|rA|

⊺


xLOSj × yLOSj

⊺

 , (6.11)

where parameters with the indices i, j = A, B (i ̸= j) refer to GRACE-A or GRACE-B, and the
vector r represents the position of one satellite w.r.t. the IRF.

For GRACE, the inter-satellite pointing requirements are defined by deadbands, defining the
maximum allowed angular deviation of the phC vector relative to the LOS. Originally, the
deadbands were set to 3 mrad for roll and pitch, and 4 mrad for yaw, during SM. The value
of the yaw deadband was changed repeatedly during the mission lifetime. In January 2012,
it was set to 5.4 mrad and 5.2 mrad for GRACE-A and GRACE-B, respectively (Herman and
Steinhoff, 2012). The aim of the AOCS is to keep the variations of the inter-satellite pointing
as small as possible by continuously aligning the phC vector with the LOS vector. This keeps
the geometric error within the KBR measurements as small as possible.

Figure 6.3 shows inter-satellite pointing variations expressed in terms of roll, pitch, and yaw
attitude angles, derived from Level-1B data products for GRACE-A. For the attitude angles,
two different representations are shown: (1) a time series of a 6 hour interval (∼ 4 orbital
revolutions), and (2) a plot of the attitude angles along the orbit for a time period of one
month (December 2008). Since the pointing variations for both satellites show a similar
behavior, the analysis is restricted to GRACE-A. From Figure 6.3 it becomes obvious, that
the pointing variations are kept within the deadbands, if the non-zero mean values are
reduced. Possible reasons for the occurrence of pointing biases are further discussed in
Section 6.2.2.

There are systematic effects visible within the roll, pitch, and yaw attitude angles, which
are different for all three axes (cf. Figs. 6.3(a), 6.3(b), and 6.3(c)). The most prominent
effect is the GRACE associated pointing jitter, which becomes visible within the pitch angle
variations, and is related to the attitude sensors and actuators used for the AOCS. The very
regular horizontal striping in Figure 6.3(b) is caused by systematic oscillations (around
3.3 mHz) related to the dominant frequency of the magnetic torquer rods (Bandikova,
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(a) roll (ϕ)

(b) pitch (θ)

(c) yaw (ψ)

Fig. 6.3.: Roll (a), pitch (b), and yaw (c) attitude angles for GRACE-A recovered from the Level-1B
RL02 data products (SCA1B, GNV1B). The left column shows the attitude angles (blue) and
the corresponding deadbands (red) for a 6 h interval on 2008-12-01. Note that for the roll
and pitch angle the mean value was subtracted (solid line), since the original (dashed line)
do not have a zero mean value. The right column shows the attitude angles along the orbit
for GRACE-A for the whole month (December 2008).
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2015). Consequently, these variations are not caused by geophysical phenomena, but
rather by on-board electronics and/or sensors. Additionally, irregular variations at specific
geographical locations are reflected in Figure 6.3(b), i.e. stronger variations for the ascending
orbit around −60◦ (cf. Appendix D.3). If long time series of pitch variations are analyzed
(cf. Fig. 6.14), different systematics related to star camera head switches or blindings, CoM
calibration maneuvers, disabling of supplemental heater lines, etc. become visible as well
(Bandikova, 2015). The pointing jitter is not clearly visible within the roll and yaw variations
(cf. Fig. 6.3(a) and 6.3(c)). Due to the orientation of the torquer rods w.r.t. to the magnetic
field, the roll and yaw alignment is mainly controlled by thruster activations. The attitude
control with thrusters is not as smooth as with magnetic torquers. Therefore, the pointing
variations become larger, except for regions where the magnetic torquer rods sufficiently
control the attitude (roll: over the poles, yaw: equator; cf. Figs. 6.3(a) and 6.3(c)).

6.2 Shortcomings of the attitude determination

6.2.1 SCA1B data product
As shown by Bandikova and Flury (2014), the GRACE SCA1B RL02 data product contains a
systematically higher noise level than expected (cf. Fig. 5.6). The high noise level results
from a software bug within the Level-1A to Level-1B processing, i.e. the star camera head
combination is implemented incorrectly within the JPL processing routines. Due to this
software bug, the noise suppression for the weak axes is invalid, resulting in high frequency
noise due to the sub-optimal combination of the star camera data. By implementing the
correct algorithm within Level-1A to Level-1B processing, the SCA1B data noise is reduced,
but no significant improvements were found in the CSR monthly gravity field solutions
(Kruizinga et al., 2015).

Harvey (2016) showed that, apart from the incorrect star camera head combination, also
the stellar aberration correction was implemented incorrectly. This error is already part of
the Level-1A data products, since the on-board software uses Earth Center Fixed coordinates
instead of inertial coordinates, resulting in a twice per revolution stellar aberration error
with a sidereal day modulation. During nominal spacecraft science operations, the use of
corrected SCA1B data products does not seem to have a significant effect on the recovered
gravity field solutions (of the official processing centers) (Kruizinga et al., 2017).

Another feature visible within the SCA1B data product, are jumps or discontinuities at
transitions from dual star camera operation (combined solution) to single star camera
operation (single head solution) and vice versa (cf. Fig. 6.12), due to direct Sun and/or
Moon intrusions (Ko et al., 2015; Bandikova, 2015). These jumps are caused by the different
performance of the two star camera heads, but remain untreated within the SCA1B RL02
data product.

Apart from these processing errors, changes within the short-term and long-term stability of
the alignment, as well as temperature variations, also might cause errors within the SCA1B
data products. The current quality of the star cameras also seems to limit the phC (VKB1B)
and inter-boresight (QSA) alignment determination.
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The studies by e.g., Bandikova and Flury (2014), Inácio et al. (2015), and Harvey (2016)
became key impulses for the JPL to initiate a currently ongoing GRACE Level-1B data re-
processing campaign (cf. Section 6.2.3), aiming at improving the attitude data processing
(RL03 SCA1B).

6.2.2 KBR1B data product - Inter-satellite pointing bias
As shown by Horwath et al. (2011), the inter-satellite pointing angles recovered from
Level-1B RL01 data products (SCA1B, GNV1B, VK1B; cf. Section 6.1.2) were characterized
by a non-zero mean value, i.e. contain a systematic bias. These pointing biases directly
affects the KBR1B AOCs, as the AOC is obtained by a projection of the phC vector (VKB1B)
on the LOS. Thus, the length of the AOC directly depends on the pointing angles, i.e. larger
angles result in shorter AOC, whereas smaller angles result in a longer AOC (cf. Fig. 6.4).
Horwath et al. (2011) demonstrated by his study that the biased AOCs significantly degrade
the recovered gravity field solution. As a consequence, JPL re-estimated the calibration
parameters related to the star cameras and the KBR APCs in 2011, resulting in improved
Level-1B RL02 data products.

Fig. 6.4.: Illustration of the effect of a pointing bias on the length of the antenna offset correc-
tion (AOC).

The bias contained within the pointing angles derived from the Level-1B RL02 data products
is significantly reduced (compared to RL01, Bandikova, 2015), but still exists with its sources
still remaining unknown (cf. Fig. 6.3). Performing a re-estimation of the star camera and
KBR calibration parameters (QSA, QKS, VKB) based on an improved attitude data product
(e.g., RL03), might result in improved results further minimizing the pointing bias. Another
possibility is to co-estimate the phC vector during gravity field recovery.

6.2.3 Attitude improvement
Theoretically, the GRACE attitude data product (SCA1B) can be improved by incorporating
additional attitude information provided by other on-board sensors, such as the accelerome-
ter or the Inertial Measurement Unit (IMU). However, the IMU on-board GRACE-A failed
directly after the launch of the satellites, and the IMU on-board GRACE-B is switched-off
at almost all times. Therefore, for GRACE only the combination based on star camera and
accelerometer data is feasible. Based on this idea, the sensor fusion approach was introduced
within the ITSG processing chain, as part of the Level-1B data pre-processing (Klinger and
Mayer-Gürr, 2014). The sensor fusion and its impact on the ACC and KBR observations are
extensively discussed in Section 6.3. Furthermore, its impact on the recovered gravity field
is analyzed in Section 8.2.

6.2 Shortcomings of the attitude determination 77



Prior to the sensor fusion approach (Klinger and Mayer-Gürr, 2014), the combination of
star camera and accelerometer data was already tested by Frommknecht (2008). The
combination was performed on the level of angular rates by using low-pass filtered star
camera, and high-pass filtered accelerometer data (with a cut-off frequency of 3 ·10−2 Hz). A
similar method was implemented for the combination of GOCE star camera and gradiometer
data, based on the combination by means of Wiener filtering (Stummer et al., 2011; Stummer,
2012).

According to Kruizinga et al. (2016), the SDS decided to change the official SCA1B algorithm
in order to combine star camera and angular accelerometer data using a Kalman filtering
approach (Bandikova et al., 2016; Sakumura et al., 2016). SDS has implemented a similar
approach (Precision Attitude Determination) already in 2004 and also observed a reduction
in high frequency noise in the SCA1B data product. However, CSR observed degraded gravity
fields using the updated SCA1B data product, resulting in a rejection of this approach back
then (Kruizinga et al., 2015). The RL03 Level-1B data products, which are currently being
re-processed, will include re-processed SCA1B and KBR1B data products. For the KBR1B
data products only the derived KBR range corrections (AOCs) will be changed. In addition
to the star camera and accelerometer data combination, known processing errors within the
current RL02 SCA1B data products should be fixed (cf. Bandikova and Flury, 2014; Harvey,
2016). Additionally, the SCA1B data product will have a higher data sampling (1 Hz instead
of 0.2 Hz) (Kruizinga et al., 2016). The re-processed RL03 Level-1B data products are
expected to be released at the time when the RL06 gravity products of the official processing
centers (CSR, GFZ, JPL) are released. Initial assessments showed that the high frequency
noise within the SCA1B RL03 data product is significantly reduced, and an improved attitude
reconstruction for single camera operations could be achieved. These improvements result
in slightly improved JPL gravity field solutions (Bandikova et al., 2016; Kruizinga et al.,
2016; Sakumura et al., 2016). Thus, only minor effects on the gravity field solutions are
expected. A complete re-processing of the Level-1B data products (RL04) will be done after
the decommissioning of the GRACE mission.

6.3 Improved attitude determination - Sensor fusion
Until recently, the attitude determination and the alignment between the two GRACE satel-
lites during SM were carried out solely by the two star cameras on-board each satellite.
Originally, the official Level-1A to Level-1B processing described in Wu et al. (2006) did
not envisage the combination of star camera and accelerometer data to derive a combined
attitude data product. But, the accelerometer provides in addition to the measured linear
accelerations also relative attitude information in terms of angular accelerations (cf. Sec-
tion 5.2). Therefore, the basic idea is to incorporate this additional information within the
attitude estimation. By combining both Level-1B star camera and angular accelerometer data
(SCA1B, ACC1B) in a LSA, the attitude estimation can be further improved. This approach,
schematically depicted in Figure 6.5, is denoted as sensor fusion approach.

However, some limitations occur, since already pre-processed Level-1B data products are
used as input for the senor fusion - the combined attitude estimation. Errors or noise present
within the ACC1B and SCA1B data products due to incorrect data processing (cf. Section 6.2)
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Fig. 6.5.: Schematic overview of the sensor fusion approach: combination of accelerometer (ACC1B)
and star camera (SCA1B) data.

cannot be eliminated by combining both data sets. Yet, the high-frequent noise of the SCA1B
data product can be reduced significantly (cf. Section 6.3.4 and 6.3.5).

As output of the sensor fusion approach, a combined attitude data product, hereafter denoted
as SCAFusion, is derived (cf. Fig. 6.5). Analysis of the combined SCAFusion data product in
both the temporal and the frequency domain demonstrate the potential of the sensor fusion
approach in reducing the high-frequent attitude noise. Based on the combined SCAFusion
data product, the geometric corrections (AOCs; cf. Section 6.1.1) added to the ranging
observations of the KBR1B data product can be re-computed. Additionally, the attitude
information is also needed to rotate the linear accelerometer measurements from the SRF
to the IRF during gravity field recovery. Therefore, also the indirect effects on the GRACE
KBR1B and ACC1B data products, used for gravity field recovery, are analyzed in detail
(cf. Sections 6.3.5 and 6.3.6).

6.3.1 Sensor fusion approach
In general, the sensor fusion approach is based on the combination of GRACE Level-1B star
camera and accelerometer data on the attitude level (quaternions). The SCA1B data product
provides information about the satellites orientation w.r.t. inertial frame in terms of attitude
quaternions (cf. Section 5.1.3, cf. Appendix C). The ACC1B data product provides angular
accelerations, containing relative attitude information in terms of rates of change of the
angular velocity (cf. Section 5.2.3). This gives information about the rotation changes about
the SRF axes. However, the angular accelerations provided by the ACC1B data product
contain an unknown bias and thus need to be calibrated. The rotational part of the satellites
motion, represented by the angular velocity and the angular acceleration, can also be derived
by numerical differentiation from the inertial attitude provided by the star camera data
(cf. Appendix C.2.8). Therefore, the derived star camera angular accelerations can be used
for the calibration of the accelerometer data, i.e. for the bias estimation.

The combination benefits from the different noise characteristics of the star camera and
angular accelerometer data (cf. Sections 5.1.2 and 5.2.2). This becomes most evident, it the
two data sets are compared on the level of angular accelerations (cf. Fig. 6.11). Due to the
incorrect combination of the two star camera heads, the noise of the less accurate boresight
component unfavorably propagates to ω̇y and ω̇z in the SRF due to the reference frame
transformation (from SCF to SRF)(cf. Fig. 5.6(a)). For this reason the angular accelerations
derived from SCA1B data are characterized by two less-sensitive axes w.r.t. the SRF (y, z).
Whereas, the ACC1B angular accelerations are characterized nominally by one sensitive axis
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w.r.t. the SRF (ω̇y). But in direct comparison with the angular accelerations derived from
SCA1B data, they contribute to both axes (ω̇y, ω̇z, cf. Fig. 6.11).

The combination of both observation types (quaternions, angular accelerations) is achieved
by means of a LSA, i.e the ACC1B and SCA1B data products are directly used as input
without applying any a priori filtering techniques. Hence, the combination is based solely
on the absolute attitude information provided by the SCA1B data product, and the relative
attitude information provided by the ACC1B data product. The optimal weighting between
the two different observation groups is achieved by means of VCE (cf. Section 3.6) in
combination with a robust estimator (cf. Section 3.6.1), under the assumption of uncorrelated
observations. Based on the principles of LSA, the system of linearized observation equations,
describing the relation between the observations and unknown parameters within the sensor
fusion approach, can be formulated aslACC1B

lSCA1B


  

l
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(6.12)

with

lACC1B = ω̇ACC1B − ω̇0(q0, q̈0),

lSCA1B = qSCA1B − q0,

qFusion = q0 + q.

(6.13)

In Equation (6.12), the observations l are composed of the SCA1B quaternions (lSCA1B), and
the ACC1B angular accelerations (lACC1B). Since the sensor fusion takes place on the level of
quaternions, the unknown parameters x contain the residual quaternions (q), and a bias
vector (b) in order to allow for a calibration of the angular accelerations. The sparsely
populated design matrix A consists of four parts, each containing the partial derivatives
of the functional models w.r.t. the unknown parameters. Due to the non-linearity of the
observation equations, the estimated quaternions qFusion, given in the combined SCAFusion
data product, are composed of the a priori approximation q0 (initially derived from the
SCA1B data product), and the estimated quaternion improvements q (cf. Eq. (6.13)). Apply-
ing the principles of VCE, the LSA is solved iteratively, i.e. the approximate values (q0, ω̇0)
and the VCE weights (σq, σω̇) are adjusted step-by-step. The combination of VCE (observa-
tion group weighting, cf. Section 3.6) with a robust estimator (individual data weighting,
cf. Section 3.6.1), allows not only for a relative weighting of the different inhomogeneous
observation groups (quaternions, angular accelerations), but also enables the simultane-
ous identification and down-weighting of large outliers within the individual observation
groups.

For the ITSG-Grace2016 release, an arc length of 30 min was used in order to derive
the SCAFusion data product, i.e. the sensor fusion in terms of data combination is done
separately for each arc. The arc length can be extended arbitrarily by solving the LSA on the
level of normal equations.
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6.3.2 Incorporation of ACC1B attitude information
In order to incorporate the attitude information provided by the angular accelerations into
the combined LSA (cf. Eq. (6.12)), a relation between the angular accelerations and the
quaternions needs to be established. The combination with the information provided by the
star camera data takes place on the level of quaternions.

In a first step, the functional relationship between angular rates and quaternions can be
established through (Diebel, 2006)

ω(q, q̇) := 2W(q)q̇, (6.14)

where ω denotes the angular rates, W denotes the angular rate matrix, and q̇ denotes the
quaternion rates, i.e. the first temporal derivative of the unit quaternions. The function
given in Equation (6.14), maps a unit quaternion and its temporal derivative to the angular
velocity in a body-fixed coordinate system. From Equation (6.14) follows that the angular
accelerations, expressed in a body-fixed system (SRF), can be related to the first and second
time derivatives of the quaternion parameters by

ω̇(q, q̇) := 2W(q)q̈ + 2W(q̇)q̇ = 2W(q)q̈,

:= 2
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Due to its orthogonal structure, the term 2W(q̇)q̇ in Equation (6.15) becomes zero.

By further evaluating Equation (6.15), the angular accelerations about the three SRF axes (x,
y, z) can be related to the unit quaternions and its second temporal derivative through

ω̇x = 2[−q1q̈0 + q0q̈1 + q3q̈2 − q2q̈3], (6.16)

ω̇y = 2[−q2q̈0 − q3q̈1 + q0q̈2 + q1q̈3], (6.17)

ω̇z = 2[−q3q̈0 + q2q̈1 − q1q̈2 + q0q̈3]. (6.18)

Second order derivative - unit quaternions

The second order derivatives of the unit quaternions can be approximated by applying a
second order difference quotient:

i = 0 : q̈i = qi+2 − 2qi+1 + qi

∆t2 , (6.19)

0 < i < N : q̈i = qi+1 − 2qi + qi−1

∆t2 , (6.20)

i = N : q̈i = qi−2 − 2qi−1 + qi

∆t2 . (6.21)
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Therein, the index i denotes the observation epoch within one arc, and ∆t denotes the
sampling of the data in seconds. To derive the second derivative of the unit quaternion of
the first epoch (i = 0), the forward difference quotient (cf. Eq. (6.19)) is used. Whereas,
for the last epoch (i = N), the backward difference quotient (cf. Eq. (6.21)) is used. For all
other epochs (0 < i < N), the central difference quotient (cf. Eq. (6.20)) is applied in order
to derive the second derivative of the unit quaternions. The latter is the general preference
from a mathematical point of view, as it provides a more accurate approximation for the
second order derivative. In contrast to the one-sided differencing formulas, it incorporates
the values from the central quaternion at the current epoch, and from the quaternions on
both sides of the current epoch.

Other numerical differentiation methods, including numerical differentiation by polynomial
interpolation, were tested. But, the best results in terms of noise (for both the second order
quaternion derivatives and the estimated combined quaternions) were achieved when the
numerical differentiation is based on either a first-order interpolation polynomial or on
the equivalent second-order difference quotients (not shown here). Due to the sinusoidal
behavior of the unit quaternions (cf. Fig. 5.5), higher degree polynomials lead to a higher
noise and introduce oscillation effects at the edges of the arcs. Here, the difference quotients
are preferred, due to their straight-forward representation within the functional model
(cf. Eq. (6.22)).

Substituting Equations (6.19), (6.20), and (6.21) into Equation (6.16), relates the angular
accelerations to the quaternion elements of adjacent epochs. The resulting equations are
exemplarily shown for the angular accelerations around the x-axis:
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(6.22)

Herein, the superscripts refer to the observation epoch, and the subscripts refer to the
SRF-axis or to the quaternion elements. Equivalent formulas can be derived for the angular
accelerations about the y- and z-axis (not shown here).

Angular accelerometer bias

The ACC1B angular accelerations contain an unknown bias (cf. Section 5.2.3). Besides a
constant bias offset, regular bias variations occur, which are mainly caused by temperature
variations related to the switch-off of the active thermal control. Furthermore, sudden bias
jumps occur several times a year, which are most likely to be caused by sudden voltage jumps
within one of the accelerometer electrodes of the accelerometer sensor unit (Bandikova
et al., 2016). To illustrate possible bias variations, Figure 6.6 shows the uncalibrated ACC1B
angular accelerations together with the AHK1B core temperatures over the whole GRACE
mission period, from April 2002 to June 2017. From this it becomes obvious, that since
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Fig. 6.6.: Temporal evolution of the ACC1B angular accelerations ω̇x (black), ω̇y (red), ω̇z (blue)
for GRACE-A compared to the accelerometer core-temperature (gray) for the time period
April 2002 to June 2017.

April 2011 temperature-related bias drifts occur with a regular pattern, primarily affecting
the angular accelerations about the less-sensitive along-track and radial axes.

To account for the bias and its variations within the ACC1B data, a bias vector is estimated
as unknown parameter within the sensor fusion approach (cf. Eq. (6.12)). The uncalibrated
ACC1B angular accelerations ω̇ACC1B are related to the true angular accelerations ω̇obs by

ω̇ACC1B = ω̇obs + b, (6.23)

where b denotes the bias vector, representing the bias in the angular accelerometer obser-
vations. The estimated bias is parameterized by a first order polynomial, accounting for
constant bias offsets and linear bias drifts. Non-linear bias drifts are not modeled. This
simplified bias modeling is motivated by the used short arc length of 30 min, and the as-
sumption that the occurring temperature-related bias drifts can be successfully approximated
by this model.

Figure 6.7 expemplarily shows the uncalibrated ACC1B and the bias-reduced angular accel-
erations about the radial axis (ω̇z), as used within the sensor fusion approach. For all three
directions, the bias jumps and temperature-dependent bias variations, which become visible
as striping patterns, can be reduced successfully by estimating a linear bias.

Fig. 6.7.: GRACE-A angular accelerations about the radial axis (ω̇z) along the orbit for one
year (2011). Left: uncalibrated ACC1B angular accelerations, Right: calibrated ACC1B
angular accelerations. Note that not the same scaling is used.
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Angular accelerometer correction

The accelerometer measures the torque necessary to maintain the proof mass motionless
with respect to the electrodes cage. Consequently, the measured angular accelerations are
linked to the inertial angular acceleration and rate by the following formulae

ω̇obs,x = ω̇x + Iz − Iy

Ix
ωyωz ≈ ω̇x − ωyωz, (6.24)

ω̇obs,y = ω̇y + Ix − Iz

Iy
ωxωz ≈ ω̇y, (6.25)

ω̇obs,z = ω̇z + Iy − Ix

Iz
ωxωy ≈ ω̇z + ωxωy, (6.26)

where ω̇i,obs denotes the measured angular accelerations (given by ACC1B), ω̇i denotes the
inertial angular accelerations, and ωi denotes the inertial angular rates. The index i = x, y, z

refers to the axes of the SRF. The moments of inertia of the GRACE accelerometer proof
mass are defined as

Ix = 1.959 · 10−5 kg · m2, (6.27)

Iy = Iz = 1.037 · 10−5 kg · m2. (6.28)

Due to the parallelepiped (non-square) shaped proof mass of the GRACE accelerometer
(cf. Section 5.2), the moments of inertia are not equal (cf. Eq. (6.27) and (6.28)). Thus,
only the measurement about the y-axis (w.r.t. the SRF) is a pure angular acceleration (cf.
Eq. (6.25); personal communication with Bernard Foulon (ONERA)). Therefore, the angular
accelerations, contained in the ACC1B data product, need not only to be corrected for a
bias (cf. Eq. (6.23)), but also for the effects of the non-square proof mass (cf. Eqs. (6.24)
to (6.26)). Due to the Earth pointing attitude of the satellites, the angular rate about the
cross-track axis ωy ≈ 1.12 · 10−3 rad/s is not negligible, and should be considered correctly.
As a consequence, the ACC1B angular accelerations, which are used as observations within
the sensor fusion approach, are corrected for these effects.

6.3.3 VCE - Initial observation weights
In order to enable an iterative LSA, utilizing the principles of VCE togehter with a robust
estimator, initial weights for both observation groups are introduced. Table 6.1 summarizes
the introduced a priori variance factors of the SCA1B quaternion and the ACC1B angular
acceleration observations. To facilitate the VCE, only two observation groups are used.
Therefore, fixed scale factors are used to initially scale the angular accelerations with respect
to each other.

Tab. 6.1.: Initial VCE variance factors of the ACC1B and SCA1B observations.

Observation (SRF) Variance factor (σ0) Scaling factor
ω̇x 5 · 10−6 rad/s2 25 · ω̇y

ω̇y 2 · 10−7 rad/s2 1 · ω̇y

ω̇z 5 · 10−7 rad/s2 2.5 · ω̇y

q0, q1, q2, q3 5 · 10−5 x
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(a) ω̇x (b) ω̇y

(c) ω̇z

Fig. 6.8.: PSD of the ACC1B angular accelerations: (a) ω̇x (black), (b) ω̇y (red), and (c) ω̇z (blue).
PSDs for various 3 h intervals within December 2008 are shown. As reference, the initial
variance factors listed in Tab. 6.1 are shown (black dashed line).

(a) q0 (b) q1

(c) q2 (d) q3

Fig. 6.9.: PSD of the SCA1B quaternion elements: (a) q0 (black), (b) q1 (red), (c) q2 (blue), and
(c) q3 (green). PSDs for various 3 h intervals within December 2008 are shown. As reference,
the initial variance factors listed in Tab. 6.1 are shown (black dashed line).
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The combination of heterogeneous data types, as done by the sensor fusion approach,
requires a relative weighting among the different observation groups (angular accelerations,
quaternions). This was achieved by applying the principles of VCE, in combination with a
robust estimator. This enables not only a more realistic weighting of the observation groups,
but also the identification or down-weighting of large blunders within the iterative LSA.

In a first approximation, the initial variance factors of the angular accelerations about the
along-track and cross-track axis are taken from the GRACE instrument specifications given in
Stanton et al. (1998), Hudson (2003) and defined by ONERA. Only, the variance factors of
the angular accelerations about the radial axis are adjusted, since they are characterized by
a significantly lower noise compared to the specifications. Therefore, the initial accuracies
were approximated from the PSD analysis shown in Figure 6.8(c). Since no specifications
exist for the star camera observations in terms of quaternions, the accuracies are derived
from noise level simulations by Frommknecht (2008). Following from that, together with
the PSD analysis shown in Figure 6.9, the same initial variance factors are used for all four
quaternion elements (cf. Tab. 6.1). The homogeneous values are owed to the incorrect
combination of the star camera heads (cf. Sections 5.1.3 and 6.2).

A comparison of Figures 6.8 and 6.9 with the initial approximations for the variance com-
ponents of the ACC1B angular accelerations and SCA1B quaternions given in Table 6.1,
shows a good agreement between the PSD analysis and the underlying accuracy/noise
assumptions.
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6.3.4 Improvement of the attitude data product
To allow for an evaluation of the sensor fusion approach, the SCAFusion data product
is directly compared with the official RL02 SCA1B data product, generated by JPL. The
results of this comparison are shown in Figures 6.10 and 6.11. As expected, the combined
attitude solution (SCAFusion) benefits from the different noise characteristics of the star
camera (SCA1B) and the angular accelerometer (ACC1B). By applying the sensor fusion,
the fused attitude information consists of the low-frequency information provided by the
star camera, and the high-frequent information provided by the angular accelerometer
(cf. Fig. 6.11).

Quaternions

Figure 6.10 shows a comparison of the SCAFusion and RL02 SCA1B data product in terms of
quaternion elements in the time and frequency domain, respectively. In the time domain, the
differences in terms of quaternion element differences are small, at a level of 0.5 − 1 · 10−3.
In the frequency domain, the combined quaternions (SCAFusion) are characterized by a
reduced noise within the high frequencies, i.e. the high frequencies of the spectrum are
damped. At frequencies above 9 · 10−3 − 1 · 10−2 Hz, the noise level is significantly reduced.
In general, the same behavior can be observed for the spectra of the angular accelerations,
shown in Figure 6.11. Since the results for the other quaternion elements (not shown here)
are similar, the analysis is limited to q0 and q1.

(a) q0

(b) q1

Fig. 6.10.: Comparison of the GRACE SCA1B (black) and SCAFusion (red) data product:
Left: Quaternion time series of GRACE-A for a 6 h interval on 2008-12-01; Right: PSD
of the quaternion elements q0 (a) and q1 (b) of GRACE-A for the same 6 h interval on
2008-12-01. The differences ∆q between the SCA1B and the SCAFusion quaternions are
shown in blue. Note that the differences are scaled by a factor 103 in the time domain.
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Angular accelerations

The effect of the sensor fusion in terms of reducing the high-frequent attitude noise becomes
most evident, if the RL02 SCA1B, the RL02 ACC1B, and the SCAFusion data product are
compared on the level of angular accelerations. Figure 6.11 shows a comparison of the
angular accelerations of all three data products (SCA1B, ACC1B, SCAFusion) in the frequency
domain. From this comparison it becomes evident that the fused angular accelerations benefit
from the different noise characteristics of the SCA1B and ACC1B data, and show a reduced
noise level, especially about the cross-track and radial axes (ω̇y, ω̇z). At frequencies higher
than 8 · 10−3 to 10−2 Hz, the ACC1B data fully contributes to the spectrum of the combined
angular accelerations (cf. Fig. 6.11(b) and 6.11(c)). Within this frequency band, the noise
level of ω̇y and ω̇z is decreased by a factor of 2 − 50 w.r.t. to the official SCA1B RL02
data. Thus, the sensor fusion primarily helps to reduce the high-frequent star camera noise,
which is partly caused by the incorrect combination of the two star camera heads within the
Level-1A to Level-1B processing (cf. Fig. 5.6; Bandikova and Flury, 2014).

Summarizing the above, it can be concluded that the combination of the GRACE RL02
Level-1B star camera and accelerometer data (SCA1B, ACC1B) contributes to a reduction of
the high-frequent attitude noise. As a consequence, the resulting attitude is smoother than
the one derived from original star camera observations (cf. Fig. 6.13).

(a) ω̇x (b) ω̇y

(c) ω̇z

Fig. 6.11.: Comparison of the GRACE SCA1B (black), SCAFusion (red), and ACC1B (blue) data
product: PSD of the angular accelerations ω̇x (a), ω̇y (b), and ω̇z (c) about the SRF axes
for a 3 h interval on 2008-12-01.
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Jumps within the SCA1B data

Due to light intrusions from the Sun or the Moon, there are single camera and dual camera
phases, depending on the number of available star camera heads (cf. Fig. 5.4). Since the
SCA1B data product is based on the combination of the data from the two star camera heads
(cf. Section 5.1.3), discontinuities appear at transitions from dual camera to single camera
phases and vice versa (Ko et al., 2015; Bandikova, 2015). The magnitudes of these jumps
can reach up to 0.3 mrad and are the consequence of the different performance of the two
star camera heads. Therefore, the jumps are pronounced for transitions to or from single
star camera phases (e.g., transition to or from star camera head #2 on-board GRACE-B,
cf. Fig. 6.12). As can be seen from Figure 6.12, the pitch jumps within the GRACE-B SCA1B
data are smoothed out when using the SCAFusion data product.

However, according to Ko et al. (2015), the reduction of the discontinuities within the SCA1B
data product do not appear to have a large influence on the CSR gravity field solutions (Ko
et al., 2015).

(a)

(b)

Fig. 6.12.: Jumps within the SCA1B data product: Pitch angles derived from the SCA1B data
product (color) and the SCAFusion data product (black) for a 15 min interval on
(a) 2008-12-01 and (b) 2017-05-11 for GRACE-B. To highlight the transition form single
to dual camera mode, the SCA1B data combination is indicated by the color: Blue = Star
camera #1, Red = Star camera #2, Gray = Combination of star camera #1+#2.
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6.3.5 Effect on the Antenna Offset Correction
The previous analysis of the combined SCAFusion data product (cf. Section 6.3.4), demon-
strated the potential of the sensor fusion approach to reduce the high-frequent noise present
in the original RL02 SCA1B data product. In the following, the effect of this attitude noise
reduction on other GRACE data products, namely the KBR1B and ACC1B data product, is
analyzed. Both data products represent essential satellite observations, which are needed
for gravity field recovery (cf. Section 4.2).

The KBR ranging observations need to be corrected for the CoM-offset of the KBR antennas,
and the imperfect inter-satellite pointing by adding the AOC (cf. Section 6.1.1). The AOC for
ranges, range rates, and range accelerations are directly derived from the satellites attitude
and orbit information. Hence, increased noise or errors within the attitude data product
directly propagate to the AOCs. To analyze the impact of the sensor fusion, the AOCs are
derived from both the SCA1B, and the SCAFusion data product, respectively. Additionally,
the inter-satellite pointing angles (roll, pitch, yaw), directly representing the variations of
the two satellites orientation, are also recovered from both data products.

Attitude angles - roll, pitch, yaw

Figure 6.13 shows the attitude angles derived from the SCA1B RL02 and SCAFusion data
product, in the time and frequency domain. From this, it becomes obvious, that in particular
the pitch and the yaw angles are much smoother as compared to the original RL02 SCA1B
data product. This reflects the findings of the previous Section, and also agrees with
the expected attitude behavior of the satellites. The differences of the pitch and yaw
angles (∆θ,∆ψ) reach up to 0.2 − 0.5 mrad (during single camera phases). In the frequency
spectrum, this becomes visible by a reduced noise within the high frequencies (above
∼ 8 · 10−3 − 1 · 10−2 Hz). Since the sensor fusion mainly helps to reduce the high-frequent
noise of the rotations about the cross-track and radial axes, the roll angles show no significant
improvement.

By comparing the absolute differences between the pitch angles derived from the SCA1B
RL02 and SCAFusion data product along the orbit for one year (2008) (cf. Fig. 6.14), features
related to the availability of the combined attitude solution, i.e. whether one or two star
camera heads were used to derive the SCA1B data product, become visible (cf. Section 5.1.3,
cf. Fig. 5.4). Due to the orbital configuration of GRACE, the two star cameras are repeatedly
blinded by either the Sun or the Moon, causing star camera outages. The absolute pitch angle
differences in Figure 6.14 are larger for periods with single star camera availability, when
the attitude determination is based solely on the worse performing star camera head #1,
for both GRACE-A and GRACE-B (cf. Fig. 5.4) (Bandikova, 2015; Harvey, 2016). Whereas,
for the better performing star camera head #2, the absolute differences are smaller. From
these differences between the SCA1B and SCAFusion data product it follows that the sensor
fusion particularly improves the attitude estimation during these periods of Sun and Moon
intrusions, blinding the better star camera head. In agreement with Figure 6.13, showing
the improvements of the pointing angles in the high frequencies, similar spatial patterns
become visible for the absolute yaw angle differences (not shown here).
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(a) roll

(b) pitch

(c) yaw

Fig. 6.13.: Comparison of the GRACE SCA1B (black) and SCAFusion (red) data product: Left: Time
series of the roll (a), pitch (b), and yaw (c) inter-satellite pointing angles for a 3 h interval
on 2008-12-01 for GRACE-A; Right: PSD of the roll (a), pitch (b), and yaw (c) inter-
satellite pointing angles of GRACE-A derived from the same 3 h interval on 2008-12-01.
The differences ∆q between the SCA1B and the SCAFusion data products in terms on
inter-satellite pointing angles are shown in blue.
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(a) GRACE-A

(b) GRACE-B

Fig. 6.14.: Absolute pitch angle differences between the SCA1B and SCAFusion data product for
(a) GRACE-A and (b) GRACE-B for one year (2008). SCA outages: 1 = Sun intrusions,
2 = Moon intrusions, 3 = data gap, 4 = SCA outage not related to Sun or Moon blinding
(cf. Fig. 5.4).

Antenna Offset Correction (AOC)

The effect of the sensor fusion on the KBR AOCs for range rates is demonstrated in
Figures 6.15 and 6.16, showing the KBR range rate corrections for two different month
within the GRACE mission period. For the earlier one (December 2008; cf. Fig. 6.15), the
sensor fusion results in a smoothed AOC, i.e. significantly reducing the high-frequent attitude
noise. This becomes even more pronounced for the later month (May 2017; cf. Fig. 6.16).
Since March 29, 2017, the pitch angles were set to 0◦ on both spacecraft to improve the
quality of the transplanted GRACE-B ACC1B product (cf. Section 5.2.3). The removal of the
pitch offset results in larger AOCs for both spacecraft. Consequently, the noise reduction
achieved by the sensor fusion becomes more apparent for this month. The direct comparison
of the SCAFusion and SCA1B AOCS for range rates in the spatial domain (cf. Figs. 6.16(b)
and 6.16(c)), confirms these findings. The results shown demonstrate the impact of the
sensor fusion on the AOC corrections, which in turn directly affect the KBR ranging observa-
tions used for gravity field recovery. The effect of a changed satellite alignment, i.e. change
of the pitch offset, is further discussed in Section 8.2.
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(a) AOC

(b) Level-1B (c) Fusion

Fig. 6.15.: KBR AOCs for range rates: (a) Range rate corrections derived from the RL02
SCA1B (Level-1B) and SCAFusion (Fusion) data product for a 6 h interval on 2008-12-01;
(b,c) AOCs (range rates) along the orbit for one month (December 2008), derived from
the RL02 SCA1B (b) and the SCAFusion (c) data product. White gaps within (b) and (c)
correspond to data gaps.
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(a) AOC

(b) Level-1B (c) Fusion

Fig. 6.16.: KBR AOCs for range rates: (a) Range rate corrections derived from the RL02
SCA1B (Level-1B) and SCAFusion (Fusion) data product for a 6 h interval on 2017-05-11;
(b,c) AOCs (range rates) along the orbit for one month (May 2017), derived from the RL02
SCA1B (b) and the SCAFusion (c) data product. In May 2017, data was only available
between 2017-05-02 and 2017-05-22. Note that since 2017-03-29 the pitch offset was set
from ∼ 1◦ to 0◦ on both spacecraft.
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6.3.6 Effect on the ACC observations
The ACC1B data product provides the linear accelerations, representing the non-gravitational
accelerations acting upon the spacecraft, with respect to the SRF. However, for the ITSG-Grace
gravity field recovery based on the variational equation approach, the linear accelerations
need to be rotated from the SRF into the IRF. Thus, the attitude information provided by the
SCA1B or SCAFusion data product is directly applied in order to rotate the accelerometer
observations. Thus, errors within the attitude data product directly propagate to the rotated
linear accelerations, which are used as input for the gravity field recovery.

Figure 6.17 shows the differences in the linear accelerations w.r.t. the IRF, i.e. the differences
result from the orientation differences between the SCA1B and SCAFusion data product. For
all three axes, the differences reach up 8 · 10−9m/s2. For the sensitive along-track and radial
axes, the differences clearly exceed the specified measurement accuracy of 1 · 10−10m/s2

(cf. Tab. 5.1). But also for the less-sensitive cross-track axis, the differences are repeatedly
above the specified measurement accuracy of 1 · 10−9m/s2.

Fig. 6.17.: Linear accelerations differences resulting from the rotation of the ACC1B data product into
the IRF based on the RL02 SCA1B and the SCAFusion data product. Linear acceleration
differences in along-track (black), cross-track (red), and radial (blue) direction are shown
for a 6 h interval on 2008-12-01 for GRACE-A.

These results indicate that the accelerometer measurement accuracy, although it does not
meet the accuracy specifications (cf. Section 5.2.2), might not be fully exploited, since the
effects caused by the imperfect attitude data repeatedly exceed the measurement accuracy.

In summary, the sensor fusion approach results in a significant reduction of the high-
frequency attitude noise, which results in a smoothing of the pointing variations in terms of
attitude angles (roll, pitch, yaw), and the AOCs. The effects of the improved attitude data
product on the recovered gravity field solutions are analyzed in Section 8.2.
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6.4 Further options - Attitude data processing

6.4.1 GRACE
In general, further improvement of the GRACE attitude data is possible, and will be realized
by the JPL GRACE Level-1B re-processing campaign (cf. Section 6.2.3). Future SCA1B
data products (RL03 and RL04) are based on the combination of star camera and angular
accelerometer data using a Kalman filtering approach (Bandikova et al., 2016; Sakumura
et al., 2016); and will contain the combined solution. A further refinement of the star camera
data processing would also take the measurement accuracy of the star cameras into account,
i.e. using a combination method based on the weight matrix instead of assuming a uniform
measurement accuracy for all star camera heads.

For non-official processing center, such as the IfG, the improvement of the GRACE attitude
data is only possible based on the combination of RL02 SCA1B and ACC1B data products
(cf. Section 6), which are publicly available to all processing centers. Since these data
products still contain some processing bugs (cf. Section 6.2), the achieved results cannot
represent an optimal combination. On the level of the sensor fusion approach, a refined
observations weighting or pre-processing, i.e. a revision of the VCE within the sensor fusion
approach or a priori filtering of the input data, might also contribute to the improvement
of the achieved results. On the level of the gravity field recovery, a more realistic modeling
of the star camera noise within the LSA is also feasible. An inclusion of the stochastic
information from the satellite orientation (Ellmer and Mayer-Gürr, 2017a) and/or a further
reduction of the attitude noise also enables a more stable estimation of the phC vector;
contributing to a reduction of the high-frequency noise within the recovered gravity field
solutions.

6.4.2 GRACE-FO
Based on the findings of the GRACE attitude determination, GRACE-FO will be equipped
with three star camera heads instead of two (cf. Section 2.7), ensuring a combined attitude
solution, with the full-accuracy about all three axes, at any time.

For GRACE-FO, the introduced sensor fusion approach can be extended by the incorporation
of attitude data from multiple sensors (3 SCA heads, ACC, IMU, LRI). Furthermore, the
whole attitude data processing can be reworked by using Level-1A data products instead
of Level-1B data products. The use of raw observations (Level-1A) also enables a more
detailed analysis of the attitude data. A detailed understanding of possible error sources and
systematics (e.g., data outages, Sun/Moon intrusions, temperature variations, etc.) within
the attitude data is essential to improve the attitude accuracy by a proper correction and/or
consideration of these effects during data processing. Furthermore, a refinement of the star
camera data combination can be achieved by taking into account the measurement accuracy
of the individual star camera heads by e.g., introducing a weight matrix. An independent
attitude determination by different processing centers will also contribute to the quality of
the attitude solutions, facilitating a mutual validation and sharing of experiences.
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7Accelerometer data calibration

Both GRACE satellites are equipped with space accelerometers measuring the non-
gravitational accelerations acting upon them (Touboul et al., 1999, cf. Section 5.2). These
forces are due to atmospheric drag, solar radiation pressure and albedo (cf. Section 3.3).
The main observables for the gravity field recovery by GRACE are the inter-satellite ranging
measurements, carried out by the onboard KBR system with micrometer precision (Kim,
2000). For the purpose of gravity field recovery, the effects induced by the gravitational and
non-gravitational forces need to be separated. For this reason, the accelerometer measure-
ments are essential, as they provide information about the non-gravitational forces acting on
the twin satellites. However, the accelerometer measurements cannot be used directly and
have to be calibrated, as they are affected by an instrument specific bias and scale.

With increasing lifetime, GRACE is facing additional challenges due to the degraded battery
capacity that limits the availability of power-supply in certain orbital configurations (Herman
et al., 2012). To extend the batteries’ life-time several measures have been taken to reduce
the stress on the batteries (cf. Section 2.6), which allow for a mission prolongation. Due
to the reduced battery capacity, active thermal control was permanently switched off in
April 2011 (Tapley et al., 2015). Since then, temperature variations directly affect the
onboard instruments. To avoid a degradation of the recovered monthly gravity field solutions,
the effects of thermal variations on the accelerometer measurements have to be modeled
during gravity field recovery. The calibration of the accelerometer data is a rather difficult
task, since it is not trivial to distinguish distinctly between sensor error and disturbances
induced by the satellite environment.

Apart from gravity field recovery, the calibrated accelerometer observations may also be
utilized for the analysis of thermospheric models, especially for analyzing problems related to
thermospheric density and wind. The atmospheric density is a limiting factor concerning the
model accuracy, and neglected horizontal winds in the upper atmosphere lead to mismodeled
accelerations, especially for LEOs (Flury et al., 2008; Dornboos et al., 2009). An improved
understanding of the GRACE accelerometer data, in particular the unexpected contributions
from satellite-internal effects, may prove useful not only for gravity field recovery, but also
for atmosphere research.

The main purpose of this Chapter is to present the method used for accelerometer data cali-
bration within the ITSG-Grace2016 release (Mayer-Gürr et al., 2016a; Klinger et al., 2016),
and analyze the temperature-dependency of bias and scale factors. The main characteristics
of the SuperSTAR accelerometer on-board GRACE are discussed in Section 5.2, and serve as
a basis for the analysis presented hereafter. In Section 7.1, the mathematical background of
the calibration method, including the calibration equation for bias and scale estimation, is
introduced. Since modeled non-gravitational accelerations serve as input for the two-step
calibration approach, the modeled forces (cf. Section 3.3) are compared to the accelerometer
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measurements in Section 7.1.4. Sections 7.2 and 7.3 further discuss the estimation of biases
and scale factors, present the results of the calibration, and analyze the temporal behavior of
the calibration parameters. The impact of the calibration parameterization on the recovered
gravity field solutions, especially on the low degree coefficients, is discussed in detail in the
successive Chapter 8.

7.1 2-step calibration approach
The linear accelerations contained in the ACC1B data product include an instrument scale
and bias offset, i.e. the accelerometer measurements are subject to instrument specific scale
factors, biases and random noise. A detailed description of the SuperSTAR accelerometers,
the ACC1B science data product, and the AHK1B housekeeping data product are given in
Section 5.2.

A general recommendation for the initial estimates of the bias and scale parameters, to
apply to the linear ACC1B data, is made in the GRACE Technical Note TN-02 (Bettadpur,
2009). For details on the estimation, the reader is referred to Bettadpur (2009). As the
recommendations for biases and scale factors are based on the analysis of data between
launch and March 2009, the recommendations will progressively worsen as the epoch of the
data moves further into the future. Further, the calibration parameters may vary significantly
over the satellite’s lifetime due to satellite-induced effects or external influencing factors,
such as the activations and de-activations of the onboard heater lines, or temperature
variations due to the switch-off of the thermal control.

Over the years, several approaches for the GRACE accelerometer data calibration using
derived accelerations from POD have been implemented (e.g., Bezděk, 2010). During gravity
field recovery, however, different parameterizations for bias and scale parameters and/or
empirical parameters are used by the various analysis centers (e.g., Bettadpur, 2012; Dahle
et al., 2013; Meyer et al., 2016). Consequently, the estimated calibration parameters and
the recovered gravity field solutions can vary a lot, depending on the employed calibration
method and the context of data usage.

The proposed calibration method is a two-step approach, making use use of modeled
accelerometer data. The approach is schematically depicted in Figure 7.1.

Step 1 - Level-1B data pre-processing:1

ACCModeledAccelerometer modeling

Step 2 - Gravity field recovery:2 ACCCalibrated

ACCCalibrated

ACC1B

ACC1B data calibration

Gravity field recovery

Fig. 7.1.: Schematic overview of the 2-step ACC1B data calibration approach.
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In the first step, the modeled non-gravitational accelerations (cf. Section 7.1.4) serve as a
reference for the initial calibration of the original ACC1B data, and are also used for data
screening purposes. The difference between the modeled and the calibrated accelerometer
data is minimized by estimating the calibration parameters (accelerometer biases and scale
factors) in a LSA. This in turn enables a data screening step within the Level-1B data pre-
processing, as the modeled data serves as reference for a threshold-based outlier detection
(cf. Tab. 4.2 in Section 4.3.2). Data which has been affected by thruster firing events
(given by the THR1B data product, cf. Section 2.5.2) is not considered during the a priori
calibration. Therefore, the thruster-affected data and some additional seconds of data
before and after the thruster firing event are excluded. These epochs are excluded from the
calibration algorithm to avoid an incorrect calibration and outlier detection, as the thruster
firings are not modeled. In the second step, during gravity field recovery, the calibration
parameters are re-estimated along with the gravity field parameters. For both steps the same
parameterization is applied.

In the following, a short overview of the 2-step calibration approach (cf. Fig. 7.1) is provided.
It should be noted that this calibration approach aims at removing effects of instrument
imperfections on the gravity field recovery. Thus, the used calibration equation does not guar-
antee to model these imperfections (e.g., temperature-induced bias drifts, misalignments) in
a physical correct way, and are likely to absorb other not-modeled effects.

7.1.1 Calibration equation
As stated in Section 5.2, the linear accelerometer measurements given in the ACC1B data
product, are corrupted by unknown scale factors, biases and random noise (Kim, 2000).
Within the ITSG-Grace2016 release, both accelerometer biases and scale factors are estimated
on a daily basis (cf. Sections 7.1.2 and 7.1.3). The ACC1B data calibration is based on the
following calibration equation

acal = S aobs + b. (7.1)

Herein, acal denotes the calibrated non-gravitational accelerations in the SRF, and aobs

denotes the original accelerometer measurements (given by ACC1B). The 3x3-scale factor
matrix S multiplies the observed accelerations aobs, and the bias vector b is added.

7.1.2 Scale factors
Ideally, the scale factor matrix S should be an identity matrix with unity main diagonal
elements and zero off diagonal elements. But due to small instrument imperfections,
which cause a mutual influence of the accelerometer axes among each other, it contains
non-unit diagonal elements and non-zero off-diagonal elements. Figure 7.2 illustrates
possible accelerometer imperfections. In order to account for these small imperfections, the
calibration equation presented in Equation 7.1 uses a fully-populated scale factor matrix.
The scale factor matrix

S =


sx α+ ζ β − ε

α− ζ sy γ + δ

β + ε γ − δ sz

 (7.2)
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yAF
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Fig. 7.2.: Illustration of possible accelerometer imperfections, shown for x- and y-axes of the
accelerometer (AF): Left: scale factor error (deviation from 1; blue), Middle: misalign-
ment between SRF and AF (red), Right: non-orthogonality of AF axes (cross talk; green).

is composed of both diagonal and off-diagonal elements. The diagonal elements sx, sy, sz

influence the magnitude of the observed acceleration components in along-track, cross-track
and radial direction, respectively. Based on a small-angle approximation, the off-diagonal
elements are composed of a symmetric and a skew-symmetric part: (1) the symmetric shear
parameters α, β, γ represent the cross-talk among the axes due to the non-orthogonality of
the accelerometer axes, and (2) the skew-symmetric rotation parameters ζ, ε, δ represent the
misalignment between SRF and AF, i.e. the accelerometer axes are not fully aligned with the
SRF (cf. Fig. 7.2). The initial misalignment originates from the misalignment in installing the
accelerometer in the spacecraft (Kim, 2000). As a consequence, the accelerometer axes (AF)
do not perfectly coincide with the spacecraft coordinates (SRF).

Before the actual ACC1B data calibration is performed, the GRACE ACC1B data product is
initially calibrated according to the GRACE TN-02 (Bettadpur, 2009). Thus, the residuals to
the recommended scale factors are estimated, and the scale factor matrix becomes:

S =


sx,TN-02 + ∆sx α+ ζ β − ε

α− ζ sy,TN-02 + ∆sy γ + δ

β + ε γ − δ sz,TN-02 + ∆sz

 , (7.3)

with the recommended values sA, TN-02 = [0.9595, 09797, 0.9485]⊺ and sB, TN-02 = [0.9465,
0.9842, 0.9303]⊺ for GRACE-A and GRACE-B, respectively.

Hitherto, for previous ITSG releases, the off-diagonal elements have been neglected, i.e. the
scale factor matrix is assumed to have main diagonal elements only. To account for instru-
ment imperfections, both main diagonal and off-diagonal elements of the scale factor matrix
are estimated on a daily basis. Disturbances due to CoM offsets and higher-order scale
factors are neglected, but may be a subject to further investigations. At this point, it should
be noted that regular CoM calibration maneuvers (cf. Section 4.3.2) are performed to adjust
for eccentricities of the accelerometer test mass relative to the satellite’s CoM.

7.1.3 Biases
To account for bias drifts due to temperature variations (cf. Fig. 7.6), the biases (cf. Eq. (7.1))
are estimated daily using uniform cubic basis splines (UCBS; De Boor, 2001). UCBS are
a special case of basis-splines and are of particular interest due to the simplicity and the
efficiency of the induced computations. Uniform means that all knot intervals are equally
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spaced, with the basis-splines being shifted copies of each other (cf. Fig. 7.3). On the natural
definition domain, there are always 4 non-zero basis functions bj(j = 1, . . . , 4) within one
knot interval k. The UCBS Ni,3 are given by

Ni,3 =



b3 = (1/6)(x3) if x ∈ [ti, ti+1[

b2 = (1/6)(−3x3 + 3x2 + 3x+ 1) if x ∈ [ti+1, ti+2[

b1 = (1/6)(3x3 − 6x2 + 4) if x ∈ [ti+2, ti+3[

b0 = (1/6)(−x3 + 3x2 − 3x+ 1) if x ∈ [ti+3, ti+4]

0 otherwise

. (7.4)

The number of parameters to define a UCBS depends on both the degree (d = 3), and on
the number of knot intervals. For the purpose of ACC1B data calibration, the knot interval
length is set to 6 hours (k = 4). In sum, 21 parameters (3(d + k)) are needed per day
and satellite for the bias estimation. This parameterization guarantees continuity of the
estimated bias within one day. Compared to higher degree polynomials (d ≥ 6), UCBS offer
a good alternative with the advantage of a lower (or equal) number of parameters and
reduced oscillation effects on the boundaries (cf. Fig. 7.4).

Figure 7.3 illustrates the basic concept of UCBS, and their application for the ACC1B bias
estimation.

(a) UCBS - Basic definition

(b) UCBS - ACC1B bias estimation (cross-track)

Fig. 7.3.: Illustration of UCBS: (a) Basic concept: Basis-splines (color) and resulting curve (black) for
4 knot intervals, (b) Estimated basis splines (color) and resultant ACC1B bias (black) w.r.t.
the ACC1B cross-track accelerations (gray). The estimated bias refers to one day (t0 − t4),
i.e. the natural definition domain of the UCBS.
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Fig. 7.4.: Bias-reduced cross-track accelerations with the bias estimated based on a polynomial of
degree 3 (blue), degree 6 (orange), degree 9 (green), or UCBS (red). For all four solutions,
the estimation interval is set to 1 day, and modeled cross-track accelerations (black) serve as
reference for the bias estimation. For the UCBS, a knot interval of 6 h is used, guaranteeing
continuity within one day.

Figure 7.4 shows a comparison between bias-reduced cross-track accelerations, where the
bias estimation is based on either polynomials (estimation interval: 1 day) or UCBS (estima-
tion interval: 1 day with a knot length of 6 h). From this figure it becomes evident, that with
UCBS the oscillations at the day-boundaries can be reduced compared to polynomials, and
also variations during the day can be reduced w.r.t. the modeled cross-track accelerations.

For the ITSG-Grace gravity field recovery, different knot interval lengths (e.g., 12 h, 6 h, 3 h)
were tested and compared. A knot interval length of 6 hours achieves the best results in terms
of degree amplitudes, EWH RMS values, and post-fit range rate residuals (cf. Section 8.3,
not shown here). Besides, it introduces a reasonable number of additional parameters, not
affecting the solvability of the whole normal equation system.

7.1.4 Modeled non-gravitational accelerations
The linear accelerations in along-track, cross-track, and radial direction are modeled accord-
ing to Section 3.3, and are used as input for the first step of the ACC1B data calibration
approach (cf. Section 7.1.1). Figure 7.5 shows the modeled non-gravitational accelerations
in along-track, cross-track and radial direction in comparison to the bias-corrected ACC1B
accelerometer measurements for two selected 6 h periods on 2007-01-20 and 2015-01-20,
respectively. The spikes within the ACC1B accelerometer measurements correspond to
epochs with thruster firing events. As both GRACE satellites are identical and show a similar
behavior, the analysis is confined to one satellite, namely GRACE-A.

From Figure 7.5 (a, c, e) it becomes obvious, that for higher orbit altitudes (∼ 475 km)
the bias-corrected ACC1B data shows a good agreement with the modeled accelerations.
Whereas, for lower orbit altitudes (∼ 410 km, cf. Fig. 7.5 (b, d, f)), the along-track component
shows larger inconsistencies. Note that the scaling for the accelerations in Figures 7.5(a)
and 7.5(b) is different, due to the increasing magnitude of the along-track accelerations.

With increasing lifetime, the orbital altitude of the GRACE satellites is constantly decreasing
(cf. Fig. 7.11(b)). Due to the accompanying increase in atmospheric density (cf. Fig. 7.10(b)),
the atmospheric drag also increases accordingly. Consequently, the 65 km altitude decrease
(from 2007-01-20 to 2015-01-20) goes along with a significant increase in along-track accel-
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(a) (b)

(c) (d)

(e) (f)

Fig. 7.5.: Modeled non-gravitational accelerations (black) and ACC1B data (gray) in along-track (a, b),
cross-track (c, d) and radial direction (e, f). Here, the ACC1B data is bias corrected. The non-
gravitational accelerations for GRACE-A are shown for a 6 h segment on 2007-01-20 and
2015-01-20. The individual compartments of the modeled non-gravitational accelerations
are shown in color: atmospheric drag (blue), SRP (red), and Albedo (green). Note that the
scaling for (a) and (b) is different. The black dots indicate epochs with thruster firings.

erations (cf. Figs. 7.5(a) and 7.5(b)). With decreasing orbit altitude, the comparison with
the bias-corrected accelerometer measurements in along-track reveals significant differences
between the model (DTM2013) and the measurements (cf. Fig. 7.5(b)), regardless of the
used air drag model (not shown here). For 2015-01-20, the DTM2013 model seems to
overestimate the amplitudes. In general, even the most recent atmospheric models have con-
sistent errors, which may not be detected by a model inter-comparison ((e.g., geomagnetic
storms; Willis et al., 2005)). Possible reasons for the discrepancy in Figure 7.5(b) are that
the accelerometer measurements are scaled due to temperature variations and/or the model
overestimates the accelerations caused by atmospheric drag, or the drag coefficient, which
“scales” the modeled accelerations (cf. Eq. 3.17), is not constant and changes over time. It is
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assumed that the problem lies either in the used air density model or the used constant drag
coefficient (cf. Tab. 3.1), as the magnitude of the other effects (SRP, albedo) is several orders
of magnitude smaller than the effects caused by the atmospheric drag (cf. Fig. 7.5(b)). This
topic needs to be investigated further, but is beyond the scope of this thesis.

Beside the orbit altitude, also the orbital configuration with respect to the Sun changes.
The mean β′ angle for the first period (2007-01-20) is approximately 0.3◦, i.e. the satellite
spends nearly half of the revolution time in the Earth’s shadow, as the Sun is in its orbital
plane. Hence, the accelerations in cross-track direction due to solar radiation pressure
are close to zero (cf. Fig. 7.5(c)). For the second period (2015-01-20), the mean β′ angle
increases to approximately 32◦, with the cross-track accelerations due to solar radiation
pressure increasing accordingly (cf. Fig. 7.5(d)). Due to the increase in both atmospheric
drag and SRP, the overall modeled accelerations in cross-track direction of the second period
are larger as compared to the first period (cf. Figs. 7.5(c) and 7.5(d)). The accelerations in
radial direction reveal the smallest differences, mainly caused by a decrease of the incoming
solar radiation affecting the rear panel for the later period (cf. Figs. 7.5(e) and 7.5(f)).

In general, the modeled accelerations show a good overall agreement with the bias-corrected
measured ACC1B accelerations. Therefore, it seems reasonable to use the modeled acceler-
ations for an a priori calibration of the ACC1B data during the first step of the presented
calibration approach (cf. Fig. 7.1, cf. Section 7.1).

7.2 Biases
In the following, the causes of temperature-induced bias drifts are discussed in detail, and
the ability of the presented calibration approach to reduce the effects of the bias drifts on
the ACC1B data is demonstrated.

7.2.1 Temperature-dependency
In a thermally controlled environment, which keeps the temperature variations below 0.1 K
per revolution (Stanton et al., 1998), the GRACE accelerometer are not subject to rapidly
changing bias offsets or bias drifts. But, thermal distortions within the satellite environment
caused by occasional disabling of heater lines (before April 2011), or by the non-active
thermal control (after April 2011), directly affect the accelerometer measurements in terms
of temporary bias drifts. From April 2011 onward, when the active thermal control was
permanently switched-off, the temperature variations strongly increased (cf. Fig. 2.7), leading
to more frequent bias drifts, especially deteriorating the less-sensitive cross-track axis of the
accelerometer measurements.

The occurring temperature variations (>5 K/161 d) are highly correlated with the β′ angle
variations, describing the orbital configuration w.r.t. the Sun (cf. Appendix D.2). The 161-day
periodic β′ angle variations induce an alternating heating and cooling of the satellite, which
directly affects the on-board accelerometer. Approaching full-sun orbit, when the satellite’s
orbital plane is nearly perpendicular to the Earth-Sun line (β′ > 70◦), the heating mainly
affects the cross-track component, as the satellite is primarily illuminated at the side panels
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(a)

(b)

Fig. 7.6.: GRACE-A ACC1B and AHK1B data product for (a) January 2007 and (b) August 2015: Left
column: ACC1B accelerometer measurements in along-track (black), cross-track (red), and
radial (blue) direction. The accelerometer measurements are calibrated according to the
initial recommendations in TN-02 (Bettadpur, 2009). Right column: AHK1B accelerometer
housekeeping data in terms of core temperatures (blue), and the corresponding β′ angle
variations (black).

(cf. Fig. 5.13) (Herman et al., 2012). Following from this, the cross-track axis experiences
the strongest bias drifts during these periods.

Figure 7.6 shows the ACC1B accelerometer measurements, and the core temperatures ob-
tained from the AHK1B data product for two different month (January 2007, August 2015),
for GRACE-A. As obvious from this figures, the less-sensitive cross-track axis of the acceler-
ometer shows not only a constant bias offset, but also temperature-dependent bias drifts.
The latter are caused by different reasons: (1) a cool-down of the accelerometer due to a
disabling of the supplemental heater lines (January 2007), and (2) a temperature increase
due to the orbital configuration of the satellite (August 2015). Clearly, the bias drifts directly
depend on the magnitude of the induced temperature variations. In the case of a single
event causing a short-time deviation from a stabilized temperature, the bias drift also shows
a temperature-dependent time-lagged behavior, with the relevant periods highlighted in
gray in Figure 7.6(a). In the case of an inactive thermal control, the temperature variations
are directly correlated to the variations of the β′ angle (cf. right panels of Fig. 7.6(a) and
Fig. 7.6(b)).

As the temperature variations are well observed with respect to timing and magnitude, the
ACC1B accelerometer measurements can be directly compared to the corresponding AHK1B
housekeeping data product. Figure 7.7 shows scatter plots of the cross-track accelerations vs.
the core temperature, before and after calibration. The mutual comparison of both data sets,
before the calibration of the ACC1B data product, illustrates the accelerometers sensitivity to
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(a) ACC1B (b) Bias-reduced ACC1B

Fig. 7.7.: Scatter plot: GRACE-A ACC1B accelerometer measurements in cross-track direction in
direct comparison with the AHK1B core temperatures, for August 2015. The results are
shown (a) before, and (b) after the bias reduction according to the ACC1B data calibration
approach. The accelerometer measurements in (a) are calibrated according to the initial
recommendations in TN-02 (Bettadpur, 2009). The colorbar serves as time-reference,
indicating the day of the month.

satellite-internal temperature variations (cf. Fig. 7.7(a)). This proves the difficulty of creating
an environment onboard the satellites free from disturbing effects on the accelerometers.
After the first step of the ACC1B data calibration (cf. Section 7.1), the diagonal structure in
Figure 7.7(a) becomes a vertical structure in Figure 7.7(b), indicating a successful reduction
of the temperature-dependent bias drifts.

By comparing the linear accelerations contained within the ACC1B data product (calibrated
according to TN-02 (Bettadpur, 2009)) with the calibrated accelerations (cf. Fig. 7.7 and
Fig. 7.8), it becomes obvious that the temperature-induced bias drifts can be reduced success-
fully using daily UCBS (cf. Section 7.1.3). Therefore, these results serve as a validation-basis
for the two-step calibration approach introduced in Section 7.1.

Figure 7.8 shows the calibrated ACC1B accelerometer data in along-track, cross-track, and
radial direction, for January 2007 and August 2015. The results refer to the first-step
of the accelerometer data calibration approach, i.e. the bias-drift is estimated based on
the modeled accelerometer data (cf. Section 7.1.4). As expected, the bias offset and bias
drift are not present within the a priori calibrated ACC1B data anymore. Especially the
temperature-induced effects on the cross-track axis are notably reduced. Within this section
only analysis and results for GRACE-A are shown, since very similar results have been
obtained for GRACE-B.

The presented analysis is restricted to the analysis of temperature-related bias drifts, based
on inter-comparisons between the uncalibrated (ACC1B RL02) and calibrated ACC1B data.
It does not contain any values of estimated biases, since they are not directly comparable to
the recommended values proposed in the GRACE Technical Note TN-02 (Bettadpur, 2009).
The calibration approach described above is based on UCBS. Therefore, the estimated biases
are represented by 7 parameters (per axis and day), representing the fit of the UCBS basis
functions to the observations. These parameters are not intuitively comprehensible, which
makes a direct comparison to other estimates not feasible.
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(a) (b)

Fig. 7.8.: Calibrated GRACE-A ACC1B data product for (a) Januray 2007 and (b) August 2015:
Bias-reduced ACC1B accelerometer measurements in along-track (black), cross-track (red),
and radial (blue) direction. As a reference, the original ACC1B cross-track accelerations
(calibrated according to TN-02 (Bettadpur, 2009)) are shown in gray.

7.3 Scale factors
Based on the two-step calibration approach introduced in Section 7.1.1, the scale factors are
estimated on a daily basis during Level-1B data pre-processing and gravity field recovery
(together with the biases). In the following, the results for the main-diagonal and off-diagonal
elements of the scale factor matrix are analyzed in detail.

Figure 7.9 shows the estimated elements of the fully-populated scale factor matrix, namely
the main-diagonal elements (a, b), and the off-diagonal elements (c, d), for GRACE-A.
Evidently, the main-diagonal elements of the cross-track axis (cf. Fig. 7.9(a)) cannot be
determined as good as the main-diagonal elements of the along-track and radial axes. This
more scattered behavior is most likely due to the reduced sensitivity of the cross-track
axis. Additionally, the shear and rotational elements associated with the less-sensitive
cross-track axis (cf. Fig. 7.9(c) and 7.9(d)) are non-zero and not constant over time, due
to the non-orthogonality of the accelerometer axes and a misalignment between the SRF
and AF. Figure 7.9(b) provides a more detailed time series of the main-diagonal elements
in along-track and radial direction, which reflects the fact that the high-sensitive axes are
both better estimable. Another factor influencing the estimation quality of the scale factors,
is the composition and magnitude of the non-gravitational accelerations. Small signals,
mainly affecting the cross-track and radial axes, cause singularity problems deteriorating the
estimates. However, all estimates show temporal variations not comparable to the constant
behavior assumed in TN-02 (Bettadpur, 2009). From Figure 7.9 it becomes evident that
after April 2011, the temperature variations are absorbed by the calibration parameters
and directly map into the time series of calibration parameters. From Figures 7.9(c) and
7.9(d) it becomes also obvious that the shear and rotational elements of the scale factor
matrix are highly correlated, since the non-orthogonality of the accelerometer axes and the
misalignment (between SRF and AF) both affect the accelerometer measurements through
interference and are closely linked to each other. To some extent the variations of the
estimated off-diagonal elements probably reflect the instrument behavior, as a temperature-
dependent behavior of the SCA frame was also shown by Harvey (2016). But, most likely
they also absorb some other effects, which are not modeled in a physically correct way

7.3 Scale factors 107



(a) main-diagonal elements (sx, sy , sz)

(b) main-diagonal elements (sx, sz)

(c) shear elements (α, β, γ)

(d) rotational elements (ζ, ε, δ)

Fig. 7.9.: Elements of the scale factor matrix: (a) main diagonal elements in along-track (black),
cross-track (red), and radial (blue) direction, (b) zoom-in of the main-diagonal elements
in along-track and radial direction, (c) shear elements α (black), β (red), γ (blue), and
(d) rotational elements ζ (black), ϵ (red) and δ (blue) for GRACE-A. The daily estimates for
the whole GRACE mission period (April 2002 to June 2017) are shown. The colored lines in
(a) and (b) correspond to to the recommended scale factors from TN-02 (Bettadpur, 2009).
For a better illustration, a constant offset of ±1 (a,c,d) or ±0.1 (b) is added to the black and
blue graphs.
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(a) temperature

(b) density

Fig. 7.10.: Temporal evolution of estimated scale factors sx in along-track direction for
GRACE-A (black) compared to (a) the accelerometer core-temperature (blue) and (b) the
atmospheric densities derived from DTM2013 (blue) and JB08 (gray), for the whole
GRACE time period (April 2002 to June 2017). The atmospheric density data from the
DTM2013 model is currently only available until 2015-06-20. Note that the magnitude of
the atmospheric densities in (b) is given in µg/m3.

(a) β′ angle

(b) altitude

Fig. 7.11.: Temporal evolution of estimated shear parameter γ (blue) and the corresponding
(a) β′ prime angle variations (black) and (b) orbital altitude for GRACE-A, for the whole
GRACE time period (April 2002 to June 2017). The shear parameter γ represents the
cross-talk among the cross-track and radial axes due to the non-orthogonality of the
accelerometer axes.
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(e.g., temperature variations not captured by the bias model), or which are not modeled at
all (cf. Eq. 7.3).

A significant temperature-dependency of the estimated scale factors is demonstrated in
Figure 7.10(a), showing the temporal evolution of the estimated scale factors in along-track
direction and the accelerometer core-temperatures, for GRACE-A respectively. During active
thermal control (from April 2002 to March 2011), the estimated parameters are characterized
by a more constant, but scattered behavior. Afterwards, from April 2011 onward, the scale
factors show a periodic variability, which is highly correlated to the occurring temperature
variations. As aforementioned, the temperature variations themselves depend on the orbital
configuration w.r.t. to the Sun, and are related to the β′ angle variations (with a 161-day
period, cf. Fig. 7.11(a)). From Figure 7.10(b), showing the estimated scale factors in
along-track direction and the atmospheric densities derived from the DTM2013 and JB08
model (cf. Section 3.3.5), it is evident that the scale factors are better estimable for periods
with higher atmospheric densities (2002 to 2005, 2011 to 2016). This is because, the non-
gravitational forces acting in along-track direction grow larger with increasing atmospheric
densities (cf. Eq. 3.17), and a larger non-gravitational signal facilitates the scale factor
estimation. The variations in the atmospheric density (cf. Fig. 7.10(b)) are closely linked to
the solar activity (solar flux) and the geomagnetic activity (Bruinsma, 2014). From 2011
onward, the increasing density is not only related to an increased solar activity, but also to
the constantly decreasing orbit altitude of the GRACE satellites (cf. Fig. 7.11(b)).

Figure 7.11(a) shows a direct comparison of the temporal evolution of the estimated shear
parameters γ and the β′ angle variations. The 161-day periodic signal contained within the
time series of the estimated shear elements γ and the rotational elements δ (cf. Figs. 7.9(c)
and 7.9(d)) is highly correlated with the β′ angle variations, representing different orbit con-
figurations w.r.t. the Sun. This behavior supports the hypothesis that temperature variations
due to the orbital configuration cause varying thermal distortions affecting the accelerometer
axes. Both parameters, γ and δ, represent the mutual influence among the cross-track and
radial axes, due to the non-orthogonality of the AF and due to the misalignment between AF
and SRF. Because these instrument imperfections affect the accelerometer measurements
through interference from other axis components, their magnitudes are dependent on the
magnitude of the actual non-gravitational accelerations (Roesset, 2003). In other words,
the misalignment errors grow with increasing non-gravitational accelerations, and are more
significant for lower altitudes where larger atmospheric drag is present. Hence, with increas-
ing signal strength of the non-gravitational forces the estimates improve. Higher altitudes
and small temperature variations (e.g., during active thermal control; cf. Fig. 7.11(b) and
Fig. 7.10(a)) seem to complicate the parameter estimation, leading to a more scattered behav-
ior. However, the 161-day variations within the calibration parameters (γ, δ; cf. Figs. 7.9(c)
and 7.9(d)) may also result from the absorption of other spurious signals, which are not
modeled, not modeled physically correct, or not accelerometer induced (e.g., CoM offset,
attitude errors, etc.). In general, the quality of the estimation results depends on the ability
to model the underlying process, which causes the disturbances.

Based on the analysis of the estimated biases and scale factors, it is shown that the three-axis
electrostatic accelerometers onboard the GRACE satellites are extremely sensitive to satellite-
internal temperature variations. Since April 2011, temperature variations are permanently
present due to the switched-off thermal control and directly affect the accelerometer mea-
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surements. As a consequence, the temperature-induced accelerometer perturbations have to
be modeled adequately during gravity field recovery in order to avoid a corruption of the
monthly gravity field solutions. The impact of the ACC1B data calibration on the recovered
gravity field solutions is analyzed in Chapter 8.

7.4 Further options - GRACE ACC data processing
The improved understanding of satellite-induced perturbations acting on the GRACE
accelerometers is essential not only for increasing the accuracy of present gravity field
solutions, but also for the development and evaluation of future gravity field missions,
such as GRACE-FO. The presented analysis of the temperature-dependent behavior of the
accelerometer scale factors and biases may be seen as a contribution to a step-by-step im-
provement in the understanding of the complex GRACE accelerometer data. The experience
and knowledge gained from GRACE accelerometer data can to some extent be transferred to
other missions (e.g., GRACE-FO), as they might be subject to some of the same effects.

Concerning the proposed two-step ACC1B data calibration approach, there are several
issues which require further investigation. As previously mentioned, the proposed approach
aims at improving the gravity field recovery and does not guarantee a physically correct
model. Therefore, it is most important to further analyze the ideal parameterization of
the calibration equation, as deficiencies in the modeling are a limiting factor. The setup
of calibration parameters is likely to absorb mismodeled or non-accelerometer induced
spurious signals that otherwise map into the gravity field coefficients. This further analysis,
however, is beyond the scope of this thesis. An intercomparison with POD-derived calibration
parameters might also reveal useful insights into the problems and deficiencies of the current
calibration approach.

A more realistic modeling of the non-gravitational accelerations, by further improving
the atmospheric drag, solar radiation, and albedo modeling (e.g., finite element satellite
model, model inter-comparisons, co-estimation of drag coefficients), might contribute to
an improvement of the a priori calibration of the ACC1B data (within the first step of the
calibration approach). However, it is not assumed that this will have any significant effect
on the recovered gravity field solutions.

Progress in the understanding of the complex GRACE accelerometer data may also prove
useful for atmosphere research. Apart from the utilization of non-gravitational accelerations
for the purpose of gravity field recovery, another possible field of application is empirical
atmospheric density modeling, i.e. transforming the accelerations into scientifically valuable
thermospheric densities (cf. e.g., Siemes et al. (2016)). The GRACE accelerometer measure-
ments, together with observations from other satellite missions, can be used for the analysis
and improvement of current thermospheric models. Particularly later periods of the GRACE
mission, might provide invaluable observations of the lower thermosphere. Even the most
recent thermospheric models have consistent errors, which cannot be detected by model
inter-comparisons only (Willis et al., 2005). One major factor limiting the model accuracy
is the atmospheric density. Errors within model-derived densities lead to mismodeled non-
gravitational accelerations, especially for LEOs (Flury et al., 2008; Dornboos et al., 2009).
Thus, both scientific communities can benefit from collaborations on this topic.
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8Validation - Impact on temporal
gravity field solutions

As a consequence of the previously introduced Level-1B data pre-processing methodolo-
gies, the following question arises: “What is the impact of the data pre-processing steps,
individually and/or in total, on the recovered monthly GRACE gravity field solutions?”.
To answer this, the impact of the introduced Level-1B data pre-processing methodolo-
gies, including the fully-automated data screening (cf. Section 4.3.2), the sensor fusion
approach (cf. Section 6.3), and the ACC1B data calibration (cf. Section 7), on the recovered
monthly gravity field solutions is analyzed and validated within this Chapter. The aim is
to demonstrate the contribution of the data pre-processing steps to the overall accuracy
of the recovered gravity field solutions, and to show the applicability of the introduced
methodologies within the gravity field processing chain.

The validation of the recovered gravity field solutions is based on comparisons of spherical
harmonic coefficients and post-fit range rate residuals. The recovered spherical harmonic
coefficients are analyzed within two domains: (1) in the spectral domain - in terms of degree
amplitudes, coefficient triangles, coefficient time series, and (2) in the spatial domain - in
terms of EWHs on a global grid. Since the development of the introduced methodologies
were originally based on the ITSG-Grace2014 release (Mayer-Gürr et al., 2014), the results
are internally validated against the previous and current ITSG releases (ITSG-Grace2014,
ITSG-Grace2016). Both releases are a good benchmark to asses any changes within the
processing chain. Externally, an overall comparison is done with respect to the latest
temporal gravity field models provided by two of the official GRACE processing centers,
namely CSR RL05 (Bettadpur, 2012) and GFZ RL05a (Dahle et al., 2013).

In the following, both the effects of the individual pre-processing methodologies as well as
their combined effect on the recovered monthly gravity field solutions are analyzed in detail.
In Section 8.1, the characteristics of the ITSG-Grace releases used for the internal validation
are shortly introduced. In Section 8.2, the impact of the use of a combined star camera data
product (SCAFusion) is discussed. In Section 8.3, the effects of both the fully-automated data
screening, and the ACC1B data calibration by the two-step calibration approach are analyzed
step-by-step in the spectral and spatial domain. Besides, the effect of the accelerometer
data calibration on the estimated C20 coefficients is discussed in-depth. In summary, this
Chapter is intended to give an overview of the contributions of the individual Level-1B data
pre-processing steps, and contain a detailed analysis of their impact on the recovered gravity
field solutions. Thus, it provides a detailed evaluation of the methodologies and approaches
introduced within this work.
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8.1 ITSG-Grace releases
The subsequently presented analysis are based on: (1) the ITSG-Grace2014 release (Mayer-
Gürr et al., 2014), and (2) the ITSG-Grace2016 release (Mayer-Gürr et al., 2016b)(cf. Sec-
tion 4). Both time series of monthly gravity field solutions are publicly available for download
at the website of the IfG1,2 or at the ICGEM website3.

Table 8.1 gives an overview of the ITSG-Grace2014 and ITSG-Grace2016 processing chains,
summarizing some processing details, the used background models, the restored models,
the estimated non-gravity parameters, and the used GRACE Level-1B data products.

Tab. 8.1.: ITSG-Grace2014 and ITSG-Grace2016 processing settings.

ITSG-Grace2014 ITSG-Grace2016
Method
Arc Length 24 h 24 h
Covariance Length 6 h 3 h
Background models
Earth rotation IERS 2003 a IERS 2010 b

Third body forces JPL DE421 c JPL DE421
Solid earth tides IERS 2003 IERS 2010
Pole tides IERS 2003 IERS2010
Ocean tides EOT11a d EOT11a
Ocean pole tides Desai 2004 e Desai 2004
Atmospheric tides Bode-Biancale 2003 f Van Dam & Ray 2010 g

Dealiasing AOD1B RL05 h AOD1B RL05
Relativistic effects IERS 2003 IERS 2010
Restored models
Static field GOCO03s i GOCO05s j

Trend, Annual ITG-Grace2010 k GOCO05s
Non-gravity parameters
Satellite state vector once a day once a day
Accelerometer bias polynomial (degree 3) UCBS (6 h knot interval)

once a day & axis once a day & axis
Accelerometer scale main-diagonal elements fully-populated

once a day once a day
KBR antenna center once a month x (once a month)
Data products
Release Level-1B RL02 Level-1B RL02
Star camera SCAFusion * SCAFusion
Kinematic orbits IfG ** IfG
aMcCarthy and Petit (2003), bPetit and Luzum (2010), cFolkner et al. (2009), dSavcenko et al. (2012),
eDesai (2002), fBiancale and Bode (2006), gvan Dam and Ray (2010), hFlechtner et al. (2015),
iMayer-Gürr et al. (2012), jMayer-Gürr et al. (2015), kMayer-Gürr et al. (2010)
*Klinger and Mayer-Gürr (2014), **Zehentner and Mayer-Gürr (2015)

1ITSG-Grace2014: tugraz.at/institute/ifg/downloads/gravity-field-models/itsg-grace2014/
2ITSG-Grace2016: ifg.tugraz.at/ITSG-Grace2016
3icgem.gfz-potsdam.de/series/02_GRACE_monthly_other
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The ITSG-Grace2016 release is the official successor to the ITSG-Grace2014 release. Multiple
improvements have been implemented within the gravity field processing chain, including:

• Updated background models,

• A fully automated data screening step (cf. Section 4.3.2),

• Improved accelerometer data calibration (cf. Section 7; Klinger and Mayer-Gürr, 2016),

• Improved covariance function estimation,

• Numerical orbit integration (Ellmer and Mayer-Gürr, 2017b),

• Co-estimation of daily variations (Kvas et al., 2016).

The use of the combined attitude data product (cf. Section 6.3), was already part of the
ITSG-Grace2014 processing chain. The improvements not related to the Level-1B data
pre-processing are not further discussed here. These processing steps are done partly prior or
within the gravity field recovery, and are independent of the pre-processing methodologies
introduced here.

In general, the improved processing contributes significantly to the overall accuracy of the
monthly gravity field solutions. A noise reduction with respect to ITSG-Grace2014 in the
order of 20-40% can be achieved (cf. Fig. 8.1; Horwath et al., 2016; Klinger et al., 2016).
An overall comparison of the ITSG releases (ITSG-Grace2014, ITSG-Grace2016) with the
monthly gravity field solutions of the official processing centers (CSR RL05 (Bettadpur,
2012), GFZ RL05a (Dahle et al., 2013)) is shown in Figure 8.1. From this comparison,
the differences in the accuracy levels between the ITSG releases and between the different
processing centers become apparent. Overall, the ITSG-Grace2016 release shows the lowest
noise level, which is also a result of the processing chain. The missing month (white lines)
are occurring due to missing GRACE instrument data (cf. Section 2.6).

Fig. 8.1.: Degree amplitudes for the whole GRACE mission period (April 2002 to June 2017):
ITSG-Grace2014, ITSG-Grace2016, CSR RL05, and GFZ RL05a. The difference degree
amplitudes w.r.t. to the GOCO05s (Mayer-Gürr et al., 2015) are shown. Note that the
ITSG-Grace2014 release is only available between February 2003 and June 2014.
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8.2 Sensor Fusion
The effect of the sensor fusion, i.e. the use of a combined attitude data product (cf. Sec-
tion 6), on the recovered monthly gravity field solution is analyzed on the basis of the
ITSG-Grace2016 release. Therefore, two scenarios are compared, which differ only with
respect to the star camera data product used as input for the GRACE gravity field recovery:
(1) the original SCA1B RL02 data product, and (2) the combined SCAFusion data product.
For the second scenario, the AOCs are computed on the basis of the SCAFusion data product
(cf. Section 6.1.1), replacing the Level-1B AOCs. The derived solutions are further denoted
as SCA1B RL02, and SCAFusion (ITSG-Grace2016), respectively. The latter corresponds to
the official ITSG-Grace2016 release.

Degree amplitudes

In order to get a first impression of the effect of the sensor fusion on the accuracy of
the gravity field solutions, the two solutions are compared in terms of difference degree
amplitudes w.r.t. to the static GOCO05s (Mayer-Gürr et al., 2015). Here, the analysis is
restricted to three sample month (December 2008, April 2014, May 2017). December 2008
represents one of the best month in terms of data quality and data availability, throughout the
whole GRACE mission period. Whereas, April 2014 is part of the later GRACE mission phase,
which is already affected from temperature variations and power constraints (cf. Tab. 2.2).
Finally, May 2017 lies within the last months of the GRACE science operation. This month
is characterized not only by a reduced altitude and data availability, but also by a 0◦ pitch
offset on both spacecraft (cf. Section 2.2.2). Since March 29, 2017 the pitch angles were
set to 0◦ to improve the quality of the transplanted GRACE-B ACC1B product. However, the
accelerometer on-board GRACE-B has been switched on again for the last time for the period
May 2 until May 24. Table 8.2 summarizes the major differences between December 2008,
April 2014, and May 2017 in terms of the orbital configuration, and data availability.

Figure 8.2 shows the degree amplitudes in terms of geoid heights of both solutions (SCA1B
RL02, SCAFusion) for the three sample month. For December 2008 and April 2014, the differ-
ence degree amplitudes relative to the static reference field are almost identical. The differ-
ences between SCA1B RL02 and SCAFusion are in the order of or slightly above the baseline
accuracy, i.e. the expected accuracy from pre-launch simulation. The SCAFusion (ITSG-
Grace2016) solution is characterized by a slightly reduced error-level between degree 30
and 90 (cf. Fig. 8.2(a) and 8.2(b)). These results might indicate that the current gravity field
models are dominated by errors from other sources than the attitude data.

Tab. 8.2.: Orbit and Level-1B science data characteristics for January 2007, December 2008, and
April 2014.

Month Mean orbit Data Temperature Pitch
altitude availability* control offset

2008-12 465 km 99.8 % ✓ ∼ 1◦

2014-04 423 km 98.4 % x ∼ 1◦

2017-05 336 km 92.5 % x ∼ 0◦

*calculation based on the KBR1B data product
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(a) December 2008 (b) April 2014

(c) May 2017

Fig. 8.2.: Difference degree amplitudes: Comparison of the ITSG-Grace2016 (SCA1B RL02) (blue)
and the ITSG-Grace2016 (SCAFusion) (red) monthly gravity field solution for three sample
month: (a) December 2008, (b) April 2014, and (c) May 2017. The difference degree
amplitudes are computed w.r.t. to the GOCO05s. The coefficient differences between
ITSG-Grace2016 (SCA1B RL02) and ITSG-Grace2016 (SCAFusion) are shown in gray.

For May 2017, significant differences between both solutions become evident. The error-
level of the SCAFusion solution is reduced across the whole spectrum, with the largest
improvements occurring for degree 2, and between degree 30 and 90. This effect is caused
by the change of the spacecraft formation, i.e. the removal of the pitch offset. The change in
the satellites’ alignment results in larger AOCs for both spacecraft, directly affecting the KBR
ranging observations, which represent a fundamental observation for the GRACE gravity
field recovery. By applying the sensor fusion approach, the high frequency noise of the
AOC corrections is reduced by the incorporation of the attitude information provided by the
accelerometer (cf. Section 6.3.5). This smoothing becomes more effective for periods with
larger deviations from the nominal inter-satellite pointing requirements. Thus, the sensor
fusion approach contributes to a significant reduction of the error-level for the last month
(April to June 2017) of the GRACE science operations, with the satellites flying in a changed
formation. The three sample month are are not directly comparable due to the orbital
configuration, altitude and data availability (cf. Tab. 8.2). But, they are good examples to
demonstrate the effect of the sensor fusion on the basis of different pre-conditions, including
varying orbital configurations, satellite health and formation keeping scenarios.

8.2 Sensor Fusion 116



Equivalent water heights

To asses the effect of the sensor fusion in the spatial domain, the estimated spherical
harmonic coefficients of the two different scenarios (SCA1B RL02, SCAFusion), and the
differences between them are represented in terms of EWHs on a geographic grid. For this
representation, the EWHs are computed based on the monthly gravity field solutions, with
the static GOCO05s, trend, annual and semiannual signals being removed. Additionally, a
300 km Gaussian filter is applied (cf. Section 3.2.3).

In Figure 8.3, the EWHs of the SCA1B RL02 and SCAFusion solution, as well as the EWH dif-
ferences between the two solutions for all three sample month (December 2008, April 2014,
May 2017) are shown. Table 8.3 summarizes the corresponding grid statistics, containing
the global minima, maxima, and the RMS value, respectively. From Figure 8.3(c) it becomes
obvious that in case of nominal science operations (December 2008, April 2014), the effect
of the fused attitude data on the monthly gravity field solutions is at mm or cm-level in terms
of EWH differences. The changes are present primarily as differences in the north-south (NS)
striping pattern prevalent in GRACE gravity field solutions, but no significant signal varia-
tions are observed in the equivalent water height domain. For both month (December 2008,
April 2014) the global RMS values are slightly reduced by introducing the SCAFusion data
product instead of the SCA1B RL02 data product. Whereas, in the case of a non-nominal
satellite alignment (0◦ pitch offset; May 2017), the EWH differences show in addition to the
NS striping pattern a pronounced horizontal pattern, and are at cm-level (cf. Fig. 8.3(c)).
The global RMS is reduced from 7.9 cm (SCA1B RL02) to 6.4 cm (SCAFusion), resulting in a
visible reduction of the noise (cf. right column in Fig. 8.3). This confirms that the last month
of the GRACE mission are impacted most by the fused attitude data.

In case of a nominal inter-satellite pointing mode, the comparisons between the SCA1B RL02
and the SCAFusion solution in terms of degree amplitudes and EWHs reveal no significant
improvement or degradation of the recovered gravity field solutions. However, by comparing
the spherical harmonic coefficients in terms of coefficient triangles and in terms of coefficient
time series, differences in the zonals and near-zonals become evident.

Tab. 8.3.: EWH grid statistics: Monthly global minimum, maximum and RMS value.

Month Scenario Minimum [cm] Maximum [cm] RMS [cm]

2008-12 SCA1B RL02 -17.4 23.2 3.6

2008-12 SCAFusion (ITSG-Grace2016) -15.4 23.5 3.4

2008-12 SCAFusion - SCA1B RL02 -4.7 6.0 0.7

2014-04 SCA1B RL02 -29.3 19.8 4.3

2014-04 SCAFusion (ITSG-Grace2016) -29.3 20.1 4.2

2014-04 SCAFusion - SCA1B RL02 -6.8 13.3 1.1

2017-05 SCA1B RL02 -45.4 54.4 7.9

2017-05 SCAFusion (ITSG-Grace2016) -46.5 36.0 6.4

2017-05 SCAFusion - SCA1B RL02 -26.8 31.8 4.1
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(a) SCA1B RL02

(b) SCAFusion

(c) Difference

Fig. 8.3.: EWH: (a) SCA1B RL02, (b) SCAFusion (ITSG-Grace2016), and (c) Differences between
SCAFusion and SCA1B Rl02 for December 2008 (left column), April 2014 (middle column),
and May 2017 (right column). Note that the scaling for (c) is different. The EWHs are
given in cm, with the static GOCO05s, trend, annual and semiannual signals removed, and
a 300 km Gaussian Filter applied.
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Post-fit range rate residuals

Figure 8.4 shows the PSD of the post-fit range rate residuals for both scenarios (SCA1B RL02
and SCAFusion) on a monthly scale (December 2008, April 2014, May 2017), i.e. the
differences between adjusted and original KBR observations. The residuals are an estimate
for the total errors present within the system, as they absorb measurement errors of all
involved instruments and sensors, as well as modeling errors and unparameterized effects.
Consequently, a reduction in the high-frequency noise should lead to improved KBR post-
fit residuals. As expected, no significant improvements become visible for January 2007.
However, the peak around frequencies of 3.3 mHz disappears for the SCAFusion residuals
(cf. Fig. 8.4(a)). This peak in power is caused by systematic (pitch) attitude variations,
which are related to the dominant frequency of the magnetic torquer rods (Bandikova et al.,
2012). For April 2014 and May 2017, the residuals are reduced for the frequencies above
7 mHz due to the sensor fusion approach. The strong reduction in May 2017 is caused by
the change in the satellite alignment, which has a strong influence on the AOCs. The signal
peaks (0.038 Hz, 0.085 Hz) in the SCAFusion residuals (cf. Fig. 8.4(c)) are probably also
related to the removal of the pitch offset, and seem to be amplified by the sensor fusion.

From these results, it can be concluded that the quality of the attitude data products affects
both the post-fit range rate residuals and the estimated gravity field parameters. Further
improvements within the attitude data processing would most likely lead to a further
reduction of the post-fit KBR residuals.

(a) December 2008 (b) April 2014

(c) May 2017

Fig. 8.4.: PSD of SCA1B RL02 (blue) and SCAFusion (red) post-fit range rate residuals:
(a) December 2008, (b) April 2014, and (c) May 2017.
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Spherical harmonic coefficient - Time series

Figure 8.5 shows the differences between both scenarios (SCA1B RL02, SCAFusion) for all
three sample month (December 2008, April 2014, May 2017) in terms of spherical harmonic
coefficient triangles. Differences occur for all types of coefficients (zonal, sectoral, tesseral).
But, since the most prominent differences occur for the zonal coefficients, time series of
selected zonal coefficients (degree 5, 10, 75, 80, 85) are given in Figure 8.6. The coefficient
analysis is based on the ITSG-Grace2016 release, and the official CSR RL05 and GFZ RL05a
releases. For the year 2008, an additional comparison with the SCA1B RL02 solution is made.
As obvious from Figure 8.6, the lower degree zonals of the ITSG-Grace2016 release (except
for C20, cf. Section 8.3.1) show the same temporal behavior and amplitude as the zonal
coefficients of the other releases (CSR, GFZ). While, the higher degree zonals (> degree 20)
are characterized by the same temporal behavior, but with smaller variations. Since the
high frequency noise within the attitude data is successfully reduced by the sensor fusion
approach (cf. Section 6), also the high-frequent (pitch) pointing jitter is smoothed, resulting
in a reduced amplitude of the high-degree zonal coefficients. Errors present in the zonal
coefficients manifest themselves as latitudinal banding in the gravity field (cf. Fig. 8.3(c)).

In general, the accuracy of the attitude data product affects all fundamental observations
needed for gravity field recovery (linear accelerations, KBR ranging data; cf. Section 6.3.6
and 6.3.5). Therefore, it appears that combined attitude data product slightly reduces
the high-frequent noise within the gravity field solutions, especially affecting high-degree
zonal spherical harmonic coefficients. During nominal mission operation, no significant
improvements become apparent within the spectral and spatial domain. Later, noisier, years
in the GRACE mission seem to be impacted more. Overall, the last month of the GRACE
science operation are impacted most, due to a drastic change in the GRACE formation.

Another influencing factor for the magnitude of the noise-level reduction is the co-estimation
of the KBR phC vector along with the spherical harmonic coefficients during gravity field
recovery. By estimating the phC, the noise level can be additionally reduced, but leads to
consistently too short estimates for the phC vector (not shown here). This is probably caused
by the pointing jitter, complicating a reliable and stable parameter estimation. However, this
topic is out of the scope of this thesis, and is not further discussed here.

Fig. 8.5.: Spherical harmonics triangle: Absolute differences of spherical harmonic coefficients be-
tween SCAFusion and SCA1B RL02 for (a) December 2008, (b) April 2014, and (c) May 2017.
The zonal coefficients are highlighted by a black box.
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Fig. 8.6.: Time series of GRACE-derived zonal coefficients for the whole GRACE mission period (left
column) and for the year 2008 (right column): CSR RL05 (green), GFZ RL05a (orange),
SCAFusion (ITSG-Grace2016) (red), and SCA1B RL02 (blue).
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8.3 Data screening & Accelerometer data calibration
The data pre-processing methodologies, introduced within this thesis, were originally devel-
oped on the basis of the ITSG-Grace2014 release with the aim of improving the recovered
gravity field solutions. Therefore, the subsequent analysis are based on the ITSG-Grace2014
release, with the latest ITSG-Grace2016 release serving as a benchmark. By successively
introducing the fully-automated data screening step (cf. Section 4.3.2), and then the two-step
ACC1B data calibration (cf. Section 7) to the ITSG-Grace2014 processing chain, their effects
on the monthly recovered gravity field solutions can be analyzed step-by-step.

Five gravity field recovery scenarios are compared: (1) ITSG-Grace2014, (2) Pre-processing 1,
(3) Pre-processing 2, (4) Pre-processing 3, and (5) ITSG-Grace2016. The first and the last
one represent official ITSG-Grace releases (with processing settings according to Table 8.1),
whereas the others are intermediate processing scenarios. Table 8.4 summarizes the charac-
teristics of the recovered gravity field solutions, including the processing chain used for the
gravity field recovery (cf. Tab. 8.1), and the data pre-processing methodologies applied to
the processing chain. Pre-processing 2 and Pre-Processing 3 differ only with respect to scale
factor matrix (main-diagonal elements vs. fully-populated) used for the ACC1B data calibra-
tion. Due to the large number of monthly GRACE gravity field solutions (in total 161), the
analysis is restricted to three sample month, namely: (1) January 2007, (2) December 2008,
and (3) April 2014. The selected month are characterized by differences with respect to the
orbital configuration, the on-board temperature control, and the occurrence of yaw turn
and calibration maneuvers (cf. Tab. 8.5). Besides, they represent different phases within the
GRACE science mission lifetime (April 2002 to June 2017), and thus offer a good overview
of the data pre-processing performance under miscellaneous initial conditions.

Tab. 8.4.: Overview of the gravity field recovery scenarios.

Scenario Processing Sensor Data ACC1B
chain* fusion screening** data calibration

ITSG-Grace2014 ITSG-Grace2014 ✓ x x
Pre-processing 1 ITSG-Grace2014 ✓ ✓ x
Pre-processing 2 ITSG-Grace2014 ✓ ✓ main-diagonal elements
Pre-processing 3 ITSG-Grace2014 ✓ ✓ ✓

ITSG-Grace2016 ITSG-Grace2016 ✓ ✓ ✓
*Processing settings according to Tab. 8.1
**Detection and exclusion of outliers, yaw turns, CoM and KBR calibration maneuvers

x = Not applied, ✓= Applied

Tab. 8.5.: Orbit and Level-1B science data characteristics for January 2007, December 2008, and
April 2014.

Month Orbit β′ Data Temperature Yaw
altitude angle availability* anomalies turns

2007-01 468 km −21◦ to +14◦ 99.9 % Disabling of heater lines x
2008-12 465 km +34◦ to +63◦ 99.8 % x x
2014-04 423 km +62◦ to +78◦ 98.4 % No active thermal control ✓
*calculation based on the KBR1B data product

8.3 Data screening & Accelerometer data calibration 122



Degree amplitudes

Figure 8.7 shows the degree amplitudes in terms of geoid heights of the individual scenarios
(cf. Tab. 8.4) for the three sample month (January 2007, December 2008, April 2014). In
all three cases, a step-wise reduction of the noise level between degree 20 and 90 can be
observed. Depending on the presence of blunders, yaw turns or calibration maneuvers, the
inclusion of the data screening step (Pre-Processing 1) leads to more or less large reduction
of the error-level (cf. Fig. 8.7(a) vs. Fig. 8.7(b), 8.7(c)). The same holds true for the
ACC1B data calibration (Pre-processing 2 & Pre-processing 3). The ACC1B data calibration
mainly affects month with (accelerometer) temperature variations, which occur due to the
occasional disabling of heater lines (e.g., January 2007) or due to the switched-off thermal
control (e.g., April 2014). Since the switch-off of the active thermal control in April 2011,
temperature variations recur on a regular basis. The temperature variations are directly
related to the orbital configuration w.r.t to the Sun, i.e. the accelerometer temperature
variations are linked to the β′ angle variations. The impact of the setup of the accelerometer
calibration equation on the lower degree coefficients is further discussed in Section 8.3.1.
From Figure 8.7 it is evident that the “Pre-processing” scenarios of all three sample month
converge towards the ITSG-Grace2016 solution, which serves as a benchmark for internal
validation.

(a) January 2007 (b) December 2008

(c) April 2014

Fig. 8.7.: Difference degree amplitudes: Comparison of the ITSG-Grace2014 (blue),
Pre-processing 1 (black), Pre-processing 2 (green), Pre-processing 3 (orange),
and ITSG-Grace2016 (red) monthly gravity field solution for three sample month:
(a) January 2007, (b) December 2008, and (c) April 2014. The difference degree
amplitudes are computed w.r.t to the GOCO05s.
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Equivalent water heights

In order to asses the effect of the data screening and ACC1B data calibration in the spa-
tial domain, Figures 8.8, 8.9, and 8.10 display the EWHs of the Pre-processing scenarios
and ITSG-Grace2016 scenario w.r.t to the ITSG-Grace2014 scenario for January 2007,
December 2008, April 2014, respectively. Table 8.6 summarizes the corresponding grid
statistics of the individual solutions.

From the EWH differences w.r.t to the ITSG-Grace2014 release (cf. column on the right
in Fig. 8.8, 8.9, and 8.10), it becomes obvious that the successive inclusion of all data
pre-processing steps leads to a step-wise reduction of the noise level. The effect on the
monthly gravity field solutions is at cm-level in terms of EWH differences. As apparent from
the EWH difference plots, a significant reduction of the GRACE-typical NS striping pattern
can be achieved for all three sample month within the equivalent water height domain.
Besides, the Pre-processing 3 and ITSG-Grace2016 solutions match well together.

The global RMS values are reduced by up to 37 % with respect to the ITSG-Grace2014
solutions, and are close to the RMS values of the ITSG-Grace2016 solutions. The RMS
values of the ITSG-Grace2016 solutions are always lowest, which can be expected from
the enhanced processing chain, which includes not only the Level-1B data pre-processing
methodologies but all updates and improvements w.r.t to the ITSG-Grace2014 release
(cf. Section 8.1). Nevertheless, these results confirm the aim of the Level-1B data pre-
processing methodologies, now being part of the official ITSG-Grace2016 gravity field
processing chain.

Tab. 8.6.: EWH grid statistics: Minimum, Maximum and RMS value.

Month Scenario Minimum [cm] Maximum [cm] RMS [cm]

2007-01 ITSG-Grace2014 -25.6 26.2 6.5

2007-01 Pre-Processing 1 -28.9 26.1 6.2

2007-01 Pre-Processing 2 -20.0 21.8 5.5

2007-01 Pre-Processing 3 -16.5 23.1 4.1

2007-01 ITSG-Grace2016 -15.3 18.6 3.8

2008-12 ITSG-Grace2014 -19.1 21.0 4.4

2008-12 Pre-Processing 1 -18.2 21.9 4.0

2008-12 Pre-Processing 2 -17.0 21.3 3.9

2008-12 Pre-Processing 3 -16.4 23.4 3.6

2008-12 ITSG-Grace2016 -15.4 23.5 3.5

2014-04 ITSG-Grace2014 -32.2 25.2 5.1

2014-04 Pre-Processing 1 -27.5 22.8 4.7

2014-04 Pre-Processing 2 -29.4 21.6 4.4

2014-04 Pre-Processing 3 -29.0 23.6 4.3

2014-04 ITSG-Grace2016 -29.3 20.1 4.2
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Fig. 8.8.: EWH: Left column: ITSG-Grace2014, Middle column: Pre-processing 1 to ITSG-Grace2016,
Right column: Differences between the left (ITSG-Grace2014) and middle (Pre-processing 1
to ITSG-Grace2016) solution, for January 2007. The EWHs are given in cm, with the static
GOCO05s, trend, annual and semiannual signals removed, and a 300 km Gaussian Filter
applied.
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Fig. 8.9.: EWH: Left column: ITSG-Grace2014, Middle column: Pre-processing 1 to ITSG-Grace2016,
Right column: Differences between the left (ITSG-Grace2014) and middle (Pre-processing 1
to ITSG-Grace2016) solution, for December 2008. The EWHs are given in cm, with the
static GOCO05s, trend, annual and semiannual signals removed, and a 300 km Gaussian
Filter applied.
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Fig. 8.10.: EWH: Left column: ITSG-Grace2014, Middle column: Pre-processing 1 to ITSG-Grace2016,
Right column: Differences between the left (ITSG-Grace2014) and middle (Pre-processing 1
to ITSG-Grace2016) solution, for April 2014. The EWHs are given in cm, with the static
GOCO05s, trend, annual and semiannual signals removed, and a 300 km Gaussian Filter
applied.
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Post-fit range rate residuals

Another method to validate the quality of gravity field solutions, is to assess the post-
fit KBR residuals. Figure 8.11 shows the post-fit range rate residuals of the recovered
gravity field solutions (ITSG-Grace2014, Pre-processing 1, Pre-processing 2, Pre-processing 3,
ITSG-Grace2016) on a monthly scale (January 2007, December 2008, April 2014). In theory,
a reduction in the high-frequency noise should lead to improved KBR post-fit residuals. As
expected, the post-fit range-rate residuals of all three scenarios show a slight to moderate
improvement, and are on the level of the ITSG-Grace2016 solutions (cf. Fig. 8.11; no further
analysis shown here). In agreement with the noise reduction visible within the difference
degree amplitudes (cf. Fig. 8.7) and the EWHs (cf. Figs. 8.8, 8.9, 8.10), the largest reduction
of the post-fit range rate residuals occurs for January 2007, followed by April 2014.

(a)

(b)

(c)

Fig. 8.11.: Time series of post-fit KBR range rate residuals for (a) January 2007, (b) December 2008,
and (c) April 2014. Comparison of the ITSG-Grace2014 (blue), Pre-processing 1 (black),
Pre-processing 2 (green), Pre-processing 3 (orange), and ITSG-Grace2016 (red) scenario.
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8.3.1 Impact on C20 coefficients
In the following, the impact of the use of a fully-populated scale factor matrix within the
ACC1B data calibration (cf. Section 7.1.2) on the monthly gravity field solutions, in particular
the effect on the C20 coefficients, is analyzed in detail. For this purpose, two different
variations of the ITSG-Grace2016 release are compared: (1) the official ITSG-Grace2016
release, and (2) the preliminary ITSG-Grace2016 release. The latter is further denoted as
ITSG-Grace2016 (prelim), and differs only with respect to the scale factor matrix. Instead
of the fully-populated scale factor matrix (as in the case of ITSG-Grace2016), solely the
main diagonal elements of the scale factor matrix were estimated within the gravity field
recovery (cf. Eq. (7.2)).

The largest spherical harmonic coefficient C20 is due to the flattening of the Earth, and
reflects the Earth’s dynamic oblateness. The C20 coefficient exhibits a secular decrease
(cf. Fig. 8.13), which is mainly caused by the glacial isostatic adjustment (Cheng et al.,
2013).

The C20 coefficients determined from GRACE data alone always have been corrupted by a
strong 161-day periodic signal. Therefore - for science applications of the GRACE monthly
solutions - the GRACE-only estimates of the C20 coefficients are typically replaced by C20
estimates derived from the analysis of Satellite Laser Ranging (SLR) data. The ∼ 160-day
signal appearing in the GRACE C20 time series has sometimes been referred to as a tide-like
variation (e.g., Chen et al., 2009), since the period is close to the perturbation period on
the GRACE orbits due to the spherical harmonic coefficient pair C22/S22 of the S2 ocean
tide. According to Cheng and Ries (2017), errors in the S2 tide model used in GRACE
data processing could produce a significant perturbation to the GRACE orbits, but cannot
contribute to the ∼ 160-day signal appearing in the C20 time series. Consequently, the
anomalous signal in the GRACE C20 estimates cannot be attributed to aliasing from the
errors in the S2 tide.

Based on the analysis presented within this Section, the following hypothesis is postulated:
“Non-gravitational accelerations have strong tone signals (cf. Fig. 8.12), such as 1-cycle-
per-revolution (cpr) and 2-cpr, with frequency characteristics similar to the accelerations
caused by the resonant gravity field coefficients (Kim, 2000). Hence, accelerometer errors

Fig. 8.12.: Left: PSD of ACC1B (TN-02) (blue), ACC1B (ITSG-Grace2016) (red), and the
difference (gray) between both. Right: PSD of individual accelerometer errors at 450 km
(Source: Kim (2000)). ACC1B represents the original Level-1B data calibrated according
to TN-02, and ACC1B (ITSG-Grace2016) represents the calibrated accelerometer data
according to the ITSG-Grace2016 settings, for one day on 2007-01-17.
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and disturbances due to e.g., misalignment or thermal variations can degrade the estimation
of the C20 coefficients significantly.” This hypothesis is also supported by Cheng and Ries
(2017), whose preliminary analysis of the cross-track forces acting on GRACE and the cross-
track component of the accelerometer data suggests that a non-geophysical, temperature-
dependent systematic error in the accelerometer data could be a cause for the ∼ 160-day
signal present in the GRACE-derived C20 time series.

Results from the ITSG-Grace2016 release, applying the ACC1B data calibration approach
(cf. Section 7), strongly support the use of a fully-populated scale factor matrix within the
gravity field recovery. The analysis of the recovered spherical harmonic coefficients reveals a
large influence on the low degree and order coefficients, especially on the C20 coefficients
(cf. Fig. 8.14).

Figure 8.13 compares the monthly estimates of C20 derived from GRACE and SLR data
over the period from April 2002 to June 2017. Here, the SLR Tellus time series4 (2001 to
present), which provides C20 estimates obtained from the analysis of SLR observations to
five geodetic satellites (LAGEOS-1 and 2, Starlette, Stella, and Ajisai; Cheng et al., 2011), is
used as an independent benchmark. The estimates for the C20 coefficients of the preliminary
solution ITSG-Grace2016 (prelim) and the CSR RL05 solution (Bettadpur, 2012) match quite
well. Remarkably, the ITSG-Grace2016 estimates for the C20 coefficients show significantly
better agreement with the independent SLR solution. In general, the ITSG-Grace2016 series
agrees well with the SLR series. Figure 8.13 shows that a gain in consistency is achieved
by the use of the fully-populated scale factor matrix. Compared to the ITSG-Grace (prelim)
solution, the bias of the ITSG-Grace2016 solution to the SLR Tellus solution can be visibly
reduced; most evidently for the period from 2008 to 2014. The differences in the trend
between ITSG-Grace2016 and SLR Tellus for the period of 2002 to 2008 cannot be explained
sufficiently. The inconsistency for periods later then 2014 might be related to the reduced
availability and quality of the GRACE data, as all GRACE-derived solutions show above
average variations and gaps.

Fig. 8.13.: Comparison of C20 estimates from GRACE-only monthly gravity field solutions (CSR
RL05 (green), ITSG-Grace2016 (prelim) (blue), ITSG-Grace2016 (red) and from SLR
analysis (SLR Tellus (black)). The C20 estimates for the whole GRACE mission period
(April 2002 to June 2017) are displayed.

4grace.jpl.nasa.gov/data/get-data/oblateness
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(a) January 2007 (b) April 2014

Fig. 8.14.: Difference degree amplitudes: Comparison of the GFZ RL05a (orange), CSR RL05 (green),
the ITSG-Grace2016 (prelim) (blue), and the ITSG-Grace2016 (red) monthly gravity field
solution for (a) January 2007 and (b) April 2014. The difference degree amplitudes are
computed w.r.t to the GOCO05s. The coefficient differences between ITSG-Grace2016 and
ITSG-Grace2016 (prelim) are shown in gray. The lower spherical harmonic degrees (0 to
10) are highlighted by a blue background.

Figure 8.14 exemplarily shows the difference degree amplitudes for two month (January 2007
and April 2014) with respect to the static gravity field GOCO05s (Mayer-Gürr et al., 2015)
for the CSR RL05 solution, the ITSG-Grace2016 (prelim) solution, the ITSG-Grace2016
solution, and the differences between the official and the preliminary ITSG-Grace2016 solu-
tion. Compared to the preliminary solution, ITSG-Grace2016 performs better over the whole
spectrum, but the largest differences are visible in the lowest degrees (cf. Fig 8.14). For
degree 2, the difference is several orders of magnitude larger than for the other degrees. This
significant difference in the C20 coefficient can be attributed to the use of the fully-populated
scale factor matrix (cf. Section 7.1.2). Consequently, Figure 8.14 clearly demonstrates the
ability to improve the C20 estimates within the latest ITSG-Grace2016 release, by applying
the two-step calibration approach.

Based on the presented results and findings, the Level-1B data pre-processing methodologies
are assumed to be an important contributing factor to the improvement from ITSG-Grace2014
to ITSG-Grace2016.
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9Conclusions and Outlook

Until now, efforts are still ongoing to further improve the accuracy of GRACE temporal
gravity field models, as there still remains almost an order of magnitude between the error-
level of present gravity field solutions and the so-called GRACE baseline (cf. Fig. 1.1), a
predicted accuracy from a pre-mission simulations (Kim and Tapley, 2002; Stanton et al.,
1998). How can this gap be further minimized to approach the baseline? - Since there are
several contributors to the GRACE error budget, there also exists no definite answer to this
question. In general, the accuracy of GRACE gravity field models is primarily limited by:
(1) unmodeled noise and errors within the GRACE Level-1B data (inter-satellite ranging,
attitude, accelerometer, orbit) - including errors in the original instrument data as well as
in the corrections and calibration parameters, and (2) aliasing effects due to spatial and
temporal undersampling, and uncertainties within the background models. On the one hand,
imperfections within the background models need to be further reduced in order to diminish
aliasing effects. On the other hand, the satellite observations, i.e. the science data products,
need to be improved and the anisotropic accuracy characteristics of GRACE instruments
need to be taken into account during gravity field recovery. Since any uncorrected errors or
disturbances within the instrument data directly propagate to the recovered gravity field
solution.

With the last instrument data in June 2017, GRACE has ended science mission. To continue
GRACE’s legacy, the GRACE-FO mission (Flechtner et al., 2017) - a quasi-replica of GRACE
carrying an almost identical payload - will pursue the objectives of the GRACE mission. A
successful launch in early 2018, will guarantee a continuation of the observation of Earth’s
gravity field from space. By this the GRACE time series of highly-accurate monthly gravity
field models can be extended, and further improved. For future gravity field missions, such
as GRACE-FO, the GRACE mission serves as a lesson learned. A profound understanding
and knowledge of the GRACE instrument characteristics and accuracies, and possible error
sources and disturbances prevalent within the GRACE instrument data is fundamental in
order to fully exploit the observations provided by future gravity field missions. At the same
time, it enables the improvement of the current GRACE data processing algorithms and thus
gravity field recovery.

The importance and potential of Level-1B data pre-processing methodologies to reduce the
GRACE error-level was demonstrated on the basis of the ITSG-Grace processing chain. Based
on the transition from the ITSG-Grace2014 (Mayer-Gürr et al., 2014) to the ITSG-Grace2016
(Mayer-Gürr et al., 2016b) release, which includes multiple updates within the processing
chain, the contribution of individual updates to the overall accuracy improvement was
highlighted. In particular, the effects and benefits of (1) a fully-automated data screening,
(2) an enhanced attitude determination on the basis of the sensor fusion approach, and
(3) a new approach for the accelerometer data calibration were analyzed in detail within
this study.
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9.1 Conclusions
This PhD study primarily aimed at improving the GRACE temporal gravity field models by
introducing Level-1B data pre-processing methodologies, as part of the ITSG-Grace gravity
field processing chain. The major findings of this thesis can briefly be summarized as:

• Enhanced data screening methodologies, on the basis of Level-1B science and house-
keeping data products, prove beneficial to identify erroneous observations and time
periods with reduced data quality.

• The sensor fusion, i.e. combination of Level-1B angular accelerometer and star camera
data, contributes to a reduction of the high-frequency attitude noise, prevalent within
the original SCA1B data product.

• The ACC1B data calibration avoids a degradation of the recovered gravity field solutions
due to temperature-induced bias and scale factor variations.

• The use of a fully-populated scale factor matrix within the ACC1B data calibration
furthermore helps to improve GRACE C20 estimates.

• Based on the presented results and findings, the Level-1B data pre-processing method-
ologies are assumed to be an important contributing factor to the noise-level reduction
from ITSG-Grace2014 to ITSG-Grace2016.

The importance of data screening

For GRACE gravity field recovery, the data screening of the Level-1B data products is
often done on a manually basis, which is rather time-consuming, labour-intensive, and
error-prone; or sometimes it is neglected at all. Within this work, a fully-automated data
screening step was implemented within the ITSG-Grace processing chain. The inclusion
of a fully-automated a priori data screening step, i.e. selectively discarding data as part of
the Level-1B data pre-processing, enables a more sophisticated detection of large blunders
and outliers within the Level-1B science data products, and allows for the identification of
epochs with erroneous observations and/or time periods with reduced data quality. For the
purpose of data screening, both Level-1B science data products and additional housekeeping
data products (e.g., SOE) are used. The former enable a threshold-based outlier detection
tailored to the characteristics of the different science data products. Whereas, the latter
provide an additional source of information, which facilitates the automatic identification of
satellite and sensor events, which may affect the Level-1B science data quality. Based on the
implemented data screening methodologies, either single observations or time periods of
anomolous data (e.g., yaw turns, CoM calibration maneuvers, KBR calibration maneuvers)
are excluded from the further gravity field processing. By this means, it is avoided that
outliers within the observations propagate to the temporal gravity field models. In the
case of outliers or observations with reduced data quality, the inclusion of the a priori data
screening successfully reduces the noise-level of the recovered monthly solutions.
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Attitude improvements - Benefits of the sensor fusion

The full exploitation of the primary inter-satellite ranging observations, provided by the KBR
system, is only possible with highly-accurate attitude data. Hitherto, the GRACE attitude
determination during SM was based solely on the combination of the attitude quaternions,
provided by the two star cameras on-board each satellite. The official SCA1B RL02 data
product shows a significantly higher noise level than expected and does not carry the full
accuracy, due to an implementation error in the Level-1A to Level-1B processing scheme.

Besides the absolute attitude information provided by the star cameras, the accelerometer
provides additional relative attitude information in terms of angular accelerations. To exploit
this additional information for the purpose of attitude estimation, the so-called sensor fusion
approach was introduced to the ITSG-Grace processing chain. The sensor fusion approach
is based on the combination of the Level-1B star camera and angular accelerometer data
(SCA1B, ACC1B) within a LSA. By applying the principles of VCE in combination with a
robust estimator within the iterative LSA, a sophisticated weighting of the observation groups
and the detection of blunders within the data sets are enabled. As expected, the combined
attitude solution benefits from the different noise characteristics of the star camera and
the angular accelerometer. The fused attitude information consists of the low-frequency
information provided by the star camera, and the high-frequent information provided by the
angular accelerometer. We could show that the fused attitude data product is characterized
by a significantly reduced high-frequency noise. This reduced attitude noise, directly affects
the ranging and accelerometer data, which represent fundamental observations needed for
the GRACE gravity field recovery. In case of good data quality and availability, the sensor
fusion contributes to marginal improvements within the recovered gravity field models.
Whereas, in the case of a changed satellite alignment or reduced data quality, the sensor
fusion contributes to a noise-level reduction within the higher degrees (> 60). However,
some limitations occur to the sensor fusion approach, since already pre-processed Level-1B
data products are used as input for the senor fusion - the combined attitude estimation.
Errors or noise present within the ACC1B and SCA1B data products cannot be eliminated by
combining both data sets. Yet, the high-frequent noise of the SCA1B data product can be
reduced significantly.

Findings from various studies by e.g., Bandikova and Flury (2014), Inácio et al. (2015),
Harvey et al. (2016), and Klinger and Mayer-Gürr (2014) initiated a Level-1B data re-
processing campaign at JPL, aiming at improving the attitude data processing. For the new
SCA1B RL03 data product, the SDS also decided to change the official SCA1B algorithm
in order to combine star camera and angular accelerometer data using a Kalman filtering
approach (Bandikova et al., 2016; Sakumura et al., 2016).

The importance of ACC1B data calibration

The processing of GRACE accelerometer data has proven to be more challenging than
expected, since the acceleration measurements suffer from a variety of disturbances (Hudson,
2003; Fackler, 2004; Frommknecht, 2008; Peterseim et al., 2012). The most prominent
disturbance within the ACC1B data product arise from temperature-induced bias and scale
factor variations (Klinger and Mayer-Gürr, 2016). The high temperature sensitivity was not
expected to be a limiting factor to GRACE gravity field recovery, as the on-board thermal
control was supposed to regulate the temperature. But, as a result of reduced battery
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capacity, the active thermal control was permanently switched-off in April 2011. Since then,
temperature variations directly affect the on-board accelerometers, impacting the quality
of the ACC1B data product. Thus, more intense data pre-processing efforts are required to
account for these operation anomalies. To avoid a degradation of the recovered gravity field
solution due to temperature-induced accelerometer perturbations, a two-step ACC1B data
calibration approach was implemented within the ITSG-Grace processing chain. Especially
for month with temperature variations, the ACC1B data calibration significantly contributes
to a reduction of the noise-level of the recovered gravity field models (ITSG-Grace2016).
Besides, the C20 estimates can be significantly improved, i.e. clearly benefiting from the
use of a fully-populated scale factor matrix. Therefore, we suggest the presence of non-zero
off-diagonal elements in the accelerometer scale factor matrix and recommend the use of a
fully-populated scale factor matrix to account for instrument imperfections.

From the experience with other missions, like CHAMP, GOCE or Swarm, it is known that
accelerometers are sensitive to temperature variations. Based on the analysis of the esti-
mated biases and scale factors, GRACE proofs just another example that accelerometers are
highly sensitive instruments, which must be protected, in particular against temperature
variations.

GRACE Level-1B data pre-processing

In summary, this work highlights the importance and potential of GRACE Level-1B data
pre-processing methodologies as part of the gravity field recovery. The presented findings
and research results also emphasize the independent validation of the official Level-1B
data products, and support the public release of all data products (Level-1A and Level-1B)
to all processing centers. Even today, every once in a while new findings and results
revolutionize our understanding of GRACE instruments, and how errors or disturbances
within the observation data impact the recovered gravity field solutions.

9.2 Outlook
The extension of the presented research and its application to the future GRACE-FO mission
(cf. Section 2.7) is a major future objective and strong motivation for further investigations.
In the following, some of the potential extensions and applications are briefly introduced.

9.2.1 GRACE
Further improvement of the Level-1B data pre-processing methodologies

On the basis of Level-1B data products, a further refinement of the sensor fusion approach
and ACC1B data calibration approach is possible by further improving the parameterization
of the data combination and calibration equation, respectively. For future ITSG-Grace
releases, the sensor fusion represents a promising area of research, especially with regard
to the stochastic modeling, i.e. the inclusion of stochastic information from the satellite
orientation.
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9.2.2 GRACE-FO
Independent Level-1A to Level-1B data processing

The investigations so far have focused on the pre-processed Level-1B data products, which
are provided by JPL and form the data basis for the GRACE gravity field recovery. But, for
GRACE-FO (cf. Section 2.7), both the Level-1A and Level-1B data products will be publicly
available to all processing centers. This allows not only for an independent Level-1A to Level-
1B data processing, but also for a more detailed analysis of the individual instrument data
sets (e.g., noise behavior, thermal effects, interference from other instruments or sensors).
Furthermore, a re-work and possible improvement of the presented data pre-processing
methodologies is envisaged. Redundant Level-1A (to Level-1B) data processing reduces
the dependency on official processing centers, but more importantly also allows for cross-
checks among different ACs, triggering further improvements within the data processing
algorithms.

Extension and revision of the sensor fusion approach

The satellite’s orientation is a core piece of information needed for gravity field recovery.
In view of GRACE-FO data processing, the attitude data fusion can be extended to several
sensors. The goal is to adapt our sensor fusion approach to the specifics of GRACE-FO. For
this purpose, algorithms for an enhanced sensor fusion of the star camera attitude data with
accelerometer data, IMU data, and the LRI attitude data (yaw and pitch angles from the
beam steering control loop), need to be developed and tested. The use of Level-1A data
products additionally allows for a refinement of the star camera data combination by taking
into account the different performance of the star cameras.

These future GRACE-FO research topics will be part of the project MAGIC (Mass redistribu-
tions from GRACE-FO using Laser Interferometry and Microwave ranging based on tailored
data processing), funded by the Austrian Research Promotion Agency (FFG) in the frame of
the Austrian Space Applications Programme Phase 13 (ASAP 13, Project 859736).
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AGRACE Reference Frames

For GRACE, several reference frames are used to define the various science data products
(cf. Section 2.4). All Level-1B science and housekeeping data products refer to the Science
Reference Frame (SRF), a body-fixed reference frame (c.f. Section A.2). In the following, the
definitions of the most important GRACE reference frames, used in the framework of this
thesis, are summarized. A more detailed description of all GRACE reference frames is given
in Case et al. (2010) and Bettadpur (2010). Figure A.1 depicts three of the most common
reference frames.

ySF

yAF

zSF

xAF

zAF

xSF

ySRF

xSRF

zSRF

CoM

Fig. A.1.: GRACE reference frames: accommodation of the Satellite Frame (SF) (red), Science
Reference Frame (SRF) (black), and Accelerometer Frame (AF) (blue). The xSF-axis is
pointing to the other satellite, and towards the KBR antenna phase center.

A.1 Satellite Frame (SF)
The Satellite Frame (SF) was used as basis for the satellite assembly and the payload
alignment on ground (Bettadpur, 2010). The origin of the SF is at the target location of the
CoM of the accelerometer proof mass. The SF coordinate axes are defined as follows:

xSF = pointing from the origin

to the target location of the KBR antenna phase center (roll axis),

ySF = forms a right handed triad with xSF and ySF (pitch axis),

zSF = normal to the xSF-axis and to the plane of the main equipment platform (yaw axis).

(A.1)

In orbit, the GRACE satellites have a nadir-pointing yaw axis orientation, with the roll axis
in anti-flight and in-flight direction for the leading and trailing satellite, respectively.
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A.2 Science Reference Frame (SRF)
By definition, the origin of the Science Reference Frame (SRF) is located at the CoM of the
satellite. The SRF axes are directed parallel to the measurement axes of the accelerometer
(cf. Appendix A.3)

xSRF = zACC,

ySRF = xACC,

zSRF = yACC.

(A.2)

The origin of the SRF is maintained by regularly performed CoM calibration and trim
maneuvers. The instruments onboard GRACE utilize several different coordinate systems.
But, for consistency all Level-1B data products are specified w.r.t. the SRF.

A.3 Accelerometer Frame (AF)
The origin of the Accelerometer Frame (AF) is at the CoM of the accelerometer, which
is aligned with the satellite’s CoM regularly (by CoM calibration maneuvers). The AF
coordinate axes are directed as follows:

xAF = ySF,

yAF = zSF,

zAF = xSF.

(A.3)

A.4 Star Camera Frame (SCF)
Each GRACE satellite is equipped with two star camera heads (cf. Section 2.3.1), which are
rigidly attached to the accelerometer. The star camera heads are mounted with a zenith offset
of ±45◦, pointing towards the port and starboard panels of the spacecraft (cf. Fig. A.2).

ySF

zSF

xSF

CoM

center of FoV

zSCF2zSCF1

xSCF

45◦45◦

Fig. A.2.: Accommodation of the GRACE Star Camera Frame (SCF) (blue), based on the Satellite
Frame (SF) (red).
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The Star Camera Frame (SCF) is a sensor frame, i.e. a coordinate system defined with respect
to the star camera itself. The origin of each SCF is the center of FoV, i.e. the intersection
of the optical axis (boresight) with the mounting plane for the star camera head. The
z-axis is aligned with the boresight of the star camera and is perpendicular to the FoV. The
cross-boresight axes (x- and y-axis) are co-planar to the FoV. Consequently, the axes are
directed as follows:

xSCF = xSF,

ySCF = xSCF × zSCF,

zSCF = optical axis of the star camera (boresight),

pointing nominally at ± 45◦from the zSF direction.

(A.4)

The rotation between the SCF and the SRF is obtained through calibration procedures, and
is provided in the quaternion product QSA1B (Case et al., 2010).

A.5 K-Band Frame (KF)
The origin of the K-Band Frame (KF) coincides with the origin of the SRF. The KF axes are
directed as follows:

xKF = pointing from the satellite CoM

to the calibrated KBR APC (phC vector),

yKF = zKF × xKF,

zKF = xKF × ySRF.

(A.5)

A.6 LOS Frame (LOSF)
The origin of the LOS Frame (LOSF) coincides with the origin of the SRF, with the x-axis
pointing towards the other satellite’s CoM. The LOS axes are directed as follows:

xLOSj = eij = rj − ri

|rj − ri|

yLOSj
= xLOSj

× ri

|ri|
,

zLOSj = xLOSj × yLOSj = eij ×


xLOSj × ri

|ri|


.

(A.6)

Therein, parameters with the indices i, j = A,B (i ̸= j) refer to GRACE-A or GRACE-B, and
the vector r represents the position of one satellite w.r.t. the inertial frame.

In the case of a perfect inter-satellite alignment, the LOS Frame and the KF coincide, i.e. the
phc vector is perfectly aligned with the LOS.
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A.7 Inertial Reference Frame (IRF)
Within this thesis, the Inertial Reference Frame (IRF) refers to the International Celestial
Reference Frame (ICRF), realized by the J2000.0 equatorial coordinates.

The ICRF is a quasi-inertial reference system with its origin located at the Earth’s CoM. The
z-axis points towards the North Pole and corresponds to the rotation axis of the Earth. The
x-axis points towards the vernal equinox for the epoch J2000.0. The right-handed coordinate
system is completed by the y-axis, which is perpendicular to the xz-plane. For the exact
definitions, the reader is referred to IAU (2000), McCarthy and Petit (2003), and Petit and
Luzum (2010).

A.8 Terrestrial Reference Frame (TRF)
Within this thesis, the Terrestrial Reference Frame (TRF) refers to the International Terrestrial
Reference Frame (ITRF). The ITRF is defined and maintained by the IERS, and adopted
as standard global TRF within the IERS conventions 2010 (Petit and Luzum, 2010). For
details on the definitions, the reader is referred to e.g., McCarthy and Petit (2003) and Petit
and Luzum (2010). The current realization of the ITRF is the ITRF2014 (Altamimi et al.,
2016).

Transformations between the ICRF and the ITRF are performed based on the transformation
parameters provided by the IERS (McCarthy and Petit, 2003; Petit and Luzum, 2010).
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BGRACE Macro Model

The GRACE Macro Model is a 9-plate model describing the surface properties and geometry
of the satellites. As the GRACE mission consists of two identical satellites (GRACE-A,
GRACE-B), only one Macro Model valid for both satellites is provided. At launch, both
satellites had an identical mass of 487.2 kg. Updated mass values are provided in the MAS1B
housekeeping data products (cf. Section 2.5.2).

Figure B.1 shows the GRACE Macro Model, i.e. an engineering drawing of a GRACE satellite
in front view and in side view.

For each surface element (plate), the area, the normal vector (in the SRF), the type of
material, and its emissivity, absorptivity, and reflectivity coefficients are provided (Bettadpur,
2010); summarized in Table B.1.
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(a) Front view

(b) Side view

Fig. B.1.: GRACE Macro Model: 9-plate model of a GRACE satellite in front view (a) and side view (b),
with dimensions in mm. Source: Bettadpur (2010).
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CQuaternions

In 1843, Sir William Rowan Hamilton, an Irish physicist, astronomer, and mathematician,
introduced quaternions. Quaternions can be seen as hyper-complex numbers of rank 4
(Kuipers, 1999). An important precursor to the work of Hamilton was Olinde Rodrigues’
parameterization of general rotations by four parameters (1840).

In the context of GRACE, quaternions are used to represent the satellites’ attitude within the
Level-1A and Level-1B star camera data products (cf. Section 4.1). Therefore, quaternions
are essential for any star camera data processing or analysis.

In the following, only the fundamentals of quaternion algebra are introduced, based on
the theory and the definitions given by Kuipers (1999) and Diebel (2006). A complete and
comprehensive overview of the extensive body of quaternion mathematics is far beyond the
scope of this thesis.

C.1 Quaternion basics
A quaternion q may be represented as a 4-tuple of real numbers (Kuipers, 1999)

q = (q0, q1, q2, q3) , (C.1)

where q0, q1, q2, q3 are real numbers or scalars. Or alternatively, quaternions may also be
represented as a vector

q = q0 + q = q0 + iq1 + jq2 + kq3, (C.2)

where q0 represents the scalar part, q = [q1, q2, q3]⊺ represents the vector part, and i, j, k
denote the standard orthonormal basis of R3. The scalars q0, q1, q2, q3 are denoted as
quaternion components. In this vector-like notation, the quaternion can be represented by
its 4 components:

q = [q0, q1, q2, q3]⊺ =

 q0

q1:3

 , q1:3 ∈ R3. (C.3)

As a consequence, quaternions are always denoted by some lower-case bold-faced letters
(e.g., q, p), like ordinary vectors in three-dimensional space (Kuipers, 1999).

The complex conjugate, norm, and inverse of a quaternion q are defined as

q∗ = [q0,−q1,−q2,−q3]⊺ =

 q0

−q1:3

 , (C.4)

|q| =
√

q∗q =

q2

0 + q2
1 + q2

2 + q2
3 , (C.5)
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q−1 = q∗

|q|
. (C.6)

By the definition of the inverse, the following condition holds true:

q−1q = qq−1 = 1. (C.7)

Quaternions are primarily used as rotation operators to represent three-dimensional (3D)
rotations. Any finite rotation (from a reference frame A to a reference frame B) may be
achieved by a single rotation about an appropriately chosen axis (cf. Fig. C.1). Therefore,
it is possible to parameterize the attitude of a body with and angle ψ ∈ R and a unit
vector n ∈ R3 (Diebel, 2006). The unit quaternion that arises from a rotation ψ about an
axis n is given by

q0 = cos(ψ/2),

q1 = sin(ψ/2) cosα,

q2 = sin(ψ/2) cosβ,

q3 = sin(ψ/2) cos γ,

(C.8)

where cosα, cosβ, cosγ are the direction cosines of the rotation axis n.

A unit quaternion is a quaternion with unity norm

|q| = 1. (C.9)

For any unit quaternion q, the inverse of the quaternion is equal to the complex conjugate

q−1 = q∗. (C.10)

Throughout this work, quaternions which are used to represent the attitude of a satellite,
are assumed to be unit quaternions.

Fig. C.1.: Axis-angle representation of a 3D frame rotation. Source: Wu et al. (2006).
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C.2 Quaternion operations

C.2.1 Addition & Scalar multiplication
Both, quaternion addition and scalar multiplication, are inherited from the vector space.
Therefore, the sum of two quaternions q and p is defined by adding the quaternions
component-by-component

q + p =


q0 + p0

q1 + p1

q2 + p2

q3 + p3

 . (C.11)

Accordingly, the product of a scalar c and a quaternion q is given by

cq =


cq0

cq1

cq2

cq3

 . (C.12)

C.2.2 Multiplication
The product of two quaternions q and p in matrix notation is defined as

qp =


+q0 −q1 −q2 −q3

+q1 +q0 −q3 +q2

+q2 +q3 +q0 −q1

+q3 −q2 +q1 +q0


  

Q(q)


p0

p1

p2

p3

 . (C.13)

The multiplication of two quaternions, as defined in Equation C.13, gives as result a
quaternion s = qp. Quaternion multiplication is associative (q(ps) = (qp)s), but not
commutative (qp ̸= pq).

C.2.3 Rotation of a vector by a quaternion
In matrix form, the rotation of a vector v by the rotation matrix R is given by the equation:

w = Rv. (C.14)

Equivalently, the rotation of a vector v by using a quaternion q as rotation operation, is then
given by

w = q∗vq

= (2q0 − 1)vA + 2(vA · q1:3)q1:3 + 2q0(vA × q1:3).
(C.15)
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Therein, the vector v is considered as a “pure quaternion”, i.e. a quaternion with a zero
scalar part (v = 0 + v). Geometrically, the rotation operator q∗vq can be seen as a reference
frame rotation, i.e. rotating a fixed vector v in a reference frame A into a reference frame B,
resulting in vector w.

C.2.4 Unit quaternion ⇒ rotation matrix
The transformation from a unit quaternion q to a rotation matrix R is explicitly defined by

R(q) =


q2

0 + q2
1 − q2

2 − q2
3 2q1q2 + 2q0q3 2q1q3 − 2q0q2

2q1q2 − 2q0q3 q2
0 − q2

1 + q2
2 − q2

3 2q2q3 + 2q0q1

2q1q3 + 2q0q2 2q2q3 − 2q0q1 q2
0 + q2

1 − q2
2 + q2

3

 . (C.16)

C.2.5 Rotation matrix ⇒ unit quaternion
The inverse transformation from a rotation matrix to a unit quaternion is not explicit

q0 = ± 1
2


1 +R11 +R22 +R33,

q1 = (R23 −R32)/4q0,

q2 = (R31 −R13)/4q0,

q3 = (R12 −R21)/4q0,

(C.17)

where Rij denotes the matrix elements, with the indices i, j referring to the rows and
columns of the rotation matrix. For more details, the reader is referred to Diebel (2006).

C.2.6 Unit quaternion ⇒ Euler angles (1-2-3)
The mapping from a unit quaternion to a set of Euler angles (or Cardan angles, cf. Ap-
pendix D.1) with the Euler angle sequence (1-2-3), is given by

ϕ = arctan


2(q2q3 + q0q1

q2
0 − q2

1 − q2
2 + q2

3


= arctan


R23

R33


,

θ = − arcsin (2(q1q3 − q0q2)) = − arcsin (R13) ,

ψ = arctan


2(q1q2 + q0q3

q2
0 + q2

1 − q2
2 − q2

3


= arctan


R12

R11


.

(C.18)

C.2.7 Unit quaternion ⇒ Angular velocity
The quaternion rates q̇ are related to the angular velocity ω (in body fixed coordinates)
through (Diebel, 2006)

ω(q, q̇) := 2W(q)q̇. (C.19)

Therein, the quaternion rate matrix W maps a unit quaternion and its temporal derivative
to the angular velocity. The time derivative of the unit quaternion is given by the vector of
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quaternion rates, which can be computed by numerical differentiation. The quaternion rate
matrix W (q) is defined as

W =


−q1 +q0 +q3 −q2

−q2 −q3 +q0 +q1

−q3 +q2 −q1 +q0

 . (C.20)

C.2.8 Unit quaternion ⇒ Angular acceleration
Following from Equation (C.20), the angular acceleration ω̇, expressed in a body-fixed
reference frame, may also be related to the time derivatives of the quaternion components
by

ω̇ := 2W(q)q̈. (C.21)

The second derivative of the unit quaternion may be approximated by numerical differentia-
tion or a second order difference quotient (cf. Section 6.3.2).
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DAuxiliary computations

D.1 Roll, pitch, yaw - Cardan angles
Any rotation matrix R can be decomposed as a product of three elemental rotation matrices

R = R1(ϕ)R2(θ)R3(ψ), (D.1)

where R1−3 are the elementary rotations about the x-, y-, z-axes. The angles associated with
the sequence (1-2-3) are also denoted as Cardan Angles (or simply as Euler angles), which
are commonly used in aerospace engineering. The angles ϕ, θ, and ψ are known as roll,
pitch, and yaw, respectively. The individual rotation matrices are defined as follows:

R1 =


1 0 0

0 cosϕ sinϕ

0 − sinϕ cosϕ

 , (D.2)

R2 =


cos θ 0 − sin θ

0 1 0

sin θ 0 cos θ

 , (D.3)

R3 =


cosψ sinψ 0

− sinψ cosψ 0

0 0 1

 . (D.4)

Evaluating Equation (D.1) yields

R =


cos θ cosψ cos θ sinψ − sin θ

sinϕ sin θ cosψ − cosϕ sinψ sinϕ sin θ sinψ + cosϕ cosψ sinϕ cos θ

cosϕ sin θ cosψ + sinϕ sinψ cosϕ sin θ sinψ − sinϕ cosψ cosϕ cos θ

 .
(D.5)
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The inverse mapping, which expresses the Cardan angles as a function of the rotation matrix,
is given by

ϕ = arctan

R23

R33


,

θ = − arcsin (R13) ,

ψ = arctan

R12

R11


,

(D.6)

where Rij denotes the matrix elements, with the indices i, j referring to the rows and
columns of the matrix R (cf. Eq. (D.5)).

D.2 Beta prime angle
The β′ angle is a quantity primarily used in spaceflight, describing the orbital configuration
w.r.t. the Sun. It determines the amount of time an object, such as a LEO, spends in direct
sunlight, absorbing solar energy by the solar panels. The β′ angle is defined as the angle
between the orbital plane of the spacecraft and the Earth-Sun line (cf. Figure D.1)

β′ = arccos


n · r⊙

|n| · r⊙


− 90◦, (D.7)

where n is the vector cross product between the satellite’s position and velocity vector
w.r.t. to the inertial frame (n = −(r × ṙ)), i.e. it denotes the normal vector of satellite’s
orbit. r⊙ denotes the position vector of the Sun w.r.t. to the inertial frame, representing
the Earth-Sun line. Theoretically, the β′ angle of a near-polar LEO varies between ±90◦, as
depicted in Figure D.1.

β′ = +90◦

Earth orbit

β′ = 0◦

β′ = 0◦

β′ = −90◦

Fig. D.1.: Illustration of the β′ angle variations of a near-polar LEO: the orbital plane is depicted
in blue, with the normal vector or angular momentum vector being perpendicular to the
instantaneous orbital plane. The position vector of the Sun, i.e. the Earth-Sun line is
depicted as yellow vector.
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Fig. D.2.: β′ angle variations of GRACE-A for the GRACE mission period from April 2002 to June 2017.

Figure D.2 shows the β′ angle variations of GRACE-A for the whole GRACE mission period
from April 2002 to June 2017. Since the two GRACE satellites follow each other in the same
orbit, only results for GRACE-A are shown.

Every 161 days, at β′ = 0◦ crossings, the Sun is in the orbital plane of the satellites. During
this period, the spacecraft spend nearly half their revolution time in the Earth’s shadow, and
thus rely on their batteries for power. As a consequence, the GRACE instruments are shut
down for small β′ angles (since April 2011). In between, when the satellite is in full-sun
orbit (β′ > 70◦), the Sun is visible to the satellite at all time and primarily illuminates the
side panels (Herman et al., 2012).

In the case of GRACE, the β′ angle does not reach exactly ±90◦ due to the drift of the
ascending node of the orbit, which causes a precession of the orbital plane (∼ 1.1◦ day) with
a 322 day period in the inertial frame.

D.3 Argument of latitude
The argument of latitude u represents the position of the satellite along the orbit, describing
the angle between the ascending node and the satellite (cf. Fig. D.3). Thus, its values vary
between 0◦ and 360◦ (±180◦), as depicted in Figure D.4. The argument of latitude is defined
as

u = ω + ν, (D.8)

where ω denotes the argument of perigee, and ν denotes the true anomaly. Further evaluating
Equation (D.8) gives (Montenbruck and Gill, 2001)

u = arctan


z/ sin i
x cos Ω + y sin Ω


= arctan


z

−xhy + yhx


, (D.9)

with

h = r × ṙ
|r × ṙ|

=


hx

hy

hz

 . (D.10)

Therein, h denotes the normalized areal velocity vector, derived from the satellite’s posi-
tion r = [x, y, z]⊺ and velocity ṙ = [ẋ, ẏ, ż]⊺.
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Fig. D.3.: Keplerian elements (inclination i, right ascension of the ascending node Ω, argument of
perigee ω, true anomaly ν) and argument of latitude u (red).

Fig. D.4.: Plotting along the orbit: Argument of latitude plot illustrating the GRACE-A orbit altitude
as a function of the argument of latitude and time for one day (2008-12-01; ≈ 15.5 orbital
revolutions). The direction of flight is indicated by the blue arrow. The color indicates the
orbit altitude.
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