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Abstract

The Gravity Recovery and Climate Experiment (GRACE) and its successor, GRACE Follow-On
(GRACE-FO), have significantly advanced our understanding of Earth's gravity field and its
temporal changes by measuring subtle gravity variations caused by mass redistribution on and
beneath Earth's surface. A key component of these missions is the use of geodetic-quality GPS
receivers for precise orbit determination and 3D accelerometers, which measure non-gravitational
forces like atmospheric drag and solar radiation pressure. However, challenges in using

accelerometers must be addressed to ensure data and modeling accuracy.

A primary challenge is the calibration of accelerometers, as inaccuracies can lead to significant
errors in gravity field modeling and thermospheric density estimates of up to 10%, depending on
the levels of solar activity. This study introduces a calibration method using matched filter
techniques applied to accelerometer measurements and GPS-derived accelerations. The estimated
calibration parameters show high stability with values close to 1, as expected from the ultra-

sensitive electrostatic space accelerometers and proposed by other studies.

Error assessment of GRACE and future mass change missions must consider accelerometer
measurements as stochastic quantities with realistic error estimates. This involves identifying and
quantifying measurement errors stemming from instrument noise, thermal effects, correlations and
transient effects. This study generates a stochastic (weighted) 1B accelerometer dataset to
investigate systematic errors from various sources like geomagnetic storms, temperature changes,
and terminator crossings. Contrastingly to the official accuracy which is 0.1 nm/s? for the along-
track and radial direction and 1 nm/s? in the cross-track, the proposed dataset being clean from

spikes has an accuracy of 1073 nm/s?.

Accurate modeling of non-gravitational forces is essential for isolating gravitational signals and
estimating drag, which is crucial for determining thermospheric densities. This study proposes a

data-driven model for the dominant forces of solar and thermal radiation pressure and drag on the



GRACE-C satellite, using the new 1B dataset produced in this study. A comprehensive analysis of
residuals which are up to 2 nm/s? in the along-track, 0.5 nm/s? in the cross-track and up to
5nm/s? in the radial direction, reveals disturbances with latitudinal dependency, especially

during high geomagnetic activity.
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1 Motivation and Problem Statement

Satellites in Low Earth Orbit (LEO) play pivotal role in understanding the Earth's dynamic
processes and environmental changes. These satellites enable real-time monitoring of the Earth’s
environment, weather patterns, occurrences of natural disasters and enhancement of positioning
and navigation systems. Satellites like Terra and Aqua provide critical data on Earth's atmosphere,
oceans, and land, contributing to research on climate change, weather patterns, and environmental
health. Landsat 8 delivers high-resolution imagery, aiding in land use management, agriculture,
and forest conservation. Sentinel-1 enhances our ability to monitor natural disasters and track
environmental changes with its radar imagery, while CYGNSS improves our understanding of
tropical storms and hurricanes, helping to refine weather forecasts. These LEO missions are
invaluable in addressing global environmental challenges and informing decision-making.
Consequently, they play a crucial role in efficient disaster management efforts and make

significant contributions to the studies of the Earth system.

LEO missions, such as the Challenging Minisatellite Payload (CHAMP), the Gravity field and
steady-state Ocean Circulation Explorer (GOCE), the Gravity Recovery and Climate Experiment
(GRACE and GRACE-FO), and Swarm, have collectively advanced our understanding of Earth's
gravity field dynamics, magnetic field, and various geophysical processes. These satellites,
operating in lower orbits, offer numerous advantages, including reduced signal latency and faster
data transfer speeds compared to satellites in higher orbits. Their frequent revisits to specific
regions of Earth's surface allow for the continuous monitoring of changes in the planet's water
bodies, ice sheets, solid Earth, climate, navigation, atmospheric conditions, and space weather. A
crucial common instrument onboard all these satellites is the accelerometer, which measures non-
gravitational forces acting on the satellites. This instrument significantly enhances our

understanding of the complex environment in which satellites orbit the Earth.



1.1 Gravity Space Missions

CHAMP, a single satellite mission of the German Aerospace Centre (DLR) launched in July 2000
has played a significant role in studying the Earth's magnetic field, thermospheric dynamics, and
ionospheric phenomena, providing valuable measurements for understanding atmospheric
processes and space weather (Lihr et al., 2004; Hu et al., 2022). The satellite's measurements have
been crucial in investigating thermospheric density enhancements (Crowley et al., 2010; Abadi et
al., 2017).

GOCE, a European Space Agency (ESA) single satellite mission launched in March 2009, with its
low Sun-synchronous orbit and high-quality gravitational gradient measurements, has significantly
contributed to the recovery of both static and time-variable gravity fields, and provided detailed

insights into the Earth's gravity field variations (Canuto, 2008; Jagqi et al. 2014).

GRACE and its follow-on mission (GRACE-FO), two twin-satellite missions of National
Aeronautics and Space Administration (NASA) and German Aerospace Center (DLR), launched
in March 2002 and May 2018, respectively, have been pivotal in monitoring global mass
redistribution, measuring ocean mass changes, providing essential information for climate studies
and hydrological research (Tapley et al., 2004; Tapley et al., 2019). These missions have also been
instrumental in improving the precision of geoid models to global scale (Kopeikin et al., 2015).

The Swarm constellation of three satellites of ESA, launched in November 2013, has been essential

in studying the Earth's magnetic field dynamics, thermospheric currents, and magnetic field

interactions within the Earth system (Friis-Christensen et al., 2006; Tozzi et al., 2015; Lihr et al.,
2016). The design of the missions is illustrated in Fig. 1.1 which shows images of the four LEO

satellites mentioned above.

CHAMP, GOCE, GRACE, GRACE-FO and the future Mass Change MC (NASA) and Mass
Change and Geosciences International Constellation MAGIC (ESA) missions are primarily
dedicated gravity space missions that have revolutionized and will continue the monitoring and
studies of the Earth system via the precise determination of the Earth’s gravitational field and its
changes in time that define water mass balance and solid Earth mass redistribution. When

combined with high-precision and high-resolution measurements of the Earth’s magnetic field
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from Swarm constellation and in-situ seismological measurements of the Earth structure, a

complete picture of the Earth system and contribution to climate change studies can be achieved.

The traditional method of orbit analyses on any satellite mission that has been used for decades to
determine the Earth gravitational field posed two limitations: i) the orbit perturbations due to
gravitational plus non-gravitational forces were determined via ground tracking which could only
be available over short intervals and ii) the non-gravitational orbit disturbances could not be
isolated from the total perturbations to reveal the useful gravitational signal; this could only be
done only through physical models of limited accuracy. On the contrary, the modern dedicated
gravity satellite missions bypass the above limitations by i) uninterrupted 3D tracking of the orbit
via an on-board GPS receiver, ii) measurement or compensation of non-gravitational accelerations
via an on-board 3D accelerometer, iii) low orbital altitude and iv) suppression of gravity field
attenuation at altitude by measuring gravitational gradients (GOCE mission only).

An accelerometer installed precisely at the center of mass of the satellite to eliminate rotational
accelerations, measures the linear and the angular non-gravitational accelerations induced by the
Solar Radiation Pressure (SRP), atmospheric drag, Earth Radiation Pressure (ERP), and Thermal
Radiation Pressure (TRP). Measured non-gravitational accelerations are indispensable for both
determination of the gravity field and retrieval of thermospheric densities. They serve as the sole
source offering valuable insights into the complex system that satellites observe the Earth.
Therefore, understanding and investigating non-gravitational accelerations are crucial for
accurately determining the satellites' orbits, the gravity field, the operational efficiency, the
lifespan of the satellites as well as space weather effects and their impact on satellite operations.
Additionally, non-gravitational accelerations are essential for predictive models for mission

planning and collision avoidance (Ziebart et al., 2005; McMahon & Scheeres, 2010) .

The utilization of spaceborne accelerometers in LEO satellites has significantly enhanced our
understanding of non-gravitational accelerations acting on satellites. This improved knowledge is
essential for accurate orbit determination, gravity field recovery and retrieval of the thermospheric
densities (Wei ef al., 2023). However, challenges exist in ensuring the accuracy and reliability of

the on-board accelerometer measurements, which are susceptible to systematic errors,
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necessitating precise calibration to mitigate these errors prior to the gravity recovery or

thermospheric neutral density estimations (Koop et al., 2002; Vielberg et al., 2018).

Since the calibration of the accelerometers is not feasible on the ground due to the strong
gravitational signal, the on-orbit calibration process for high-precision accelerometers used in LEO
missions must consider factors such as scale, bias, operating temperatures, and potential
accelerometer deformation during launch (Astrua et al., 2023). Additionally, it is important to
consider temperature-induced bias drifts due to the high temperature sensitivity of the
accelerometers and the coupling errors between the accelerometer and the spacecraft (Massotti et
al., 2022). In LEO missions, integrating accelerometer and other sensor measurements, such as
measurements from GPS receivers, is vital for precise orbit determination (Kang et al., 2006; Van

Helleputte & Visser, 2008). Enhancing the prediction of LEO orbits using accelerometer

measurements can be achieved through advanced propagation algorithms that integrate refined
models of non-gravitational accelerations. This approach enables more precise predictions of
future satellite positions (Yang et al., 2023). Moreover, employing accelerometer measurements
in orbit determination necessitates the concurrent estimation of the accelerometer's calibration
parameters, such as scale and bias, along with the initial position and velocity of the LEO
spacecraft (Ge et al., 2020). Additionally, the real-time processing of the accelerometer
measurements facilitates immediate orbit corrections, which are crucial for accurately predicting

re-entry timelines in LEO environments (Montenbruck & Gill, 2000; Vallado, 2007). Despite the

challenges associated with accelerometer measurement processing, efforts have been made to
streamline the processing from raw accelerations to thermospheric neutral densities, demonstrating
continuous advancements in handling accelerometer measurements in LEO missions (Sutton et
al., 2012; Siemes et al., 2016). However, due to significant challenges, such as temperature
sensitivity, the significant spikes in the cross-track and radial direction, spurious jumps and data
gaps in accelerometer measurements, some studies opt to use GPS-derived densities (Bruinsma &

Boniface, 2021).

While accelerometers are invaluable instruments in LEO missions, addressing calibration,
integration with other sensors and data processing challenges is crucial to ensure the accuracy and
effectiveness of accelerometer measurements in various applications within the LEO environment.

In this research, we introduce an innovative approach to the accelerometer calibration challenge,


https://link.springer.com/chapter/10.1007/978-3-662-04709-5_28
https://angeo.copernicus.org/articles/36/761/2018/
https://iopscience.iop.org/article/10.1088/1361-6501/ace20c/meta
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/12264/1226403/Next-generation-gravity-mission-design-activities-within-the-mass-change/10.1117/12.2638500.short#_=_
https://www.sciencedirect.com/science/article/abs/pii/S0273117706000755?casa_token=dbFxM3W9nJgAAAAA:-mQvA0hg5JZ4P2XXXegqsvBzKH8BmtlZxrnGar0606gi13nVzk-MJOfl1QGUiaRn2Ticv-981A
https://www.sciencedirect.com/science/article/abs/pii/S1270963807001423
https://www.sciencedirect.com/science/article/abs/pii/S1270963807001423
https://www.mdpi.com/1424-8220/23/13/6030
https://www.mdpi.com/2072-4292/12/10/1599
https://www.researchgate.net/profile/Eberhard-Gill-2/publication/224781886_Real-Time_Estimation_of_SGP4_Orbital_Elements_from_GPS_Navigation_Data/links/54ddb8d80cf28a3d93fa2e31/Real-Time-Estimation-of-SGP4-Orbital-Elements-from-GPS-Navigation-Data.pdf
https://www.researchgate.net/profile/David-Vallado/publication/228933291_An_Analysis_of_State_Vector_Prediction_Accuracy/links/0deec5295e7badf2ce000000/An-Analysis-of-State-Vector-Prediction-Accuracy.pdf
https://arc.aiaa.org/doi/abs/10.2514/1.28641?casa_token=57xVp3zkzlgAAAAA:TgPMHjgobho-BAnD7bT0wt9SJraAiNuKaMXky_imOLSjWpV6rwf_uMi6T3U1SCAHLdwKLecX0Wm9
https://link.springer.com/article/10.1186/s40623-016-0474-5
https://www.swsc-journal.org/articles/swsc/abs/2021/01/swsc210039/swsc210039.html
https://www.swsc-journal.org/articles/swsc/abs/2021/01/swsc210039/swsc210039.html

utilizing solely the measurements from the accelerometer and the POD data. Furthermore, we
propose a more sophisticated method to address the systematic errors in the accelerometer
measurements, which can arise during the transition of the satellite through the Earth's shadow,
across the terminator, or from the activation of magnetotorquers during passages over the equator
or the poles. Our findings and contributions, although applied to the GRACE missions, can be

directly adapted for use in any future missions that carry an accelerometer and POD capabilities.

¢) GRACE mission d) SWARM mission

Figure 1.1 Images of LEO satellites: (a) GOCE Satellite?, (b) CHAMP Satellite?, (c) GRACE Satellite*, (d) Swarm
SatelliteS.

! Magnetotorquers are used in satellites for attitude control by generating a magnetic moment which interacts with
the Earth’s magnetic field to create a torque. This torque allows the satellite to adjust its orientation and stabilize its
attitude without using propellant (Wood et al., 2006).

2 ESA : https://www.esa.int/Applications/Observing_the Earth/FutureEQO/GOCE/Introducing GOCE

3 NASA : https://eospso.nasa.gov/missions/challenging-mini-satellite-payload
4 DLR: https://www.dlIr.de/en/latest/news/2017/20171027_grace-mission-comes-to-an-end-after-15-years-of-
successful-operation_24627

5 ESA: https://earth.esa.int/eogateway/missions/swarm/description
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1.2 The Challenges of GRACE Missions and Our Contributions

The GRACE and GRACE-FO missions play a vital role in observing temporal changes in Earth's
gravitational field, global water movement, and mass redistribution. To achieve precise gravity
field determination, accelerometer measurements are required during gravity field recovery to
ensure that changes in satellite accelerations are solely due to gravity field variations (Touboul et
al., 1999). Accelerometer measurements are also used to estimate thermospheric density from drag
forces acting on the satellite which is currently the only method capable of providing
thermospheric densities. Typically, the accelerometer measurements when used for the extraction
of the thermospheric densities, achieve an accuracy of about 4% during periods of high solar
activity and 5%-20% during periods of low solar activity, as errors in radiation pressure modeling
become more significant when aerodynamic acceleration decreases (Emmert, 2015; Siemes et al.,
2024).

However, there are many challenges associated with accelerometers, such as the determination of
their calibration parameters and their high thermal sensitivity, which can lead to numerous spikes
in the measurements. Additionally, modelling the non-gravitational forces acting on the satellite is
demanding and can result in inaccurate determination of drag, a crucial parameter throughout the

satellite’s lifetime. In this research we focus on the following three challenges:

a. Develop an all-new method for the on-board accelerometer calibration of GRACE and
GRACE-FO accelerometers based only on the accelerometer measurements and on the
precise orbit determination (POD) data emphasizing that our contributions will be valid for
any future missions with continuous 3D precise position capability (GNSS) and a 3D
accelerometer on-board.

b. Develop a new statistical evaluation method to determine the covariance matrix of the
accelerometer measurements. Currently the accelerometer measurements are considered
deterministic quantities in the recovery of the gravity field models and other studies.

c. Develop data-driven models of radiation pressure (RP) and atmospheric drag for GRACE
and GRACE-FO based solely on the spectral characteristics of the accelerometer

measurements.
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In the next three subsections, we present conceptually each of the above three challenges and

delineate the innovation and originality of the models developed.

1.2.1 On-Orbit Accelerometer Calibration

The on-orbit accelerometer calibration is one of the most crucial challenges in LEO missions that
carry an accelerometer (Wu & Bar-Sever, 2001; Tapley et al., 2004; Zhang et al., 2023).

Accelerometers cannot be calibrated on the ground for several reasons: i) they operate in the
microgravity environment in space, which is significantly different from Earth's gravity; ii) the
non-gravitational forces, such as solar radiation pressure (SRP), drag, and thermal radiation
pressure (TRP) are significantly different in space from those on the ground, making laboratory
calibration inadequate; iii) the thermal environment in space differs significantly from that on
Earth; and iv) the instrument calibration needs to be monitored and repeated while the
accelerometers are in the actual operational environment, as the calibration parameters could

change over long periods due to radiation exposure in space.

In contrast to existing calibration methods presented in the literature (Bezdék et al., 2010; Zheng
etal., 2011; Calabia & Jin, 2015; Wdske et al., 2019), where calibration parameters (bias and scale
factor) are typically calculated during gravity field recovery alongside hundreds of other unknown
parameters or by using advanced physical models, we introduce an original, all new calibration
method. This new approach relies solely on the on-board non-gravitational accelerometer
measurements and on the total accelerations of the spacecraft determined from its precise orbit
determination (POD) using the on-board GPS receiver. This original idea considers that the non-
gravitational accelerations are also a minute part of the total accelerations of the satellite, taking
advantage of the fact that the total POD kinematic accelerations are the “absolute standard” for the
calibration based only on geometric observations and not taking any forces into account leading
to a satellite position accuracy of a few centimeters. The term "absolute standard" refers
specifically to kinematic orbits, as they are derived solely from raw observations without the
application of force models typically used in the calculation of dynamic or reduced-dynamic orbits.

In this study, we use kinematic orbits provided by Graz University, which were obtained through
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an iterative least-squares adjustment process, where systematic effects are either corrected or

incorporated as additional parameters.

This method however has two critical challenges: first, we must find unique characteristic signals
that are present in both non-gravitational and total accelerations to be able to compare or
“correlate” them with the same signatures in the accelerometer measurements and second, the non-
gravitational accelerations are about -120dB of the total accelerations. The former challenge can
be bypassed by recognizing that the transitions of the satellite from the Sun-lit region to the Earth’s
shadow and vice versa, known as penumbra transitions, jolt the satellite with an acceleration of
about 20 — 50 nm/s? and thus they can be used as the desired calibration pulses. The latter
challenge is that the equivalent jolt in the total accelerations is very small compared to the total

accelerations.

The comparison or “matching” of the penumbra transitions in both signals that will allow the
retrieval of the scale factor is inspired by the wave focusing methodology using time reversals,
commonly employed in radar applications for the detection of a transmitted (known) waveform
(template) in the unknown reflected (scattered) signal from a target, contaminated by stochastic
noise. The time reversal approach in this study is implemented via the matched filter method with
the understanding that the penumbra transitions in both acceleration signals occur at precisely the
same time. We focus solely on the penumbra transitions, using a normalization factor which is the
ratio of the powers between the total accelerations and the non-gravitational accelerations, without
the need to separate the penumbra transition pulses from the total accelerations as it has been done
routinely over the past 25 years since the launch of the first gravity space mission. The problem
with the current state-of-the-art methods is that the separation of the non-gravitational
accelerations from the total ones is achieved via physical (theoretical) models that have errors and
thus the scale factors are biased. In our approach, in addition to the retrieval of the scale factor, the
bias of the accelerometers is estimated independently of the scale factor by applying a daily

second-order polynomial fit to the accelerometer measurements.



1.2.2 Uncertainties of Accelerometer Measurements

The presence of random and systematic errors in the accelerometer measurements can significantly
impact their accuracy and reliability. (Vielberg et al., 2018). Due to the accelerometer high thermal
sensitivity, which is a major contributor to systematic error analysis, temperature effects on
measurements that depend on the solar activity, could significantly affect all three axes of the
accelerometer (Rodrigues et al., 2022). Systematic errors, such as heater spikes, twangs®,
fluctuations due to the magnetotorquers, thruster firings, and spurious accelerations, are present
along the three axes of the accelerometers (Chen et al., 2021; Zhang et al., 2023). Currently, the
state-of the-art-approach of producing and using an accelerometer dataset (Level 1B) from the
original accelerometer measurements (Level 1A dataset) considers both 1A and 1B as deterministic
datasets with no covariance matrices associated with them. The second challenge that our research
focuses on is the conception and production of a new 1B dataset for the accelerometer of GRACE
C satellite (GRACE-FO mission), namely the ACW1B (Level 1B — sampling rate 1Hz), which is
estimated from the original accelerometer measurements provided in the ACC1A dataset (Level
1A — sampling rate 10 Hz). The original ACC1A measurements are treated, for the first time, as a
stochastic process, possessing a covariance matrix derived from experimental autocovariance
functions of short duration ACC1A segments. Subsequently, the ACC1A is filtered, and its
covariance matrix is propagated through the convolution algorithm to the filtered values, thus
forming the new ACW1B as an uncorrelated random process.

The variances of the new ACW1B that can be seen as a proxy to the power of the ACW1B at any
instant of time, highlight all the disturbances to which the accelerometer is subjected, such as
geomagnetic storms, penumbra transitions, and solar terminator crossings, among many others.
The variances of the ACW1B also reveal disturbances that can be associated with the creation of
acoustic gravity waves’ in the thermosphere created at the terminator crossings. Addressing the
systematic disturbances on the accelerometer and creating a weighted dataset that eliminates spikes

due to thruster activations or to other unknown reasons is imperative. It introduces a new approach

® Twangs are disturbances present in GRACE measurements which can exceed the instrument resolution by three or
more orders of magnitude. These disturbances are termed 'twangs' because of the prolonged oscillation that follows
the high-amplitude spikes (Frommknecht et al., 2006; Schlicht, 2022).

7 Acoustic Gravity Waves (AGW) are created in the thermosphere and in the vicinity of the solar terminator due to
the supersonic speed of the terminator (Afraimovich et al., 2009; Cheremnykh et al., 2023).
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to how the measurements should be treated and provides us with information on the accuracy of
the measurements and the different factors that affect the satellite during its lifetime. This is crucial

for deriving thermospheric mass densities, which rely on the accelerometer measurements.

1.2.3 Modelling of Radiation Pressure (RP) and Atmospheric Drag

Modelling non-gravitational accelerations is fundamental in satellite missions since they
significantly affect the satellite orbit. Such accelerations are ‘noise’ in some applications, for
example in the estimation of the gravitational field, while they are ‘signals’ in others, such as in
precise orbit determination and prediction, mission planning and operations, thermospheric density
estimation, space weather, and others. While the total non-gravitational accelerations are measured
by the accelerometers on board gravity satellite missions, it is important to separate the
atmospheric drag from the other non-gravitational accelerations induced primarily by the SRP and
to a lesser extent by ERP and TRP.

The final and critical challenge that this dissertation focuses on is the development of data-driven
models of the three dominant non-gravitational forces acting on the satellites: The SRP, the TRP
and the atmospheric drag. Our study contrasts with the force (physical) modelling of the non-
gravitational accelerations developed by others. To the best of our knowledge, our data-driven
SRP, TRP and drag models along with their error estimates are the first of their kind because they
are developed from our ACW1B dataset of GRACE-FO, developed in this research (Section 1.2.2).
The method of developing these models is in the frequency domain and is based on the Least

Squares spectral and wavelet analyses.

By modelling the two dominant forces (SRP and drag in the along-track direction, SRP and TRP
in the cross-track and radial directions) acting on the satellite, we analyze the weighted residuals
that reveal disturbances during even minor geomagnetic storms, during penumbra transitions—
most probably due to temperature fluctuations since the accelerometers are subjected to
temperature changes—and during pole crossings—disturbances connected to magnetic field
disturbances. The extensive analysis of the accelerometer residuals can shed light on the various

factors that affect the satellite while orbiting the complex upper atmosphere. It can provide us with
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insights into the changes in the atmosphere during geomagnetic storms and terminator crossings,
which might hold promising potential for future forecasting efforts. We would like to emphasize
that, to the best of our knowledge, this is the first extensive analysis of the residual series of the

accelerometers.

1.3 Thesis Outline

The outline of the thesis is as follows: In Chapter 1, we introduce the significance of LEO missions
and underscore the importance of a new analysis of accelerometer measurements as a crucial
source of information on the complex dynamics of the upper atmosphere. Chapter 2 comprises an
extensive literature review, which will encompass the evolution of research in accelerometer
measurements pertaining to gravity field determination and thermospheric densities. This chapter
also offers an in-depth examination of the challenges associated with accelerometer measurements
and the various methodologies that have been developed to address these issues. In Chapter 3, we
provide an extensive discussion of the theory behind the matched filter and time reversal methods,
which are commonly used in radar applications but not widely applied in geodetic studies. Given
that our calibration method is based on the matched filter approach, it was deemed necessary to
offer a thorough background on these techniques. This is particularly important as this thesis
represents the first application of the matched filter method for retrieving the scale factors of
accelerometers in a geodetic context. Chapter 4 presents the results of the calibration parameters
derived for the GRACE and GRACE-FO missions using the matched filter method. In Chapter 5,
we introduce the new weighted dataset ACWI1B and analyze the calculated variances of the
accelerometer measurements, addressing all systematic errors presented in the measurements.
Chapter 6 presents the data-driven models of SRP, TRP and atmospheric drag for the GRACE-FO
mission, along with an analysis of the weighted residuals. This analysis reveals disturbances during
geomagnetic storms, field-aligned currents, and penumbra crossings. Finally, in Chapter 7, the

conclusion of the thesis contribution is presented, along with an outline of future work.
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2 Comprehensive Review of the State-of-the-Art

Developments in Gravity Space Missions

This chapter reviews the essential literature on the importance of LEO missions in geodetic
applications and the significance of the accelerometer, along with its associated challenges.
Additionally, it emphasizes the importance of measurement accuracy, the modelling of non-
gravitational forces, the difficulties in accelerometer calibration, and the various factors
influencing the satellite orbit. The scope of this chapter is to provide readers with a comprehensive
overview of the state-of-the-art models and their shortcomings, highlighting the motivation and
contributions of this dissertation. A more focused literature review on each of three objectives of

this research is included in the relevant chapters.

2.1 Non-gravitational Accelerations

The accelerometer plays a pivotal role in Low Earth Orbit (LEO) missions, offering critical
insights into spacecraft dynamics and environmental interactions due to its high sensitivity and
accuracy. This instrument measures non-gravitational forces acting on the spacecraft, such as
atmospheric drag, Solar Radiation Pressure (SRP), and thruster firings, which can significantly
affect its trajectory and orientation. By precisely quantifying these forces, accelerometers enable
accurate orbit determination, aiding in the optimization of spacecraft maneuvers, collision

avoidance, and orbit maintenance (Helleputte & Visser, 2008; Visser & 1Jssel, 2016). Additionally,

accelerometers contribute to scientific investigations on Earth's gravity field variations,

atmospheric density profiles, and space weather phenomena.
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The accelerometer measures the total non-gravitational accelerations of the satellite, however due
to the instrument sensitivity, other factors also affect the measurements. These additional sources
include thermo-dynamical effects, thermal motion of molecules, radiation pressure due to
differential temperatures, thruster firing events during the control of the spacecraft attitude and
magnetic static forces on the proof mass (Peterseim et al., 2012). The impact of these systematic

errors on the accuracy of the measurements is discussed in Section 2.5.

The accelerometer is currently the only instrument capable of measuring with high precision the
total non-gravitational forces acting on a satellite. This capability is important for modelling
various mission parameters, such as satellite lifetime, atmospheric drag, recovery of the gravity
field, and understanding the dynamics of the upper atmosphere. For such applications, the
accelerometer expected resolution must be better than the 1 pg (Touboul et al., 1999). In the
science reference frame (SRF®) the most dominant forces along the flight path (Xzy) are the SRP
and the atmospheric drag. The latter can fluctuate significantly based on the intensity of solar
activity, either increasing or decreasing accordingly. In the transverse (cross-track or lateral)
direction (Ysgr) the most dominant forces are the SRP and TRP, whereas in the radial direction
(Zsrr) both SRP and ERP are dominant.

2.1.1 Solar Radiation Pressure — SRP

The SRP accelerations arise from the non-conservative force exerted on the satellite by the sunlight
photons impacting on its surface. Modelling the SRP is crucial since it constitutes one of the two
dominant non-gravitational forces acting on a satellite. Its magnitude depends on various factors
including the satellite surface reflectivity, the illuminated surface area, the direction from the Sun

to the satellite, and the satellite mass.

The investigation of SRP effects on actual satellites was pioneered by Musen (1960) and Sehnal
(1970) proving its impact on satellite orbits and on orbital velocity over time. An important element
in the SRP studies is the effect of the Earth’s shadow. Sehnal (1970) addressed the challenges in

8 Science Reference Frame (SRF) will be discussed in Table 2.2.

14


https://www.sciencedirect.com/science/article/abs/pii/S0273117712001123?casa_token=2yRZRGqegfUAAAAA:vOlD_bLF64hro2Bc66Wth68xjgKc9gCveqWmmGctvAVk1Nqjfr3qH0_hWGIYddXN8vG6wEbTTg
https://www.sciencedirect.com/science/article/pii/S0094576599001320?casa_token=Cv5HR_-d6zMAAAAA:_XCS6Jnxb4jT3QOOBvs0rT6IAAihYKfGCO7LJPYIUipN7Rm40yKkybZw4aVeTgPmWBrtOPoTjA
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/JZ065i005p01391?casa_token=uPXuD8qOyp8AAAAA%3AEzs7LqLmtAorBKZbCtNueT5kgrsycZ_jpuWeiMn1Mhi3TEjgUGG-jSyUSW-_GK6eh5XnthGj3uyTtyen
https://link.springer.com/book/10.1007/978-3-642-99966-6#page=269
https://link.springer.com/book/10.1007/978-3-642-99966-6#page=269

modelling the radiation pressure and introduced a specialized shadow function to account for
effects when the satellite moves in and out of Earth's shadow, namely during the transitions
through the penumbra. Mello (1972) conducted a study on the Earth's shadowing effects on
satellite orbits. The author introduced the concept of the shadow function, denoted as i, which
acts as an on-off switch namely, it equals to one when the satellite is illuminated and zero when in
shadow. Updated shadow models consider factors, such as light diffusion, atmospheric absorption,
ozone effects, relative positions of the Sun, Earth, and the satellite, and the shape of the conical
shadow surface (Montenbruck et al., 2015; Ikari et al., 2016).

2.1.2 Atmospheric Drag

The atmospheric drag force acts in a direction opposite to the satellite motion and is co-linear with
it. It is the resistive force exerted by the Earth’s atmosphere on the satellite as it moves through it,
producing both short-periodic and slow perturbations. It originates from collisions between the
satellite and neutral and charged particles in the atmosphere, leading to deceleration of the satellites
and reducing their lifetime. The magnitude of the atmospheric drag depends on various factors,
including the speed of the satellite, altitude, cross-sectional area, shape and the density of the
atmosphere, which even if it decreases with altitude, can vary significantly due to solar activity or

other atmospheric conditions (Kirkpatrick et al., 1999; Vallado & McClain, 2001). Jastrow &

Pearse (1957) were among the first scientists to discuss how collisions with neutral and charged
particles influence satellite orbits. The magnitude of the atmospheric drag is often represented by
the formula (Cook, 1965):

cp A

Adrag = — P VretlVrer (2.1)

2m
where p is the atmospheric density, A is the cross-sectional area, cj, is the aerodynamic coefficient,
m is the satellite mass and V,.; is the satellite velocity with respect to the atmosphere®. In this

equation

® In a rotating atmosphere the velocity of rotation of the atmosphere is small compared to the orbital velocity of the
satellite (Jacchia, 1963).
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Vi =Ve— Q%R (2.2)

where V5 is the velocity of the satellite relative to Earth, Q is Earth rotation and R is satellite
radius-vector. This equation is applicable when the atmosphere is at rest relative to the solid Earth,

otherwise the atmospheric wind speed should be considered.

Modeling the atmospheric density accurately is challenging due to uncertainties arising from
varying solar activity and its disturbances in the upper atmosphere. Additionally, the drag
coefficient approximation holds true only when the density and velocity along the satellite orbit

remains relatively constant (Qian & Solomon, 2012; Emmert, 2015). The aerodynamic coefficient

can be categorized as fixed (it uses a constant value that remains unchanged throughout the
analysis), fitted (it is derived through a fitting or filtering process and is typically updated over
time, such as every few hours or orbits), or physical (it is calculated by modeling the interaction
between the satellite and the flow-field particles, factoring in the momentum and energy
exchange). In the models of aerodynamic coefficients, which are dimensionless quantities
characterizing the aerodynamic force and moment acting on the satellite, various factors are
considered. These include the velocity, temperature, and chemical and physical conditions of the
satellite surface. For satellites with complex shapes, the aerodynamic coefficient is calculated by
dividing the body of the satellite into finite elements and aggregating (integrating) their
contributions (Yamazaki et al., 2015). Aerodynamic coefficients have been calculated for
GRACE, CHAMP and GOCE missions, to extract thermospheric densities from accelerometer
measurements, showing significant fluctuations depending on the satellite's shape, solar activity
levels, and altitude, with values ranging from 2.5 to 4.9 (Mehta et al., 2023). Moreover, a critical
variable in drag determination is the relative velocity to the rotating atmosphere which is assumed
to be accurate only under the assumption that the lower part of the atmosphere rotates with the
Earth (Capon et al., 2019). However, this assumption is not entirely valid at LEO altitudes due to
the presence of neutral winds, which can exhibit high velocities and significantly impact drag
estimation (Sutton et al., 2007).
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2.1.3 Earth Radiation Pressure — ERP

ERP comprises the Earth's reflected and emitted radiation, with the reflected sunlight acting on the
satellites and causing ERP accelerations. Knocke et al. (1988) investigated the effects of ERP on
LAGEOS satellites, demonstrating that it can induce significant accelerations along the track their
track with highly eccentric orbits. Models for the ERP are based on three main assumptions: the
Earth behaves like a Lambertian sphere®, radiation is reflected or emitted, and there is global
conservation of energy. The Earth's irradiance (radiation power per unit area) primarily impacts
the satellite in the radial direction. Local changes in atmospheric and surface properties influence
the amount of reflected energy affecting the satellite. It is important to distinguish ERP from the
albedo term, which refers to the radiative flux including shortwave variations, measured in the

visible and near-infrared spectrum (Iziomon & Mayer, 2002). In the physical models derived for

GRACE missions, the ERP is divided into two components: albedo and irradiance (IR).

Studies have shown both the Northern and Southern Hemispheres receive similar amounts of
irradiance. Additionally, there is a seasonal cycle of surface albedo, reaching a maximum in boreal
spring due to increased reflectivity of snow-covered land surfaces between 30°N and 60°N. The
maximum annual values of irradiance occur in March and October, with a minimum between June
and July (Corripio, 2002). A detailed study on modeling SRP and ERP for Low Earth Orbit
satellites, with an application to GRACE A data, was published by Vielberg & Kusche (2020).

2.1.4 Thermal re-radiation pressure - TRP

The electromagnetic radiation from the Sun as well as the reflected and emitted radiation from the
Earth, not only causes radiation pressure acceleration on the satellite but also heat the illuminated
surface (Hesar et al., 2017). This absorbed radiation leads to temperature variations throughout the

spacecraft due to heat transfer mechanisms. According to the Stefan-Boltzmann law?!, the thermal

10 Lambertian sphere is an idealized sphere that describes a perfectly diffuse reflector. It reflects incident light
uniformly, regardless of the angle of incidence (Robertson ef al., 2015).
1 The Stefan-Boltzmann law describes the intensity of the thermal radiation emitted by matter in terms of that

matter's temperature: E = oT* where 0 = 5.670374419 X 1078 is the Stefan-Boltzmann constant (Karam,
1998).
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energy emitted by the satellite contributes to its acceleration. This acceleration depends on the
absorbed radiation, the internal and external geometry of the satellite, and the thermo-optical
properties of its materials (Ziebart et al., 2005). Despite previous studies often overlooking the
impact of thermal radiation, TRP can significantly contribute up to 10% to the total RP, depending
on solar activity (Waske et al., 2019).

2.1.5 Challenges of Accelerometer Measurements

The accelerometer on board LEO missions measures the total non-gravitational accelerations due
to all forces described above plus thruster forces, magnetic disturbances, magnetic storms and
thermospheric winds. The GPS on-board these missions measure the total accelerations of the
spacecraft that is, it measures the gravitational plus the non-gravitational accelerations through
precise orbit determination (POD) solutions. For gravity field modelling, it is in general adequate
to subtract the non-gravitational accelerations measured by the accelerometer without necessarily
knowing the individual contributions for the various sources. However, there are mainly two

important requirements:

i) the accelerometer must be precisely and frequently calibrated (scale and bias)
throughout the mission operations. These calibration parameters can vary a lot
depending on the calibration method and the context of data usage,

i) the use of the accelerometer measurements for the studies of the thermosphere must
have a continuous and precise knowledge of the atmospheric drag and the SRP, not just

the total non-gravitational accelerations.

To resolve the above two challenges, the state-of-the-art approach is to develop theoretical models
for the Earth’s gravity field and individually model every non-gravitational acceleration
component (Bezdék, 2010; Chen et al., 2016).

For the calibration of the accelerometer on CHAMP, GRACE and GRACE-FO missions, there are
two similar approaches: Conceptually, a gravity field model is subtracted from the total
accelerations determined by the GPS POD to provide the total non-gravitational accelerations to
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be compared (correlated) directly with the accelerometer measurements to deduce the

accelerometer scale factor (Calabia & Jin, 2015; Klinger & Mayer-Glirr, 2016). Alternatively, all

non-gravitational accelerations are modelled and compared with the accelerometer measurements
to provide the scale of the accelerometer (Siemes et al., 2023). Another approach for the calibration
of the accelerometer is to parameterize the scale and bias into the dynamic orbit and obtain the
calibration parameters along with the gravity field solution (Flury et al., 2008; Behzadpour et al.,
2021). For the GOCE mission, the calibration of the accelerometers was typically carried out using
POD accelerations, while the modeled gravity gradients were used to validate the observed gravity

gradients from the individual accelerometers (Siemes et al., 2012; Visser &ljssel, 2016). To extract

thermospheric densities, atmospheric drag must be isolated from other non-gravitational
accelerations. This is achieved by subtracting theoretical non-drag models from the total
accelerations observed by the accelerometer (Bruinsma & Biancale, 2003; Volkov et al., 2008;
Calabia & Jin, 2016).

The physical (theoretical) models are in general incomplete and not sufficiently accurate, rendering
the calibration parameters and atmospheric drag poorly estimated. In this research we take an all-
new approach of data driven models, using only the POD and the accelerometer measurements to
calibrate the accelerometer (Chapter 4) and isolate the atmospheric drag from the total non-

gravitational accelerometer measurements without the use of any physical model (Chapter 6).

2.2 Accelerometer Principles and Historical Overview

An accelerometer operates based on the principle that a proof mass is suspended within a cage
formed by six pairs of electrodes. This concept of the full electrostatic suspension of the proof
mass is very suitable for space applications but requires very high resolution of accelerometer

measurements or drag free control of the satellite (Touboul ef al., 1996). When non-gravitational

accelerations occur, the cage shifts relative to the proof mass within a limited range. The electrodes,
functioning as sensors, detect this movement of the proof mass by measuring the instantaneous
change in capacitance within the cage. To maintain the reference capacitance the same i.e., to

maintain the proof mass in its original zero position, with respect to the cage or equivalently w.r.t.
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the Accelerometer Reference Frame (ARF)'?, a control voltage, through a feedback loop, applied
to the electrodes generates electrostatic forces to the proof mass to recenter it to its nominal
position. The amount of voltage required to maintain this position is directly proportional to the
acceleration (Frommknecht et al., 2003; Kornfeld et al., 2019). In Fig. 2.1 the STAR model and
the inner cage of the accelerometer of CHAMP satellite is shown, while in Fig 2.2 the GOCE

gradiometer’® and its assembly are shown**.

Before delving into the importance of the accelerometers in GRACE missions, it is essential to
provide a brief overview of the history of accelerometers in the field of space geodesy.
Accelerometers were first included in each of the Atmosphere Explorer (AE) satellites to measure
density variations in the atmosphere. In those satellites, measurements were taken four times per
second (Champion & Marcos, 1973). The CACTUS accelerometer of the CASTOR D5BY®,
developed by Office National d'Etudes et de Recherches Aérospatiales (ONERA), achieved better

sensitivity than anticipated before its launch, enabling the first multiyear measurements of
atmospheric density (Boudon et al., 1979). Two additional missions, SETA 2 (May-November
1982) and SETA 3%® (July 1983-March 1984), operated in near-circular, sun-synchronous orbits
with altitudes ranging between 170 and 240 km, provided accelerometer measurements for the

retrieval of atmospheric density (Marcos, 1982; Rhoden ef al., 2000).

Since 2000, several satellites equipped with GPS receivers and electrostatic accelerometers have
been launched. However, their primary goals were not to observe thermospheric density but to
extract the Earth's gravity field. Notable missions include GOCE, CHAMP, GRACE, Swarm and
GRACE-FO. These missions have provided invaluable measurements, advancing our
understanding of the gravity field of the Earth while also offering insights into thermospheric

densities as a secondary benefit.

12 The Accelerometer reference frame (ARF) is a satellite body-fixed reference frame described in Table 2.2.

13 ONERA uses the term ‘GRADIO accelerometer’ to refer to the individual accelerometers of the gradiometer unit.
1% For a more detailed description of the accelerometers employed in different satellites, please refer to Krasnov et
al. (2022).

15 CASTOR D5B, also known as EOLE, was a satellite launched by CNES in 1971 with a primary mission to collect
meteorological data and improve weather forecasting (Beaussier et al., 1977).

16 SETA 2 and SETA 3 missions were critical in advancing our understanding of atmospheric density. The
measurements from these missions contributed to models such as the Drag Temperature Model (DTM) and the Mass
Spectrometer Incoherent Scatter (MSIS) series (Bruinsma & Forbes, 2010).
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Launched on July 15, 2000, the CHAMP mission operated in a circular orbit with a 100°
inclination and eccentricity less than 0.01 and utilized the STAR accelerometer, developed on
ONERA's high voltage levitation scheme (Reigber et al., 2002). This accelerometer played a
pivotal role in estimating and understanding mass redistribution processes and mapping of the
Earth's gravitational field dynamics (Moore et al., 2003; Reigber et al., 2005). The mission aimed
to measure both the gravity and magnetic fields of Earth, carrying out simultaneous measurements

of numerous thermospheric and ionospheric parameters.

A1l- A6: electrodes

Figure 2.1 STAR accelerometer of CHAMP satellite: The STAR model (left) and the inner cage of the accelerometer
(right). Electrodes A1 through A6 detect the movements of the proof mass, and the internal cage of the device is

composed of three electrode plates made of silica glass (Adapted from Krasnov et al. 2022).

These parameters encompassed the thermospheric total mass density, electron density and
temperature as well as ionospheric field-aligned and horizontal currents. Using the accelerometer
measurements aboard CHAMP, investigations were conducted into thermospheric density
estimations during geomagnetic storms, alongside the exploration of thermospheric wind patterns
over the polar regions (Liu et al., 2005; Schlegel et al., 2005; Sutton et al., 2005). After 10 years
of orbiting the Earth, the satellite concluded its mission on September 19, 2020, marking one of

the most successful satellite missions for Earth observation.

21


https://www.sciencedirect.com/science/article/abs/pii/S0273117702002764
https://www.sciencedirect.com/science/article/abs/pii/S0273117703001649
https://link.springer.com/chapter/10.1007/3-540-26800-6_4
https://link.springer.com/chapter/10.1007/978-3-031-11158-7_2
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2004JA010741
https://angeo.copernicus.org/articles/23/1659/2005/
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2004JA010985

The GOCE mission, launched on March 17, 2009, in a sun-synchronous orbit with an inclination
of 96.7°, at an altitude of 260 km, utilized for the first time gravity gradiometer developed on a
high voltage levitation scheme proposed by ONERA (Visser, 2011). For the first time, a three-axis
gradiometer comprising six electrostatic accelerometers in a diamond configuration (two
accelerometers aligned along each axis), delivered precise measurements, facilitating the
development of global gravity field models and deepening our comprehension of Earth's
gravitational field (Touboul et al., 1999; Drinkwater et al., 2003; van der Meijde et al., 2015). The
gradiometer was 100 times more sensitive than any other sensor of its kind ever used in a space
mission before. These measurements helped estimate the thickness of polar ice sheets, mapped
short-wavelength features of the dynamic ocean topography, and advanced our understanding of

the physics of Earth’s interior (Muzi & Allasio, 2004; Pail et al., 2011; Rummel et al., 2011). Due

to the low altitude of its orbit, the successful mission concluded on October 21st, 2013.

Accelerometers

4 electrodes X' \

Proof mass

Electrodes Y, Z

Figure 2.2 GOCE gradiometer (left), GRADIO accelerometer assembly (middle) and the three pairs of GRADIO
accelerometers (right). The difference of the accelerations measured by each pair of accelerometers will provide the

gravitational gradients (Adapted from Krasnov et al. 2022).

Accelerometer measurements play a crucial role in the Swarm mission, which was launched in

November 2013 to study the Earth's magnetic field (Macmillan & Olsen, 2013; van den Ijssel et

al., 2015). The Swarm mission, which, at the time of writing, is still in operation, comprises three
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satellites (Swarm A, Swarm B, and Swarm C) positioned in different orbits. Swarm A and Swarm
C fly in tandem at an altitude of 450 km, while Swarm B orbits at an altitude of 530 km (Friis-
Christensen et al., 2006). Even if the main goal of this mission was to monitor precisely the
magnetic field of the Earth, these satellites are equipped with an accelerometer to monitor non-
gravitational accelerations to derive information about the thermospheric density and wind,

offering essential measurements for scientific investigations (Olsen et al., 2013).

The accelerometer employed on each of the three Swarm satellites was designed and developed at
the Aeronautical Research Institute of Prague. Challenges have arisen in processing the
accelerometer data, since the raw accelerations are affected by various disturbances. Some of these
disturbances are unexpected or have a much larger amplitude that impact data processing more
than anticipated (Siemes et al., 2016). Swarm C is the only one of the three satellites with the
highest signal-to-noise ratio. As a result, acceleration measurements from Swarm C are available
throughout the entire operational period of the mission, while data from the other two satellites are
only available for certain months (lorfida et al., 2023). The secondary goal of Swarm mission was
to bridge the gap in gravity field recovery between GRACE and GRACE-FO (van den [Jssel et
al., 2015; Texeira et al., 2020). The third goal of the mission is the estimation of the thermospheric

densities (van den IJssel et al., 2020). Due to the low signal-to-noise ratio, temperature sensitivity
and gaps in accelerometer measurements, the accelerometer measurements are usually replaced or

corrected by the non-gravitational measurements derived from POD.

Overall, the accelerometers on GOCE, CHAMP, GRACE, and Swarm differ significantly in
design, sensitivity, and operational focus, tailored to each mission's unique objectives. GOCE's
accelerometer, one of the most sensitive ever flown, was designed to detect very small
accelerations to map Earth's gravity field with unprecedented detail, particularly in low-altitude
orbits where atmospheric drag is more pronounced. CHAMP, an earlier mission, featured a less
sensitive accelerometer primarily focused on capturing larger-scale gravity field variations and
atmospheric density, which laid the groundwork for future missions. GRACE and GRACE-FO
employed highly sensitive electrostatic accelerometers, crucial for detecting the non-gravitational
forces affecting twin satellites and operating with exceptional stability over long periods, given
the mission's focus on temporal changes in the gravity field. In contrast, Swarm's accelerometers

are designed with a focus on measuring the non-gravitational forces that could impact the accuracy
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of its magnetic field observations. While not as sensitive to gravity variations as those on GOCE
or GRACE, Swarm's accelerometers are optimized for identifying and compensating for the

disturbances that could interfere with its primary mission of mapping Earth's magnetic field.

Figure 2.3 presents a visual comparison of the electrostatic accelerometers and the gradiometer
used in the missions mentioned above, showing the different designs and configurations employed

by each mission.

¢) GRACE accelerometer d) SWARM accelerometer

Figure 2.3 Comparison of electrostatic accelerometers used in various space missions. (a) GOCE accelerometer used
for high-precision gravity gradient field measurements. (b) CHAMP accelerometer designed for studying the Earth's
gravity field as well as the thermospheric density. (c) GRACE accelerometer: crucial for isolating time variations of
the Earth's gravity field from other forces. (d) SWARM accelerometer utilized for the extraction of the thermospheric
densities. Image courtesy of ONERA (GOCE, CHAMP and GRACE) and Aeronautical Research and Test Institute,
Prague (SWARM).
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2.3 GRACE and GRACE-FO Missions

The Gravity Recovery and Climate Experiment (GRACE) and its successor, GRACE Follow-On
(GRACE-FO), are pioneering satellite missions designed to revolutionize our understanding of
Earth's gravitational field and its dynamic changes (Tapley et al., 2004; Loomis et al., 2020). The
primary objective of the GRACE missions was to extend the record of the climate change
observations initiated by CHAMP and GOCE missions by continuing the provision of high-
resolution monthly global models of the Earth’s gravity field (Balmino et al., 1999; Flechtner et
al.,2016; Tapley et al., 2019). The GRACE and GRACE-FO missions, launched in 2002 and 2018
respectively, are collaborative efforts between NASA and the German Aerospace Center (DLR).
These missions have significantly advanced our ability to monitor the Earth's water distribution,
ice mass changes, and the movement of water across the planet with a spatial resolution of

approximately 300 km (Flechtner et al., 2014; Croteau et al., 2021; Barnoud et al., 2023).

Both GRACE missions consist of twin-satellites orbiting the Earth in tandem at approximately 220
km apart (2 degrees), precisely measuring variations in the gravitational pull on the satellites
caused by shifts in mass distribution (Kornfeld ef al., 2019). This separation was deemed suitable
to capture spherical harmonics within the desired range. By measuring the changes in the distance
between the two satellites, we can track variations in the distribution of water, including
underground aquifers, ice sheets, and even changes in the amount of water stored in the soil (Konig

et al.,2003).

The altitude of 450-500 km chosen for both missions was optimal for monitoring the time-variable
gravity field over an extended period, essential for climate science research. With a near-polar
inclination of 89°, it provided global coverage while accommodating the necessary launch mass,
covering all local times in = 161 days. Maintaining a low orbital eccentricity of 0.005 ensured
that both satellites shared similar eccentricities, reducing sensitivity to altitude changes during
orbits and minimizing spacecraft attitude adjustments to maintain alignment (Loomis et al., 2012;

Frappart & Ramillien, 2018).
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2.3.1 Instrumentation

GRACE and GRACE-FO missions comprise twin satellites, A—B and C-D, respectively, equipped
with highly sensitive instruments designed to precisely measure variations of the Earth's
gravitational field. Each satellite in the GRACE mission carries a K-band Microwave Ranging
System (KBR), a precise tri-axial accelerometer and is equipped with star cameras and GPS
receivers (Goswami et al., 2018). Building upon this technological foundation, GRACE-FO
incorporates a similar instrumentation setup to enhance measurement capabilities. GRACE-FO
includes a next-generation accelerometer, the SuperSTAR accelerometer, which offers improved
sensitivity and stability compared to its predecessor. Additionally, GRACE-FO features a Laser
Ranging Interferometer (LRI) system, which further enhances the precision of the measurements
by accurately tracking the distance between the satellites (Abich et al., 2019; Ghobadi-Far et al.,
2022).

2.3.2 Products and Reference Frames

In GRACE and GRACE-FO missions there are three different levels of products, and they are
presented in Table 2.1. In this thesis only Level 1A and Level 1B have been used!’. Depending on

the product level, each measurement might be given in different reference Frames.

In both GRACE missions, the SuperSTAR accelerometers created by ONERA are placed at the
center of mass of the satellite. These accelerometers measure linear accelerations along three
perpendicular axes as well as angular accelerations around these axes. The three accelerometer
axes define the Accelerometer Reference Frame (ARF) which is a satellite-fixed reference frame.
The origin of ARF is at the center of the accelerometer proof mass, which is within 0.1 mm of the
center of mass of the satellite. The Z,zr IS pointing towards the K-Band antenna of the other
satellite in the pair, the Y,z is nadir pointing and the X,zr (cross-track) forms a right-handed

system triad (Case et al., 2010). Level 1A accelerometer data (raw observed accelerometer data)

17 All the data from both missions can be accessed from FTP ftp:/isdcftp.gfz-potsdam.de.
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are sampled every 0.09997s, meaning that they have a sampling frequency of 10.034Hz and they
are given in the ARF. In Fig. 2.4 the ARF is shown with respect to the two satellites.

Another commonly used reference frame is the Science reference Frame (SRF). Like the ARF,
SREF is a satellite-fixed reference frame with origin at the center of mass of the satellite. The Xzp
is pointing along the satellite track (Xsgr = +Z4rr ), Zsrr 1S In the radial (nadir) direction (Zggr =
+Yrr) and Yorr (Ysrr = +X4zF) 1S In the cross-track direction forming a right-hand triad. The
Ysrr = IS the least sensitive axis. In this study, all results and figures refer to SRF, unless stated

otherwise.

The International Terrestrial Reference Frame (ITRF) is an Earth-fixed frame with its origin at
the Earth's center of mass. The xy-plane of the ITRF aligns with the mean equatorial plane of the
Bureau International de I’Heure (BIH) reference frame orientation of 1984 (BTS84), within 0.005
arcseconds, and the z-axis is perpendicular to xy-plane defining the IERS Reference Pole (IRP),

This is a right-handed reference frame.

Finally, a reference frame that links ARF (and SRF) to the ITRF is the Terrestrial Intermediate
Reference Frame —TIRF (Luzum & Petit, v. 1.3.0., 2019). The frame is formally known as the
Geocentric Celestial Reference Frame — intermediate (GCRF) in the latest IERS Conventions 2010
(Petit & Luzum, 2010). Other currently used names are the Celestial Reference Frame (CRF) and
Earth-centered Inertial (ECI) frame. In general, for both GOCE and GRACE missions, the ‘Inertial
Frame’ is the TIRF. We choose to adopt the Celestial Reference Frame (CRF) nomenclature in
this research to be in harmony with the terminology used by the GRACE and GOCE science teams
and relevant literature. The xy-plane of the CRF is kinematically very close to the mean equator
of J2000. The x-axis is kinematically fixed to the mean equator and points very close/towards the
vernal equinox, i.e., the intersection of celestial equator with the ecliptic, in a direction known as
the Celestial Intermediate Origin (CIO). The z-axis is normal to the xy-plane and is fixed to the
Conventional Reference Pole — CRP. The CRP is nearly aligned to the Earth spin-axis. The y-axis
forms the right-handed triad.

From the available measurements of the GRACE and GRACE-FO missions, we use the following
data sets throughout this thesis, as presented in Table 2.2. The accelerometer products are

extensively discussed in Section 2.4. For more details on the reference frames and the products of
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GRACE missions, readers are referred to GRACE Level 1b User Handbook (Case et al., 2010).

Most of the products in Level 1B are given in the Science Reference Frame (SRF).

/ | /\ I\ Xarr

Figure 2.4 The Accelerometer Reference Frame (ARF) of GRACE missions.

Table 2.1 GRACE and GRACE-FO processing levels.

Level of Products Description

The result of receiving, collecting and
Level 0 decommissioning telemetry data. Each satellite

provides two of these files.

The result from non-destructive processing
applied to Level 0 measurements. It comprises

Level 1A sensor calibration, time tagging, quality control,
and reformatting. Ancillary data needed for

further processing are also included.

The result from processing Level 1A and Level 0
data. It involves time-tagging and reduction of the

Level 1B ] . ) )
data sampling rate. This processing collectively
constitutes Level 1.
Includes precise satellite orbits and estimates of
Level 2 the spherical harmonic coefficients for the
Earth’s gravitational potential.
Includes monthly ocean and land mass anomaly
Level 3

datasets.
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Table 2.2 Description of measurements on GRACE missions

Measurements and

Reference Frames Satellite Description
ACCI1A (ARF) GRACE C 3D linear and Angular
accelerations. The sampling
frequency of linear accelerations
is f = 10Hz. The ACC1A is
provided to users only for
GRACE-FO mission.
ACCI1B (SRF) GRACE A 3D linear and angular
GRACEB accelerations. The sampling
frequency is f; = 1Hz. The
ACCIB is provided only for
GRACE mission
ACT1B (SRF) GRACE C 3D linear and angular
accelerations. ACT1B is derived
from the ACT1A. The sampling
frequency is f; = 1Hz.
SCAI1B (IRF to SRF) GRACE A Rotation quaternions from
GRACEB Inertial Reference Frame (IRF)
GRACE C to SRF. The sampling frequency
is fy = 0.2 Hz.
GNV1B (ITRF) GRACE A 3D position coordinates in Earth
GRACEB - Fixed Frame. The sampling
frequency is fy = 1 Hz.
GNVII1B (IRF) GRACE C 3D position coordinates in

Inertial Frame. The sampling
frequency is f; = 1 Hz. The
GNII1B dataset is provided only
for GRACE-FO mission.
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2.4 Accelerometers Onboard GRACE Missions

In both GRACE and GRACE-FO missions the accelerometer is placed in the center of the mass

of the satellite in a thermally controlled environment, measuring the linear acceleration with a

precision of 1071% m/s? /\/Hz for the X¢zr and Zgzr and 1072 m/s? /v/Hz for the least sensitive
axis Yspp (Bandikova et al., 2019).

In Figure 2.5 we present the ACC1A measurements (10Hz) along the three axes of the ARF, and
their Power Spectral Densities (PSDs), while in Fig. 2.6 the ACT1B measurements (1Hz) along
the three axes of the SRF and their PSDs are shown. Both figures correspond to GRACE-C satellite
of GRACE-FO mission. The GRACE-B accelerometer was turned off in 2016 due to a battery
issue (Bandikova et al., 2019). Meanwhile, the GRACE-D accelerometer experienced a significant

increase in noise levels in June 2018 and has not recovered since (Harvey et al., 2022).

Level 1B accelerometer data (sampling frequency 1Hz) are derived from Level 1A data by
applying a 35mHz low-pass Butterworth filter and a time correction from on board time to GPS
time (Case et al., 2010). This process is slightly different in the GRACE-FO mission compared to
the GRACE mission due to the presence of spurious spikes in the accelerometer measurements.
Consequently, the dataset provided to users for GRACE-FO is referred to as ACT1B instead of
ACC1B. The distinct methodology employed to eliminate these spikes is detailed in Wen et al.,
(2019).

As highlighted in Chapter 1, the primary challenges addressed in this thesis regarding
accelerometer studies include the on-orbit calibration of the instrument, the numerous data spikes
caused by thruster activations, and the spurious accelerations resulting from temperature variations
in the satellite orbital environment. Additionally, accurately modelling non-gravitational
accelerations is crucial for calibrating the accelerometer, retrieving thermospheric densities, and
validating the non-gravitational accelerations derived from GPS—a widely used method when
accelerometer performance falls short of expectations, as seen in the Swarm mission. These

challenges are presented in detail in the following subsections.
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Figure 2.5 GRACE C, January 1%, 2020: Two orbital evolutions of the accelerometer measurements along the three

axes of the ARF and their PSDs. X,z measurements are displayed in red, Y,z are displayed in yellow and Z 55 are

displayed in green. The accelerometer measurements are given in m/s? and the PSDs in (m/s?)?/Hz.
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10-7 GRACE C: ACT1B in XSRF
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green. The accelerometer measurements are given in m/s? and the PSDs in (m/s?)?/Hz.
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2.4.1 Calibration Parameters

Due to the reliance of the accelerometers on the electrostatic principle, the most challenging aspect
is the continuous calibration of the accelerometers because the calibration before the satellite

launch is impossible due to the strong gravitational signal on the ground.
The calibration equation is
acq = Sa,, +b, 2.1

where a.,; represents the calibrated non-gravitational accelerations along the three axes of the
SRF, a,, represents the measured non-gravitational accelerations, S is a 3x3 matrix (usually
diagonal) representing the scale factor and b is a 3x1 matrix of the accelerometer bias along the 3
axes. The fully populated S matrix contains diagonal elements that are not equal to one and oft-
diagonal elements that are non-zero, due to minor instrument imperfections and a misalignment
between the ARF and the SRF that result in mutual interference between the accelerometer axes.
The initial misalignment arises from inaccuracies in the installation of the accelerometer on the

spacecraft. Usually, in the literature the off-diagonal elements are neglected in the literature.

Numerous studies underscore the importance of accelerometer calibration in enhancing the
accuracy of gravity field measurements (Behzadpour et al., 2021) and estimates of thermospheric
densities (Siemes et al., 2023). Zheng et al. (2011) emphasized the efficacy of calibrating non-

conservative force measurements from GRACE accelerometers, demonstrating advancements in
calibration techniques for satellite missions. Chen et al. (2018) elaborated on strategies for deriving
high-precision gravity field models using refined accelerometer calibration models, underscoring

the pivotal role of precise calibration in achieving accurate results. Vielberg & Kusche (2020)

validated SRP extensions using calibrated GRACE accelerometer measurements, illustrating the

significant impact of calibration on enhancing model fits.
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2.4.2 Errors in Accelerometer Measurements

The accelerometer sensitivity allows for the observation and analysis of various effects induced
by satellite instruments and onboard electronic devices. However, challenges related to the
performance and reliability of the accelerometers have impacted the quality of measurements
collected for gravity field recovery and scientific research (Kvas et al., 2019). Signals that degrade
the quality of the measurements are typically present in Level 1A (10 Hz) data, as many of them
undergo attenuation through filtering during the conversion from Level 1A to Level 1B. Thruster
firings may be triggered during center of mass calibration maneuvers and other satellite-induced
effects occur during the activation and deactivation of onboard heaters. Temperature-induced drift
in the accelerometers must be considered, because it can lead to misalignment of satellite orbits
and introduce errors in the estimation of mass changes (McGirr et al., 2022). Another dominant
effect, particularly in the radial direction, is referred to as "twangs," named for the prolonged
oscillation that accompanies high-amplitude spikes (Schlicht, 2022). Lastly, spikes can be created
during changes within the magnetic torquers, which are responsible for maintaining the nominal

attitude of the satellites (Peterseim et al., 2014).

As mentioned in the previous section, one of the most significant issues observed with the
accelerometers of GRACE is battery problems leading to accelerometer shutdowns, as
documented by the accelerometer aboard GRACE-B toward the end of the mission. Additionally,
degradation in accelerometer measurements on one of the GRACE-D satellites has been noted,
resulting in higher noise levels and bias jumps, particularly during thruster firings (Koch et al.,
2021). To address decreased performance in both GRACE-B (towards the end of its operational
years) and GRACE-D (from the beginning of the mission), new accelerometer data have been
generated using the so-called transplant method (Bandikova et al., 2019; Behzadpour et al., 2021;
Nie et al., 2024). In Chapter 5, a comprehensive review of the literature will be presented, focusing

on the impact of accelerometer errors.
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2.4.3 Modelling Non-Gravitational Accelerations

Numerous physical models have been proposed for modeling the non-gravitational accelerations
in the GRACE mission, serving valuable roles in upper atmosphere studies and instrument
calibration. These models often incorporate detailed surface representations of satellite bodies to
improve the accuracy of gravity field determination up to 5% in higher harmonics (Knabe et al.,
2022). Solar radiation pressure (SRP) models developed for GRACE missions demonstrate high
precision and low correlation with solar activity levels. Unlike drag models, which are sensitive to
atmospheric density fluctuations associated with changing solar activity, SRP remains largely
unaffected (Vielberg & Kusche, 2020).

A common method for modeling non-gravitational accelerations is the satellite acceleration
approach (Kloko¢nik et al., 2008). This approach involves deriving the total accelerations acting
on the satellite through double numerical differentiation of positions estimated from GPS
measurements. Despite potential noise introduced by double differentiation, this method maintains
high accuracy, as satellite positions can be determined with centimeter-level precision. Modeled
gravitational accelerations are subsequently subtracted from the total accelerations to estimate non-
gravitational accelerations. Another high-precision model has been introduced for the GRACE
mission, serving as a valuable tool for instrument calibration. This model employs a finite element

approach to calculate the TRP acting on the satellite (Woske et al., 2019). These high-precision

models have proven to be invaluable for estimating thermospheric neutral mass densities, as
accurate knowledge of the precise drag affecting the satellite is essential for their calculation
(Forootan et al., 2022). Inaccurate modelling of the non-gravitational forces could significantly
affect the extraction of the thermospheric densities from accelerometer measurements, which are
crucial for orbit prediction, reducing uncertainties in satellite positioning and collision avoidance
maneuvers (Sutton et al., 2007; Bruinsma et al., 2023). Chapter 6 will feature an extensive

literature review on the modeling of non-gravitational accelerations.
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2.5 Summary

This chapter highlighted the pivotal role of accelerometers in LEO missions, with particular

emphasis on their crucial contribution to GRACE missions. It covered:

a) Introduction to the accelerometer sensor.

b) Explanation of non-gravitational accelerations impacting satellites.

c¢) Onboard instrumentation and the resultant products from GRACE missions.

d) The significance of the calibration of the instrument which is addressed in Chapter 4 of this

thesis.

e) Errors inherent in accelerometer measurements and contemporary strategies to mitigate them,

highlighting the importance of a weighted dataset presented in Chapter 5.

f) Modeling non-gravitational accelerations to accurately retrieve gravity field solutions (models)

and extract thermospheric mass densities., which is addressed in Chapter 6 of this thesis.

This chapter highlighted the critical role of accelerometers in geodetic missions, particularly
emphasizing the GRACE missions, which are central to this thesis. In the following chapters, a
detailed literature review will address each challenge discussed in this thesis, equipping the reader
with the essential background needed to thoroughly comprehend the advancements and findings
in each specific area.
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3 A Novel Calibration Approach: Matched Filter

As highlighted in the previous two chapters, calibrating the accelerometers on board LEO missions
presents a significant challenge. Accurate and continuous calibration of these instruments is
essential for precise gravity field recovery and for deriving thermospheric densities from non-
gravitational acceleration measurements. Over the years, a range of calibration methods that
leverage on-board GPS data and physical models of non-gravitational accelerations have been
developed. In Chapters 3 and 4, we introduce an all-new accelerometer calibration method,
drawing inspiration from the wave focusing methodology of time reversals (matched filter). This
method, widely used in radar technology, involves detecting known emitted waveforms
(templates) within unknown, noise-contaminated reflected signals. Matched filters are applied in
radar and sonar systems for target detection, digital communication systems for signal
demodulation, and image processing for template matching. Additionally, they are used in
seismology to identify specific seismic events, optical systems for waveform detection, and
biomedical signal processing to analyze ECG or EEG waveforms. This innovative technique
represents a substantial advancement in the calibration of accelerometers for space applications.
Our approach uses as calibration templates the transition offsets in the accelerometer
measurements as the spacecraft transitions to and from the Earth’s shadow known as penumbral
phases or transitions. These characteristic transition signals are matched with the total
accelerations of the spacecraft estimated from GPS-based precise kinematic orbit determination

(POD).

A unique aspect of our method is that it solely relies on measurements on board spacecraft namely,
the total accelerations of the spacecraft, derived from kinematic positions calculated by Graz
University that serve as the absolute standard for the calibration, and the accelerometer

measurements from the Level 1B dataset provided by JPL. This new method allows the estimation
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of the accelerometer scale factors independently of its biases. We present scale factors for both
GRACE missions along with mean biases, assessing different operational periods for GRACE and
GRACE-FO. Chapter 3 delves into the theoretical background of time reversal methods used in
radar, while Chapter 4 details the results and effectiveness of the calibration parameters for the

GRACE and GRACE-FO missions.

3.1 Calibration Parameters of Accelerometer

The accelerometers measure the non-gravitational accelerations of the spacecraft caused by the
Solar Radiation Pressure (SRP), atmospheric drag, Earth Radiation Pressure (ERP) and Thermal
Radiation Pressure (TRP) of the satellite itself. For the determination of the Earth’s gravity field,
it is crucial to distinguish the effects caused by both gravitational and non-gravitational forces
(Kang et al., 2020). During this operation, the accelerometers must be calibrated on orbit, a quite
challenging task, since they cannot be calibrated on the ground due to the presence of the strong
gravitational signal (cf., Chapter 2). The accelerometer measurements are provided in the ACC1B
and ACTI1B datasets for GRACE and GRACE-FO, respectively. Both ACC1B and ACT1B
datasets refer to 1Hz preprocessed accelerometer measurements in the satellite-fixed Science
Reference Frame (SRF). The accelerometer measurements are provided in the along-track
direction (Xsgp), cross-track direction (Yszp) and radial direction (Zggg) (cf., Chapter 2). The
accelerometer measurements are subject to unknown scale factors, biases, and stochastic noise,
which introduce uncertainties and inaccuracies in the measurements (Kim, 2000). Therefore, many
studies have followed various approaches to estimate the calibration parameters of bias and scale,
which can be used in the Earth’s gravity field recovery process or for the retrieval of the

thermospheric density and neutral winds. The calibration equation is given by
Acqr = S'aobs+b, (31)

where a.,; denotes the calibrated non gravitational accelerations, a,,s are the accelerometer
measurements provided by the ACC1B and ACTI1B datasets, S is the 3 X 3 diagonal matrix
comprising the scale factors along each axis by which the original measurements need to be

multiplied, and b is the three-dimensional bias vector added to the measurements. The off-diagonal
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elements in the scale matrix represent the misalignment of the SRF and the Accelerometer Frame

(AF).

Klinger & Mayer-Gurr (2016) proposed utilizing the fully populated scale matrix to mitigate the

impact of misalignment and instrument imperfections on gravity field recovery since the estimate

of the C20 coefficient was significantly improved. Teixeira da Encarnacdo et al., (2020) also

employed different calibration parameterization schemes, with the most complex one involving
the full matrix representation. However, in most calibration studies presented below, the off-

diagonal elements have been ignored.

3.2 Calibration Challenges and Methodologies

Two approaches are usually followed for the calibration of the accelerometers, both based on
analytical force models (physical models). In the first approach, the non-gravitational accelerations
are estimated from force models and compared directly with the acceleration measurements,
whereas in the second approach, the non-gravitational accelerations are derived from the total
accelerations (using POD double numerical differentiation) by subtracting modelled gravitational
accelerations. The studies listed herein represent diverse scientific research from which the

calibration parameters for GRACE and GRACE-FO have been estimated.

A study based on CHAMP and GRACE missions proposed the use of the GPS high precision
reduced dynamic orbits with the non-gravitational force models replaced by the accelerometer
measurements (Helleputte et al., 2009). After an extensive investigation, the authors estimated
daily calibration parameters with the use of the GPS High precision Orbit determination Software
Tools (GHOST; Wermuth ef al., 2010) simultaneously with the orbital parameters from the GPS
measurements (Montenbruck ef al., 2005). That study showed a time-variable scale factor which
became more precise when the accelerometer signal was stronger, during increased solar activity.
The study showed that by applying a constant scale factor, the biases showed visible trends due to
their strong correlation with the scale factor, even after applying constraints in the bias calculation

n YSRF and ZSRF'
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In another study, Bezdék (2010) calculated the total satellite accelerations by double numerical
differentiation of the kinematic positions of the satellite. The purpose behind this approach was to
derive precise calibration parameters for the accelerometers that could be used in aeronomy
studies. The modelled non-gravitational accelerations were derived using the surface properties of
the satellite, the neutral thermospheric density model DTM-2000 (Bruinsma et al., 2003) and the
seasonal models of the Earth’s albedo and emissivity (Stephens et al., 2015). Then, the
gravitational accelerations were subtracted from the filtered total accelerations, which were
derived by applying the Savitzky-Golay polynomial filter of degree 6 and window length 9 during
the double numerical differentiation of the GPS positions. Then the uncalibrated non-gravitational
accelerations derived from this subtraction, were calibrated with respect to the non-gravitational
accelerations derived from force models through generalized least squares. The calibration
parameters were estimated for all three axes of the accelerometer for both GRACE A and B
satellites. However, due to the strong correlation between biases and scales in all three axes, the
stability of the solution decreased, and realistic uncertainties were obtained only in Xszr (the most

important axis in aeronomy studies due to the dominant drag).

A similar approach was followed by Calabia et al., (2015) revealing a strong sinusoidal signal in
the scale factor along Ysrp. The total accelerations (POD accelerations) were calculated after
interpolation and differentiation of the velocity vectors and then the time varying gravitational
model was subtracted from the POD accelerations thus isolating the non-gravitational
accelerations. They demonstrated (ibid., 2015) that non-gravitational accelerations can be
computed accurately from the velocities. The accelerations in the cross-track direction revealed an
unknown periodic signal which was removed since Ysgr was the only axis showing this behaviour.
Then, the remaining non-gravitational accelerations were used as reference accelerations for the
calibration of the accelerometer. Their results agree with the calibration parameters proposed for
GRACE in Xggr, while there is a constant difference in Zgzr. The correlation between Ysgy biases

and f” angle'® is clearly recognized, similarly to other studies.

A study that used simulated non-gravitational accelerations as reference accelerations was

presented by Klinger & Mayer-Gurr (2016) for GRACE gravity field recovery purposes. In that

18 " angle: It is defined as the angle between the Sun-Earth line and the vector perpendicular to the orbital plane of
the satellite.
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study, force models of the non-gravitational accelerations played the role of the reference
accelerations for an initial calibration of the accelerometers and then the calibration parameters
were estimated again during the gravity field recovery. The retrieved calibration parameters
showed thermal dependency, especially after April 2011, when the thermal control of GRACE was
switched off. The highest dependency was presented in Ysgzp since the cross-track component is
the least sensitive. The off-diagonal elements of the scale factor matrix were different from zero
presumably due to a small misalignment between the two coordinate systems namely, the SRF and
AF. The presence of non-zero off-diagonal elements improved the Czo coefficients, suggesting that
the use of a fully populated scale factor matrix will be a great addition in the gravity field recovery
process. As noted in Chapter 2, it is a common approach that only the diagonal elements of the
scale factor matrix are calculated. The temporal evolution of the scale factors in Xszr showed a
strong correlation with temperature variations due to the variability of f” angle, the angle that

signifies the duration of illumination of the satellite by the Sun.

Waske et al., (2019) followed a similar calibration approach by introducing high precision force
models for the estimation of the non-gravitational accelerations without using any empirically or
estimated stochastic parameters. The accelerometer measurements were used to validate the force
(physical) models, which were based on finite element modeling of the satellite using its surface
properties (Bettadpur, 2012). An innovative approach for the modelling of the TRP of the satellite
itself was presented and the residuals of the TRP model showed a strong correlation with S’,
especially in Ysgr and Zggr due to the cooling and heating of the satellite when it enters or exits
the Earth’s shadow. Due to unrealistic extreme values of the calculated scale factors, especially
when the magnitude of the accelerations was quite small, they used constant scale factors for the
calibration, similarly to the previous studies presented herein. In X5z, the calibration parameters
strongly agreed with the other POD methods. For the other two axes, their high precision models,
combined with the application of strong constraints similar to those presented in Helleputte et al.,

(2009), led to more reliable calibration parameters.

Zhang et al., (2023) derived calibrated accelerometer parameters that exhibit excellent agreement
with the non-gravitational force models for GRACE-FO from July 1, 2018, to December 31, 2021.
In that study, modeled non-gravitational forces were used as a reference to initially calibrate the

raw accelerometer measurements. Then, the scale and bias parameters were estimated along with
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other dynamic and geometric parameters within a POD strategy. It was shown that weak signals
amplify the coupling between scale and bias in specific periods. To address this, the authors fixed
the scales to their mean values and re-estimated the bias to extract the long-term trend. The
calibrated accelerations showed disparities of less than 5 nm/s? in the along track direction and
6 nm/s? in the other two directions when compared with independent non-gravitational force

models.

In a study conducted by Koch et al., (2019), calibration parameters for GRACE were estimated
for both low and high solar activity periods. Their research investigated the two calibration
methods outlined earlier for the GRACE accelerometer. The first method used surface forces
affecting the satellite to compute the reference accelerations. In the second approach, the total
accelerations, which encompass both gravitational and non-gravitational components, were
initially calculated based on reduced-dynamic orbits. The results showed that the calibration
parameters obtained from the two approaches differed notably during periods of low solar activity,
primarily due to the relatively small magnitude of non-gravitational accelerations. Interestingly,
the calibration parameters from the first approach were not significantly influenced by solar
activity variations. However, in the second approach, realistic calibration parameters for Xszr and
Ysrr could only be obtained during high solar activity periods and revealed a disturbing periodic

signal in Yspr similar to what was previously noted by Calabia ef al., (2015).

The importance of the calibration of the accelerometer does not end at the gravity field modeling.
Accelerometers measure the atmospheric drag, among others, which is crucial for the
determination of the thermospheric density. Many researchers have derived calibration parameters
and state-of-the-art radiation pressure models to effectively extract the aerodynamic acceleration,
facilitating the derivation of neutral mass densities. Mehta et al, (2017) introduced novel
thermospheric density datasets derived from accelerometer measurements aboard CHAMP and
GRACE satellites utilizing advanced models for gas-surface interactions and accurate physical
modelling. Vielberg et al., (2018) improved and compared three calibration procedures to estimate
accurate thermospheric neutral densities via a multi-step numerical estimation approach based on
the numerical differentiation of kinematic orbits, the calibration of accelerometer within the
dynamic POD procedure and a comparison of observed to modeled forces acting on the satellite.

The three approaches aligned better during medium and high solar activity.
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Lietal., (2022) explored the calibration of the GRACE accelerometer during 2004 and 2007 using
dynamic calibration. Two methods were implemented and compared: the first estimated calibration
parameters during a GPS-based POD procedure and the second during fitting using kinematic
orbits. These two calibration schemes were then used to derive thermospheric densities which
exhibited a remarkably high correlation coefficient of 0.9976. However, a small bias of 2.2% was

observed between the orbit-fitting and POD densities.

Siemes et al., (2023) estimated accelerometer-derived neutral mass density and crosswind
observations for CHAMP, GRACE and GRACE-FO missions using state-of-the-art modelling of
radiation pressure modelling by taking into consideration the temperature-induced bias variations
for GRACE mission. The formal standard deviations of the scale factors are all below 1073,
suggesting high precision. Given their minor impact compared to the uncertainty of at least a few

percent in the aerodynamic coefficient vector, they can be considered negligible.

From the above studies, it is evident that calibrating the accelerometer presents a particularly
challenging task, especially given the dynamic environment in which the satellites orbit the Earth,
coupled with varying solar activity levels. This complexity arises from various factors and
constraints that must be considered. The accelerometer measurements are highly influenced by
temperature variations, and a strong correlation between the two calibration parameters, namely
the bias and scale, is a crucial aspect that was addressed in all the studies discussed herein.
Especially in our proposed method, discussed in the sequel, the constraints can be dismissed since
the calibration is based only on a convolution between the accelerometer measurements and the

POD total accelerations therefore, the scale factor and the bias can be calculated independently.

Our study introduces an original, unique, and robust method for calibrating accelerometers on
board any satellite in a non-sun-synchronous orbit. This is due to the reliance of the method on
penumbra transitions that occur as the satellite enters and exits the Earth’s shadow. Our new
calibration approach is inspired by the "wave focusing” technique that is widely used in radar

applications (Sack et al., 1985; Scheer & Holm, 2010) for detecting emitted (known) waveforms

in scattered or reflected signals transmitted through linear or nonlinear environments (Helstrom,

1960; Kelly & Wishner, 1965). We utilize the time-reversal method (matched filter) to apply the

wave focusing principle. This is specifically aimed at orbital arcs of short duration (30s — 50s),
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specifically when the spacecraft transitions through the Earth's penumbra (penumbra transitions),
which we refer to as focal regions. Through this method we aim to estimate the magnitude of the
penumbra transitions of the accelerometer measurements, which are detected within the total

accelerations of the satellite during the penumbra crossings.

In our method, the total acceleration of the satellite is determined by double numerical
differentiation of the orbit from three distinct datasets. The first dataset employs the positions
derived from TU Graz kinematic orbits, serving as the absolute calibration standard solely based
on measurements thus avoiding any physical models and their shortcomings. The second dataset
utilizes the POD positions derived from JPL's reduced dynamic method (GNV 1B dataset), while
the third employs the positions derived from TU Graz reduced dynamic method.

Our calibration method primarily focuses on the total accelerations obtained through numerical
double differentiation of positions derived from the kinematic approach. This is because positions
derived from kinematic orbits rely solely on raw GPS measurements. The last two position
datasets, derived from the reduced dynamic approach, are employed for comparison purposes and
validation of our calibration method. The diagonal scale factor matrix is obtained from GRACE A
and B datasets for the year 2006, and from GRACE C datasets for years 2019 and 2020. The
accelerometer biases are produced using a daily polynomial fit of second order on the
accelerometer measurements, independently of the diagonal scale matrix. It is shown that the
matched filter when used for the accelerometer calibration can detect changes in the scales even

when the differences between the POD datasets are below —50dB.

3.3 Methodology Concepts

In this contribution, we use the concept of wave focusing methodology that is customarily applied
in radar electromagnetic wave propagation and wireless communications (Jin et al., 2011;
Punnoose et al., 2011). The fundamental idea behind wave focusing is the identification of
transmitted waveforms that have traversed a medium, such as the atmosphere, and subsequently
received by an antenna at the source after undergoing reflection and scattering by one or more

targets (Bazargani & Snieder, 2016). The detection or determination of the scattered waveforms is
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usually achieved by an amplification of the scattered wave amplitude or equivalently, amplification
of the wave power at a particular time and location in a heterogeneous medium in a region of
interest thereafter called focal region. Methods of wave focusing include phase conjugation
(Parvulescu, 1961), time-reversal (Fink et al., 2000; Fink & Prada, 2001) and inverse scattering
(Haddadin & Ebbini, 1998).

In this study we choose the time-reversal (TR) method that is robust and optimal (Tanter et al.,
2002; Ulrich et al., 2012). The TR is a wave focusing technique that makes use of the reciprocity
of wireless propagation of waves, a property that was used in previous studies (e.g., Pagiatakis &
Peidou, 2021). The main idea of this method is that a known short pulse transmitted by a source
through a dissipative medium, returns as an echo from a ‘point’ target with shifted frequency.
Detection of the short pulse echo is accomplished by taking its TR, normalizing its energy
(mathematically or physically), and cross-correlating it (focusing, or matching) with the
transmitted pulse; this maximizes the signal-to-noise ratio (SNR) between the echo and its source

pulse (Bell & Reynolds, 1991; Jin & Moura, 2009).

In radar applications, the reciprocity of waves works particularly well in a cluttered environment
with associated multipath reflection (Punnoose et al., 2011). The TR method relies on the time-
reversal invariance of the wave operator and on the spatial reciprocity between emitted and
scattered waves. In signal processing, the simplest form of the TR method is merely the
convolution of the emitted wave with the time-reversed received signal or vice versa (reciprocity),
also known as matched filter. The matched filter has been widely recognized as the optimal
correlation method for estimating the unknown amplitude and delay of a known waveform
(template) that is embedded in additive Gaussian noise (Giannakis et al., 1990; Roman et al.,
2000). This method effectively detects a known waveform buried in an unknown signal by
maximizing the signal-to-noise ratio (SNR) at the sampling instant, or focal region, where the
known signal is expected to be present. By applying matched filtering, we can enhance the

detection and extraction of the desired signal, even in the presence of noise.

In general, to detect the presence of any band-limited signal s(t) in a measured signal x(t) +
n(t), where n(t) is noise, we use an appropriate linear, time invariant (LTI) filter of impulse

response h(t) expecting that the filter output y(t) after convolution will be of larger magnitude
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(power) where s(t) is present and lower magnitude where it is absent. The detection of s(t) is
easier when the instantaneous power in the filtered series is much larger than the average power

of the noise i.e., when the signal-to-noise-ratio (SNR) is maximum.

When s(t) has a known form, its detection in the measured signal is simpler when n(t) is Gaussian
white noise, since s(t) is used to formulate the impulse response of the filter to maximize the SNR.

In addition, when s(t) is of finite length T, the impulse response of this filter is (Turin, 1960)

ks(T—1), 0<T<T
h(t) = (3.2)
0, otherwise

where k is an arbitrary scale (gain factor) to be determined later and T is the sampling time.

The maximization of SNR is possible in the frequency domain by taking the Fourier transform of
s(t) and y(t), forming the SNR and maximizing it by taking into consideration the Cauchy-
Schwarz inequality. This leads to a special type of optimal LTI filter namely, the matched filter
that is used for the detection of the presence of a known delayed waveform s(T — 7) hidden in a
measured signal x(t) + n(t), where n(t) is Gaussian white noise. As it turns out, the global SNR
maximum is achieved by cross correlating the time reversed version s(T — 7) with x(t), meaning
that the SNR at the output of the matched filter will be maximized when the filter lines up with the

point of reception of the signal.
y(@®) = [ s(T — Dx(t — Ddr + [, s(T — D)n(t — 1)dr (3.3)

The filter output y(t) will attain a maximum value at time t = T,where the known waveform s(t)
is present in the input (measured) signal x(t). The impulse response of a matched filter satisfies

the following equation:

E=[" |h@)2dr=k?[" |s(D)|dt, (3.4)

46


https://ieeexplore.ieee.org/document/1057571

where E is the signal energy (Turin, 1960). The impulse response produces the maximum response
when y(T) = E, meaning that s(t) is identified in x(t) at time T. From the Cauchy-Schwarz
inequality it turns out that the output of the matched filter has a unique global maximum E at time
t = T and for any other t, y(t) < y(T) = E. Theory shows that no filter other than the matched
filter can produce an output as large as E at time t = T therefore it maximizes the SNR only at the
sampling instant T.. Due to the convolution between the impulse response h(7) and the input signal
x(t) the shape of the output is constrained by the shape of the autocorrelation function (Turin,
1960). The matched filter, as convolution between the received signal and the time reversed copy
of the original signal is equivalent to cross-correlation of the two signals. In general, convolution

and cross correlation only differ by a time reversal.

A typical example demonstrating the matched filter is readily available in the literature, where a
unit square pulse s(t) is injected into Gaussian white noise n(t) forming the measured signal x(t)

1e.,
x(t) = s(t) + n(t). (3.5)

Figure 3.1 illustrates a typical example of a rectangular pulse as well as a sigmoid pulse. In our
calibration method, detailed in Chapter 4, the shape of the signal we want to detect (penumbra

transitions) closely resembles a sigmoid.

In this figure, a) is the transmitted pulse, which is a rectangular pulse s(t) of unit amplitude and
duration T; = 1s. This pulse serves as the reference signal for the matched filter process; b)
represents a signal containing white noise of duration T, = 5s. In this signal the original
rectangular pulse is injected at t;=3s (we denote the position of the rectangular pulse in the
received signal by a black line, because it is not visible due to the presence of high-level noise).
The SNR of the received signal is -20dB; c) the time-reversed pulse is shown, also known as the
matched filter impulse response h(t) delayed by 7, which is obtained by flipping the transmitted
pulse in the time domain i.e., h(t) = s(—t + 7). Since the selected pulse for this example is
rectangular, the time-reversed pulse is identical to the original; d) matched filter output that
matches (‘correlates’) the time reversed rectangular pulse s(t) with x(t), resulting in a distinct

peak that indicates the presence of the original transmitted pulse in the received signal x(t). This
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peak is highlighted in the plot with a red marker, demonstrating the matched filter ability to detect

the signal despite the presence of significant noise. The position of the peak at t,¢qx = 3.5s.

Another example is presented in Fig. 3.1 (right column; panel (e)), where the pulse to be injected
exhibits characteristics similar to the pulse used in the calibration of the accelerometer, specifically
to the penumbra transitions. In this example, the transmitted pulse s(t) is generated using the
sigmoid function, which provides a smooth, continuous transition from 0 to 1. The sigmoid

function used is defined as

1
~10(t-1)

s(t) =

1+e

: (3.6)

where t is the time, and T = 1s is the duration of the sigmoid pulse. This function creates an S-
shaped curve centered at T /2, with a steep transition controlled by factor 10 in the exponent. The
sigmoid pulse is advantageous in signal processing applications due to its smoothness, which can
reduce the high-frequency components and make the signal more resilient to noise; Panel (f) shows
the received signal containing white noise of duration T = 5s. In this signal the original sigmoid
pulse is embedded at t=3s (we denote the position of the sigmoid pulse in the received signal by a
black line, as it is not visible due to the presence of high-level noise). The SNR of the received
signal is also -20dB; c) the time-reversed sigmoid pulse is shown (panel (g)), also known as the
matched filter impulse response h(t) delayed by 7, which is obtained by flipping the transmitted
pulse in the time domain i.e., h(t) = s(—t + 7); Panel (%) shows the matched filter output that
matches (‘correlates’) the time reversed sigmoid pulse s(t) with x(t) during convolution,
resulting in a distinct peak that indicates the presence of the original transmitted pulse in the
received signal x(t). This peak is highlighted in the plot with a red marker. The position of the
peak at tpeq = 3.5s.
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Figure 3.1 Matched Filter: Unit Square Pulse example (left column) and Sigmoid example (right column). a)
Transmitted rectangular pulse with unit amplitude and duration of 1s. b) Received signal comprising the transmitted
pulse plus noise; c) Time Reversed pulse (Matched Filter); d) Matched Filter Output. ) Transmitted sigmoid pulse;
f) Received signal comprising the sigmoid plus Gaussian noise; g) Time reversed pulse (Matched Filter); h) Matched

Filter output displaying a distinct peak indicating the presence of the original transmitted pulse (red marker).
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The above two examples illustrate the robustness of the matched filter to detect a known pulse
embedded in a noisy signal. To retrieve the scale factor of the matched filter output, meaning the
degree to which the amplitude of the additive known pulse is distorted in the received signal, we
introduce a normalization factor. This adjustment ensures that the peak value of the matched filter
output accurately represents the distortion (scale factor) of additive known pulse. According to
Zhang et al. (2021), the energy normalization factor k is calculated from the ratio of the energy of
the known (added) signal s(t) to the total measured signal x(t). In digital form, scale factor k is

given by
T, st

k= |Sv .z (3.7)
i=1"i

where N is the number of samples of the finite signal s(t). This scale factor is crucial when
working with signals of different power levels, as it allows us to normalize one signal to match the

energy level of the other signal.

In Figure 3.2 we present an example illustrating the necessity of the energy normalization factor
to detect the amplitude of the known sigmoid pulse embedded within a received signal. The steps

are as follows (the letters correspond to the numbered panels in Fig. 3.2):

a) Generate a sigmoid pulse with an amplitude A,yigina; = 1. Calculate its energy Eyriginai-

b) Embed the sigmoid pulse into the received signal similarly to the previous two examples, but
this time, the embedded pulse has been multiplied by a factor of 40, resulting in Aempedded =
40. Calculate the energy of the received signal Eycceiveq- Apply energy normalization to the
received signal that contains the embedded pulse by multiplying it with the energy

normalization factor. The normalized received signal, received,,,,m, is computed as:

, , Eoriginal
received, ., = received X |—<= (3.8)
Ereceived

In this example, the Ey¢ceipeq 18 5 orders of magnitude larger than the Eypging;-
¢) Time- reverse the original pulse with Agyigina = 1.
d) Convolve the time-reversed pulse and the received,,,,. The peak of the matched filter

output occurs at t,.qx = 3.5s and its amplitude iS Aygtcheapeax = 41.1. This value indicates
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that the original sigmoid pulse of Ayriging = 1 should be multiplied by approximately 41.1

to match the amplitude of the embedded pulse of Apompeddea = 40.
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Figure 3.2 Matched Filter example for the amplitude retrieval using the energy normalization factor: a) The original
sigmoid pulse of with Ayyiginar = 1. b) The received signal that contains the sigmoid pulse of Aempeqaea = 40. )
Time-reversal of the original sigmoid pulse. d) The output of the matched filter (product of the convolution) between

the time-reversed pulse and the received,,orm -
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In the case of the accelerometer calibration, however, the measured signal x(t) is the penumbra
transition signal that is not calibrated, whereas s(t) is the calibrated penumbra transition hidden
in the total POD-derived accelerations and needs to be matched with the accelerometer. Thus, the
total POD-derived accelerations must be multiplied by the reciprocal of this energy normalization
factor k to match the energy level of the penumbra transitions. Since the two signals used to
retrieve the scale factor have the same length, the energy normalization factor in this specific

method is identical to the power normalization factor.

Contrastingly to Zhang et al. (2021), in this study the situation is far simpler than the two-way
propagation of electromagnetic waves in a complex environment. Conceptually, and based on the
reciprocity of the two signals for calibration purposes, we consider as ‘emitted signal’ the non-
gravitational accelerations measured by the on-board accelerometer while the ‘scattered signal’
comprises the gravitational plus the non-gravitational accelerations derived from the GPS POD
kinematic positions. The accelerometer signal (‘emitted signal’) being uncalibrated, includes the
calibration pulses we need to use, namely the SRP offsets during the penumbra transitions (focal
regions), hereafter called calibration waveforms or simply waveforms. Based on the reciprocity
property of the signals, the calibration factor of the accelerometer is the reciprocal of the ratio of
the scattered-to-emitted signal ratio in the focal regions. Therefore, when applying the TR method,
the non-gravitational SRP waveform is time-reversed and ‘propagated’ back to focus on the POD-
derived acceleration signal. This TR is time-invariant because both waveforms do not ‘occur’ in a

dissipative medium, and thus is robust and efficient (Fink, 2006).

To calibrate the accelerometers on board GRACE, we need a reference or more specifically an
absolute standard, for example an injected waveform or pulse of known magnitude as we do
metrologically in a laboratory. For this, we examine the possible use of the total accelerations
estimated from the GPS POD positions derived from the kinematic orbit determination at TU Graz
since they are inherently ‘absolute’ by virtue of using the speed of light in their estimation. We
therefore develop a new calibration methodology based solely on two signals: a) the estimated
total accelerations derived from the GPS POD kinematic positions and b) on the accelerometer
measurements (Level 1B). These two fundamental measurements are explained in Chapter 4, along

with the results of this new calibration approach.
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3.4 Summary

In this chapter, we provided a comprehensive literature review of the various calibration
approaches followed for the calibration of the accelerometer and a thorough of time reversal
methods. To the best of our knowledge, this is the first time the matched filter method has been
employed to derive the scale factor of accelerometer measurements. Consequently, we deemed it
necessary to provide the concepts of our methods and a detailed explanation of the application of
this method. In the next chapter, the results of the scale factor retrieval for GRACE A, B and C

satellites will be presented.
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4 On-Orbit Calibration of Accelerometers in

GRACE Missions

In Chapter 3 we introduced the theory of the matched filter, as used in radar applications for the
detection of a known signal hidden in a received signal with added Gaussian noise. We also
introduced the energy normalization factor k which will be key in the scale factor retrieval. In
Chapter 4, we apply the theory of the matched filter in the calibration of the accelerometers on
GRACE missions. We show that the calibration parameters can robustly be determined by rigorous
signal processing without the need to subtract model gravitational accelerations from the POD

total accelerations nor model the non-gravitational accelerations.

4.1 Description of Datasets

The diagonal accelerometer scale matrix S (cf., Eq. (3.1)) is derived from three different POD
datasets from which we calculate the total accelerations by double numerical differentiation of the
precise GPS-determined orbits. The first dataset comprises the POD positions of the satellites,

kinematically calculated by TU Graz (Zehentner & Mayer-Giirr, 2015; Suesser-Rechberger et al.,

2022). The kinematic orbit determination from TU Graz employs raw GPS observations, achieving
a satellite position accuracy of up to a few centimeters. This method considers a comprehensive
set of parameters, including the satellite orbits, station positions, clock errors, and signal biases.

To accommodate the varying accuracy of the measurements, a weighted scheme was employed.

The second dataset provides the reduced-dynamic POD positions provided by GRACE and
GRACE-FO Level 1 products (GNV1B dataset). These reduced-dynamic POD positions were
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obtained through orbit integration utilizing two types of force models (Kuang et al., 2019; Bertiger
et al., 2020). These models encompass gravitational forces (static gravity field, ocean, direct and
anelastic solid Earth tides) and non-gravitational forces (atmospheric drag and SRP). The

atmospheric drag model was calculated as recommended in Montenbruck & Gill, (2000, p.84),

while the SRP model incorporated a shadow model with umbra and penumbra cones, disregarding

the atmosphere and Earth's flattening (Montenbruck & Gill, 2000).

In the third dataset, comprises the reduced-dynamic POD positions of the satellites provided by
TU Graz. For the reduced-dynamic orbit, a two-step process was employed, involving force
modeling of Earth’s gravity field (Kvas et al., 2020), tides (Desai, 2002; Dobslaw et al., 2017),
SRP (Lemoine et al., 2013) and atmospheric drag (Bowman et al., 2008) among others and least
squares fit of the dynamic orbits to the observed kinematic ones®®. It is important to note that the
abbreviations corresponding to the datasets from TU Graz are not official; they have been selected
for the sake of readability and comprehension. All three position datasets used have RMS values
of approximately 2 cm in the along-track, 4 cm in the cross-track, and 6 cm in the radial

components.

Given that the quaternions in Level 1 products of both GRACE and GRACE-FO missions (SCA1B
datasets) are presented as rotation quaternions from the ICRF-intermediate (quasi-Inertial Frame
or Celestial Reference Frame - CRF) to the Science Reference Frame (SRF), we opt for the SCA1B
dataset for the matrix transformations (Wu et al., 2006; Bettadpur, 2018; Wen et al., 2019). This
choice is made because the quaternions provided by TU Graz have a lower sampling rate than the
quaternions provided by SCA1B. To ensure that the total accelerations derived from the three
different datasets maintain a sampling rate of 1Hz, spline interpolation is employed whenever
necessary. In Fig. 4.1 all the datasets used in this study are shown, with their description. The
rotation matrix used to transform the POD total accelerations from the Inertial Frame (see Section

2.3.2) to the SRF is as follows (Wu et al., 2006):

% For more information about the process and the force models, we refer the readers to Suesser-Rechberger ef al.,
(2022).
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SCAI1B: four rotation quaternion elements from
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0.1 Hz.
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GFGNI1B_GRAZ reduced:Position
coordinates and the velocity components of the
reduced dynamic orbit in the CRF. The sampling
rate is 0.1 Hz.

ACTIB: The sampling rate is 1 Hz.

Figure 4.1 Description of the datasets used in this study.

We note that for GRACE-FO, the ACC1B dataset is not provided. Instead, the ACT1B is provided

to the users in which the accelerometer measurements are corrected from known errors, spurious

accelerations, and high frequency signals. For more information about this process we refer the

readers to McCullough et al., 2019. A detailed description of the Level-1B datasets?® of GRACE

20 GRACE and GRACE-FO Level-1 data are available at: NASA's PO.DAAC (https://podaac.jpl.nasa.gov), and
GFZ's ISDC: (https://isdc.gfz-potsdam.de/grace-fo-isdc/).

All handbooks are available at: https://podaac-tools.jpl.nasa.gov/drive/files/allData/gracefo/docs/.
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and GRACE-FO missions is given in Case et al., (2010) and Wen et al., 2019. For a detailed

description of the TU Graz?! datasets, we refer the readers to Suesser-Rechberger et al., (2022).

4.1.1 Penumbra Transitions

The key principle of our calibration method is that characteristic non-gravitational signals in the
form of identifiable and suitable waveforms (pulses) are present in both POD-determined
accelerations and in the accelerometer measurements in certain focal regions namely, the
penumbra transitions. In our quest for such waveforms (pulses) and after lengthy experimentation,
we identified that the short-duration acceleration offsets (jumps) which are known as penumbra or
eclipse transitions, are ideal for our purpose because they appear ~30 times per day when the
satellite enters and exits the Earth’s shadow. The challenge is to optimally amplify the penumbra
transitions in the POD-derived accelerations, without subtracting the strong gravitational signals

estimated from models.

When ' < 70°22, the satellite orbit is divided into three distinct arcs: the illuminated or Sun arc,
where the satellite is exposed to the Sun, the umbra arc where the satellite is in total occultation
in the inner most region of the Earth’s shadow (umbra), and the penumbra arc where the satellite
is in the partial shadow between the umbra and full illumination. The penumbra transition
modeling is of significant importance in satellite orbit determination and the SRP modeling (Fixler,
1964; Robertson et al., 2015). Various penumbra transition modeling methods have been proposed
but to the best of our knowledge, none of the proposed models can determine the transitions in a
fast, accurate, and non-complex way. The appearance of the penumbra transitions is dependent on
p', a highly valuable parameter for visualizing the orbital environment which determines the
proportion of time during which the satellite remains directly exposed to sunlight. Specifically, it
is defined as the smaller angle between the geocentric position vector of the Sun and the orbital

plane of the spacecraft. It can vary between +90° and -90°, and the sign is determined by the

21 A1l available datasets of the TU Graz can be found in

https://www.tugraz.at/institute/ife/downloads/satellite-orbit-products.

22 B' is the angle between the plane of the obit of the satellite and the vector from the Sun to the Earth, describing the
orientation of the satellite orbit relative to the Sun (RM, 2019).
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direction in which the satellite orbits its primary body. When 5’ = 0°, the satellite spends the

maximum possible amount of time in Earth’s shadow (Duan et al., 2016).

Both GRACE and GRACE-FO exhibit analogous characteristics regarding the penumbra
transitions, wherein these transitions follow a similar pattern and disappear when the satellite is
constantly illuminated by the Sun, which occurs every ~161 days for both missions. An extensive
investigation of the relationship between £’ and the accelerometer drift was conducted by McGirr
et al. (2022). The magnitudes of the penumbra transitions vary over time, especially as the satellite
approaches its full Sun orbit, during which it neither enters nor exits the Earth's shadow. To address
this, we have considered the gradual decrease in these magnitudes as the satellite approaches its
full Sun orbit since the retrieval of the penumbra transitions has been performed manually on a

day-by-day basis from accelerometer measurements, accounting for these changing conditions.

= penumbra  =umbra = sunarc
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Figure 4.2 Two orbital revolutions of a) GRACE A (left column), b) GRACE B (middle column) and ¢) GRACE C
(right column). GRACE A and B correspond to April 1%, 2015, while GRACE C correspond to January 1%, 2020. The
penumbra transitions (red) are depicted as sudden jumps occurring before and after the entrance of the satellite to the

umbra arc (green) of the orbit. The accelerometer measurements are represented w.r.t. to zero mean.
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In Figure 4.2, we show the three distinct accelerometer time series segments corresponding to the
three different orbital arcs for two orbital revolutions of GRACE A and B of GRACE mission and
GRACE C satellite of GRACE-FO mission. The focal point of our accelerometer calibration
methodology lies in utilizing the measured penumbra transitions as calibration waveforms that

serve as the reference signals allowing for precise calibration of the accelerometer measurements.

4.1.2 Total 3D Accelerations Derived from Precise Orbit Determination (POD)

For the double numerical differentiation of POD positions there are different numerical tools, such
as the Newton-Gregory interpolation, the interpolation by fitting polynomials, and the
interpolation using cubic splines (Féldvary, 2007). In our methodology, we use polynomial fitting
of degree 7 with a window length of 9 points (7/9) for the calculation of the total accelerations
using the three different position datasets presented above. Since the GNV 1B datasets are given in
the International Terrestrial Reference Frame (ITRF), a rotation to the ICRF-intermediate (quasi-
Inertial Frame or Celestial Reference Frame - CRF) is applied as function of time as specified in

the 2010 IERS Conventions (Petit & Luzum, 2010). This process is complemented by additional

measurements used to determine the Earth’s variable rotation (UT1) and polar motion. The results
through this rotation have been compared with the GNIB dataset available for GRACE-FO for
validation purposes. The rotation between the ICRF-intermediate and ITRF used in Level 1B
algorithms is described in detail in Bettadpur, (2018) and Yuan, (2018). Interpolation is carried out
on the positions of the satellites in the non-rotating, ICRF-intermediate reference frame due to its
stability. Interpolation in the SRF is not feasible because it introduces additional gravitational

accelerations.

Subsequently, using the SCA1B dataset, the accelerations are transformed from the ICRF-
intermediate to the SRF where the non-gravitational accelerations are given using the rotation
matrix given by Eq. 4.1. Different polynomials have been used such as 9/11 or 11/14 that produced
comparable results. However, increasing the degree of the polynomial above 11 can introduce
differences up to 5 m/s in the velocity vectors. Consequently, to maintain better accuracy, we opt
for the lower degree polynomial. In Fig. 4.3, we present the calculated total accelerations in the

SRF from the three distinct datasets, alongside their corresponding power spectral densities (PSD)
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and their differences for GRACE C. The results are similar for GRACE A and B. Across all three
axes the differences acCyingraz — ACCreqgraz are less than 107°m/s? (left column) which is
comparable to the difference accringraz — ACCreacnvip- The difference accreqgraz —
accreqcnvip 18 nearly zero, with its PSD indicating a difference below —50dB. From the PSDs,
high frequency artifacts are observed above 0.1 Hz that appear to be overtones of the orbital period
of the satellite. These artifacts are beyond the scope of our research since the penumbra transitions

are of lower frequency phenomena.

The solar radiation pressure (SRP) is embedded in the changes of the position of the spacecraft
(POD), whereas it is directly measured by the on-board accelerometer. However, in both types of
measurements, the SRP is blended with other accelerations that are mostly larger or significantly
larger in magnitude than the SRP, particularly the gravitational accelerations present in the POD
signal or the atmospheric drag in the accelerometer measurements during high solar activity.
Considering that the SRP is scaled correctly in the POD kinematically derived accelerations, while
it has an inherent scale defect in the accelerometer measurements, we strive to ‘focus’ the SRP
waveform onto its reciprocal in the POD signal using the time reversal method. Thus, in principle,
POD accelerations and non-gravitational accelerations will be the waves to be focused but with
one provision: The focusing must be ‘local’ when the SRP has unique characteristics namely during
the penumbra transitions. These transitions are also present in the POD accelerations, even though
they are invisible due to their significantly smaller magnitude compared to gravitational

accelerations.

Now that the total accelerations derived from POD and the non-gravitational accelerations
measured by the accelerometer are both in the same reference frame, specifically the SRF, in the
following sections we will proceed as follows: We will apply the matched filter method to the
accelerometer (self-calibration method), we will demonstrate that the detection of the penumbra
transition in the POD is successful and apply the proposed calibration method using the three
different POD datasets and the three accelerometer datasets from GRACE A and B (GRACE) and
GRACE C (GRACE-FO). The accelerometer on GRACE D is not functioning properly, so it is
excluded from this calibration process. The two approaches which utilize the reduced-dynamic
orbits are exclusively employed for the purposes of comparison and validation with respect to the

kinematic approach in which the measurements are free from any force model. Daily bias and scale
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factors are calculated for different periods of solar activity of both missions and the dependency

of the accelerometer measurements to £” angle is investigated.
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Figure 4.3 GRACE C (January 1%, 2020): Top two rows: The total accelerations in SRF computed for the three datasets
along with their respective PSDs along the three axes of the accelerometer. The accyingrq, and the acc,eqoyv1p are
presented with an offset of + 0.01m/s? for visualization purposes. Bottom two rows: The differences between the
datasets and their PSDs. The differences acciingraz — ACCredcraz (black) have zero offset while the accyingraz —

acCreqonvip (Yellow) and acCregeraz — ACCreacnvip (light blue) are presented with an offset of + 1.5 X 10™*m/s?,

for visualization purposes.
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4.2 Detection of Calibration Waveforms and Self-Calibration

In the context of matched filters, a significant challenge known as the false detection problem can
arise, where the filter incorrectly identifies a non-matching signal as a match. False detection can
arise from various factors, including the presence of noise, interference in the signal, differences
in amplitude, frequency, or phase. To address false positive or false negative detections,
preprocessing techniques like noise filtering, fine-tuning filter parameters, adjusting detection
thresholds and statistical methods for validations have been widely applied (Hamilton &
Tompkins, 1988; Cheng et al., 2020; Develter et al., 2022). Since in our case the times of the
penumbra transitions are known, we can proactively prevent false detections without taking any
preprocessing steps. However, to ensure that the matched filter accurately identifies the penumbra
transitions within the total accelerations obtained from POD positions we incorporate two tests

outlined in Sections 4.2.1 and 4.2.2.

4.2.1 Detection and Self-Calibration in the ACC of GRACE-FO Using One

Calibration Waveform

In matched filter applications, specific detection pulses are commonly used due to their
advantageous properties. Examples include rectangular pulses, gaussian pulses or sinc function
pulses. Due to their structure, the series length and noise characteristics of the signals, these pulses,
when detected successfully, result in a triangular shape in the matched filter output. In our study,
the penumbra transitions do not share similar characteristics with the usual standard pulses
described in the literature. Our pulses (calibration waveforms) are sigmoid-like functions
monotonously increasing or decreasing in time within their domain and can be compared to
monopulses, an effective technique used in radar system for direction finding and tracking of a
target particularly in scenarios requiring accurate angle determination (Develter et al., 2021). As
noted in Chapter 3, the matched filter, as convolution, is equivalent to cross-correlation operation

by a time reversal of one of the signals (Proakis & Salehi, 2008; Chapter 5) thus we expect to see

negative correlations when the calibration waveform encounters opposite trending pulses.
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To evaluate the accuracy of detecting a known waveform using the matched filter, we conduct a
test by utilizing a full day of ACC measurements, denoted as x(t), as the emitted (input) signal. In
the accelerometer signal (black line in Fig. 4.4), 30-31 penumbra transitions are observed during
the day. For testing purposes, we isolate one specific penumbra transition from the emitted signal,
denoted as the entry transition, which corresponds to the transition of the satellite into the umbra.
Similarly, we select another transition marking the satellite’s transition from the umbra to the sun
arc of the orbit, referred to as exit transition. (Both entry and exit transitions are represented by
the red lines in Fig. 4.4). It is very important to differentiate the entry from the exit transitions,
since in the Yspr and Zggpr, the entry transitions consistently increase monotonously, whereas the
exit transitions decrease monotonously. This distinction has an effect in the local minima and
maxima observed in the following tests on the Ysgpr and Zggr. When the entry transition is chosen
as the calibration waveform, the matched filter output during entry transitions will exhibit a local

maximum, whereas during exit transitions, it will display a local minimum.

Before introducing the energy normalization factor k that will be used in the retrieval of the scale
factor, the objective of this test, namely convolving the accelerometer signal with its own time
reversed and normalized signal (thus the name self-calibration) is to determine whether the
selected waveform (entry or exit transition) could be detected in the ACC measurements. The
chosen entry or exit transition, having a zero mean, undergoes normalization by its energy followed
by time reversal and subsequently convolved with the one day ACC measurements. As depicted
in Fig. 4.4, the matched filter output (blue line) is exactly 1 when the calibration waveform is
correctly aligned with itself. It is also evident that while all the other transitions are also detected,
they do not yield a value of exactly 1 in the matched filter output due to the differences in their
amplitudes compared to the selected penumbra transition. It is worth highlighting that at the focal
points, the scale factor (sharp peak) exhibits a remarkable SNR = 15 dB, where the ‘noise’ is the
variance (power) of the high frequency output of the filter. The presence of spikes in the Yszp
results in numerous false detections in the matched filter output. However, knowing the precise
timing of the penumbra transitions, these false peaks have no consequences on the calibration and

can be disregarded.
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Figure 4.4 GRACE C (January 1, 2020) Left: Scale Factors of the penumbra transitions in the three axes of the

accelerometer obtained from one entry transition waveform (red). Right: The same analysis when an exit transition is

selected as the calibration waveform. The ACC measurements along the three axes are shown in black and the

normalized filtered measurements (matched filter output) in blue.
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Through a series of comprehensive tests, we verify that our methodology consistently yields scale
factor estimates of unity for both types of transitions, when they are aligned with their
corresponding transitions in the ACC signal. Notably, our approach also excels in effectively
distinguishing the disparate magnitudes of the entry and exit transitions, a task that presents

significant challenges in SRP modeling (Robertson, 2015).

In Fig. 4.5, we show the relative scales as retrieved from the method explained above, in the Xsgp.
The Xsgr has been selected for this example because both the entry and exit transitions increase
monotonously, therefore we expect the output of the matched filter to be positive (similarly to the
top two figures on Fig. 4.4). We select the first entry transition of January 1, 2020, that occurs at
t = 723s. After the removal of the mean, energy normalization, and time reversal, we convolve it
with one year of accelerometer measurements. As expected, in the selected transition, the output
of the matched filter was exactly one, while in the following penumbra transitions, the output of
the matched filter changed significantly with respect to the B’ angle variation. When the satellite
reached B’ = 0°, the amplitude of the penumbra was two times larger than the amplitude for |8’| =
70°. This figure aims to demonstrate the advantage of the matched filter in determining the relative
differences and amplitude changes during penumbra transitions. These insights can be utilized in
the modeling of Solar Radiation Pressure (SRP) to minimize the mismodeling of penumbra

transitions.

GRACE C, 2020: Retrieval of the relative scales
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Figure 4.5 GRACE C: Scale factors that show the changing relative amplitude of the penumbra transitions with respect
to the entry transition of January 1, 2020, chosen for this self-calibration (self-test). The relative scale starts from 1

(self-calibration).
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4.2.2 Detection of Calibration Waveform in POD Total Accelerations

Before we introduce the energy normalization factor k£ and the accelerometer scale factor retrieval,
given the substantial variance (power) in the PSDs between the two datasets, our priority is to
verify the detection of penumbra transitions within the POD accelerations, even when their
magnitude is significantly smaller compared to the total acceleration levels present in the POD. In
this approach, due to the substantial difference in power between the two signals (as is shown in
Fig. 4.6 and Fig. 4.7), the output of the matched filter serves solely for detection purposes rather

than for the retrieval of the scale factor.

In Figures 4.6 and 4.7, we present one and one-half orbital revolution of GRACE A and GRACE
C respectively, illustrating the total accelerations obtained from the kinematic orbits of TU Graz
(green line), alongside the non-gravitational accelerations from the ACC1B of GRACE A or
ACT1B dataset (black line) of GRACE C. From their power spectral densities (PSDs), it becomes
evident that the accelerometer measurements are approximately -120dB in comparison to the total

accelerations of the satellite.

So, the question is: Can the penumbra transition be detected in a signal that is six orders of
magnitude larger? The answer is yes. The key to this detection scheme, in contrast to the other
matched filter methods utilized in radar systems, is that we know the exact shape and the precise
time of occurrence of the penumbra transition pulse that is hidden within the POD accelerations.
The detection analysis can be carried out either via convolution in time domain or via spectral
multiplication in the frequency domain. In this contribution we choose the frequency domain
filtering due to the easier and more efficient calculations, using the discrete direct and inverse
Fourier transforms. It is important to note that to implement the matched filter in either domain,
due to the significant difference in the powers of the two signals and to avoid edge effects, ensuring
proper alignment, the calibration waveform should be zero-padded to match the length of the POD
accelerations. The following tests are implemented on all three satellites, GRACE A, B, and C.
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= Total Accelerations

=== Non- Gravitational Accelerations

Figure 4.6 GRACE A, February 1%, 2006. Left: The total accelerations derived by the double numerical differentiation
of TU Graz positions (green) and the non-gravitational accelerations from ACCI1B dataset (black). Both time series

refer to SRF. Both time series are w.r.t. zero mean. Right: The PSDs of the two time series along the three axes of the

SRF.
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Figure 4.7 GRACE C, January 1%, 2020. Left: The total accelerations derived by the double numerical differentiation
of TU Graz positions (green) and the non-gravitational accelerations from ACC1B dataset (black). Both time series

refer to SRF. Both time series are w.r.t. zero mean. Right: The PSDs of the two time series along the three axes of the

SRF.
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However, since the results from all three satellites are similar, only the results for GRACE C are

presented here.
e 1% Detection test

In the first test, we select the second penumbra transition of January 1st, 2020, starting at t =
2323 UTC seconds. The selected POD-derived total accelerations from the kinematic positions
provided by TU Graz spans the interval December 31st, 2019, to January 3rd, 2020. The steps

followed are:
a) Removal of the mean from both time series (penumbra transition and the POD series).

b) Zero-padding of the penumbra transition (calibration waveform) so that the two time series have

the same length.
c¢) Time-reversal of the calibration waveform.
d) Fast Fourier Transform (FFT) of both time series.

e) Multiplication of the conjugate part of the FFT of the calibration waveform with the FFT of the
selected POD time series. This step ensures that the multiplication operation performed in the
frequency domain effectively corresponds to ‘cross-correlation’ in the time domain. Here ‘cross-
correlation’ means the cross power spectral density between the two series and not cross-

correlation function or coherency of the two series that is expected to be bounded in the interval

[—1,1].
f) Inverse Fourier Transform (IFFT) to derive the matched filter output in the time domain.

In Fig. 4.8, we show the zero-padded calibration waveform, the POD series over three days, and
the matched filter output. The matched filter output displays a peak when the detection is achieved,

as well as two additional false peaks, which are associated with spikes present in the POD series.
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Figure 4.8 GRACE C: a) The zero-padded calibration waveform after the removal of the mean. b) The total
accelerations derived from POD from December 31st, 2019, to January 3rd, 2020. The red arrow indicates the expected
time of the penumbra transition, which is at t = 2323 seconds from 00:00 on January 1st, 2020. ¢) The output of the

matched filter. The red arrow indicates the peak where the detection is achieved, and the yellow arrows indicate false

peaks that coincide with two spikes existing in the POD time series.

e 2" Detection test

In the second detection test, we use the same penumbra transition as in the first test but alter
artificially the POD time series. Specifically, we randomly insert different days of the POD and
segments of the POD series that contain the selected penumbra transition from January Ist, 2020.
This random padding shifts the position of the penumbra transition relative to the beginning of the

series, ensuring that detection using FFT can be performed accurately. We follow the same steps

(a) through (f) as outlined in the previous test.
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Figure 4.9 shows the same zero-padded calibration waveform, the randomly stacked POD time
series (indicating with red arrows the times where the POD segments should contain the calibration
waveform we are trying to detect), and the matched filter output. Again, in the matched filter
output, we see peaks at the times where the calibration waveform was detected in our POD. The

false peaks correspond to spikes existing in the POD due to random stacking of different days.
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Figure 4.9 GRACE C: a) The zero-padded calibration waveform after the removal of the mean. b) Randomly stacked
POD segments. The red arrows indicate the segments that theoretically contain the selected calibration waveform. c)

Matched filter output. The red arrows indicate the successful detection of the selected waveform within the POD. The

yellow arrows show the false peaks that were created due to the random stacking of the POD measurements.
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e 3" Detection test — All three axes of the accelerometer

Figure 4.10 shows the results of the matched filter output for all the three axes of the accelerometer
using one calibration waveform (left column) and all the entry transitions (right column). The
matched filter output (blue line) has a maximum or minimum value at the exact time of the selected
calibration waveform, and it is confirmed both in time and frequency domains for the three axes
of the accelerometer. In contrast to the self-calibration method, when we utilize one penumbra
transition as the calibration waveform, the detection in the POD is limited to detecting only itself
due to much higher power level of the POD-derived accelerations, noise and systematic signals.
Therefore, we can infer that achieving detection in the POD is possible primarily because we know
the timing and the characteristics of the signal we intend to detect. False peaks have been detected
during the illuminated arc of the orbit in the Xspr and the Yszr. These false peaks (local maxima
or minima) suggest the presence of a signal in the total accelerations that closely resembles the
calibration waveform of the penumbra transitions. Since we know the precise start time of the

penumbra transitions, we disregard these false peaks.

To further validate the detection in the POD accelerations, an additional test was conducted
involving data preprocessing, specifically incorporating the pre-whitening method (Gagne &
Wagner, 1998; Tucco, 2001). Pre-whitening is widely used in signal detection since it reduces the
impact of noise on the matched filter output by decorrelating the noise, improving the SNR and
enhancing certain characteristics of the signal that are important for the detection. Since the results
obtained from the pre-whitening succeed in the detection but differ in the amplitude of the matched
filter output from the previously described approach, we opt to exclude them. We would like to
emphasize that the pre-whitening method is exclusively used to enhance the detection of the
calibration waveforms in the POD accelerations and is not applied during the calibration process

in order to prevent any potential distortion of the signals during calibration.

Due to the substantial difference between the power of the POD accelerations and the
accelerometer measurements, scale factor estimates can be obtained when the power levels of the
calibration waveform and the 'scattered signal' are the same. This is done here by using the
normalization factor k (Chapter 3; Eq. (3.7)) that removes the influence of varying power levels

(Kammoun et al., 2015; Sibbett et al., 2018) of the two signals. This is particularly crucial since
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the SRP-induced penumbra transitions undergo variations from one orbit to the next.
Consequently, the calibration must be performed only during the occurrence of the penumbra
transitions by selecting all measured penumbra transitions as calibration waveforms, ensuring that
each waveform aligns with its corresponding segment in the POD-derived accelerations. A

comprehensive explanation of this process can be found in Section 4.3.
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Figure 4.10 GRACE C (January 1, 2020): Left column: Detection of the penumbra transitions in the three axes of the
POD total accelerations derived from the kinematic orbits when one exit transition is selected. Right column: Detection
of the penumbra transitions in the three axes of the POD total accelerations derived from the kinematic orbits when
all the entry transitions are selected as the calibration waveform. The POD accelerations are shown in black and their
filtered values (output of the matched filter) in blue. The red lines indicate the times of the penumbra transitions, which

match exactly the local maxima or minima of the matched filter output.
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4.3 Full 3D Calibration

Since we showed that the penumbra transition detection can be achieved reliably, the proposed
calibration approach is applied across the three different datasets detailed in Section 4.1. Therefore,
to enhance readability and avoid redundancy, whenever we mention “POD-derived total
accelerations”, we imply that this method is being applied to the accelerations derived from both
the kinematic positions (TU Graz) and the two reduced dynamic position datasets (GNVI1B, TU
Graz).

To ensure numerical stability in the calculation of the energy normalization factor k (Eq. (3.7))
and knowing that the maximum SNR occurs exclusively at the penumbra transitions, the matched
filter is applied only within the time span where these transitions are present in the accelerometer
measurements. This indicates that the calibration waveform and the POD-derived total
accelerations have the same length with their initial and final points aligned with the starting and
ending time of the penumbra transitions. The advantage of choosing strictly the penumbra
transitions is that they contain primarily the SRP signal, with small variability of drag, and spurious
accelerations which are present in other orbital arcs. The steps we follow for the retrieval of the
scale factor, which is applied to GRACE A, B and C, as showing in the following sections, are the

following (time domain convolution):

a) Since this method will work exclusively on the time of the penumbra transitions, both the
penumbra transition signal and POD-derived total accelerations have the same length. So,
we select one penumbra transition and the corresponding POD time series.

b) Removal of the mean in both series

c) Time reversal of the penumbra transition

d) Calculation the energy of both time series

e) Calculation of the energy normalization factor k

f) Multiplication of the POD time series by the reciprocal of the factor k, to ensure that the
energy of the POD time series matched the energy of the penumbra transition signal

g) Convolution of the two signals

h) Division of the output of the matched filter with the energy of the selected penumbra

transition and determination of the scale factor of the accelerometer.
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When spurious accelerations or thruster activations are detected in the penumbra transitions from
the accelerometer measurements (a common occurrence in the Yspr and Zsgr), these solutions are
rejected from our analysis. This is because the presence of such distortions would prevent the
calibration waveform from exhibiting its characteristic pulse shape. To enforce this exclusion, we
impose a constraint that the matched filter output should demonstrate a triangular shape. This
principle is rooted in the theory of time reversal methods, wherein, when the two convolved signals
are of equal length, the matched filter output assumes a triangular configuration with the highest

output value occurring at the midpoint of the calibration pulse indicating successful detection.

The deviation of the output from a triangular shape is used as condition or constraint in our analysis
in detecting weak solutions that introduce outlier scale factors. From visual analyses, it turns out
that distorted triangular shapes provide scale factors SF < 0.8523 that are outliers compared to the
neighboring values. Figure 4.11 shows a typical example of an accepted normalized matched filter
output (blue triangle). The time duration of the penumbra transition selected for this example is
65s. Figure 4.12 shows typical examples of rejected triangles, which usually arise from spikes in
accelerometer measurements during the penumbra transitions or from the less defined shape of the

selected penumbra transition.

23 The accelerometer measurements provided in the ACT1B dataset are roughly scaled, so we expect the output of
our calibration to be close to unity. Thus, the SF < 0.85 is a reasonable lower limit of the scale factors we seek to
determine.
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Figure 4.11 Example of a reliable scale factor (blue line) from random penumbra transitions along the three axes of

the accelerometer. The accelerometer measurements (black line) show w.r.t. zero mean.
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the accelerometer. The accelerometer measurements (black line) show w.r.t. zero mean.
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4.3.1 Calibration Parameters for GRACE Satellites

Following the same approach, we apply our methodology to retrieve 30 or 31 scale factors per day
for all three axes of the accelerometer on GRACE A and B for the year 2006. After excluding the
solutions that do not pass the triangular-shape criterion, we calculate daily means and their
standard error. In Fig. 4.13, the number of the daily accepted triangles for each dataset is shown
for GRACE A and GRACE B for the year 2006. Like in the previous and following figures, the
results derived from kinematic positions are represented in green, those from reduced-dynamic
GNV 1B positions are shown in blue, and the ones from reduced-dynamic positions provided by

TU Graz are depicted in red.

The results demonstrate consistent behavior for both GRACE A and GRACE B. Interestingly, in
the Xsgp direction, the number of accepted daily triangles passing the test is similar across all three
datasets. The highest count is observed when 0° < B’ < 67° and the lowest count of accepted
triangles occurs when —67° < B’ < 0°. In the Ysgp direction, the results from all three datasets
exhibit similar trends, with the number of accepted triangles remaining relatively constant,

typically ranging from 20 to 25 throughout the examined period.

When ' = 0, the cross-track direction remains unaffected by the satellite crossings into the Earth's
shadow. Consequently, there are no penumbra transitions, and the calibration method cannot be
applied in the Yspp. As ' transitions from negative to positive, the accelerometer measurements
in the Yspp shift from positive to nearly zero, and then to negative, as depicted in Fig. 4.14.
Regarding the Zgpp direction, the two reduced dynamic datasets display notably robust results,
with more than 26 accepted triangles per day. The kinematic dataset yields the fewest accepted
triangles as |B’| approaches 65°. This is attributed to the significant reduction in the magnitude of
the penumbra transitions, ultimately reaching zero. Nevertheless, it is important to mention that,
overall, the number of accepted triangles tends to exceed 20 per day despite the increased levels

of noise in the total accelerations derived from the kinematic dataset.
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Figure 4.13 GRACE A and GRACE B (2006): The daily count of accepted triangles during the matched filter process
for the three different datasets, alongside the variations of B (black line). The light-yellow bands denote periods,

where penumbra transitions are absent, and the proposed calibration method is not applicable.
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Figure 4.14 GRACE A: 2 orbital revolutions of the accelerometer measurements w.r.t zero mean along the three axes
for various values of B’. The penumbra transitions are shown in red. In the Yoz, when B’ is close to zero, the penumbra

transitions are not observed (center figure). The accelerometer measurements are shown in nm/s?, w.r.t. zero mean.

For the daily scale factors, we calculate the daily mean and their corresponding standard error. We
reckon that the standard error of the mean provides a reliable representation of the accuracy of the
calibration method, since it provides similar results to the error propagation during the convolution
process. To calculate the errors of the retrieved scales, we assign initial variances to each value of
the non-gravitational accelerations a4 and total accelerations apgp by computing the variance of
the values within a moving window of 11 points (equivalent to 11 seconds in the time domain and
approximately 77 km in the spatial domain). Since 07, .. < 04,,,, We focus only on the error of

apop, Which yields similar errors to the standard error of the mean through our specific scheme of
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double numerical differentiation. We suggest that the error analysis be revisited if different
interpolation methods are applied in the estimation of the POD-derived accelerations, as this may

impact the results.

We calculate daily scale factors for GRACE A and GRACE B for 2006 which was in the declining
phase of Solar Cycle 23 that ended in December 2008. We select this period because during high
solar activity the penumbra transitions do not appear as distinct jumps in the ACC measurements
due to the increased drag which can reach a magnitude of ~100 nm/s?. Figure 4.15 shows the
daily scale factors of GRACE A and GRACE B over the specified period. These scale factors are
estimated for each of the three different datasets, along with the standard error. The standard error
is calculated only for the scale factors derived from the kinematic orbits, as these scales are the

only ones derived solely from actual measurements.

From a least-squares spectral analysis, the scale factors in Xggr and Zggp, show insignificant
dependency on the B’ variations (percentage variance from the Least Squares spectrum is 10%),
while in Ysgp there is a periodicity of 322 days which could be attributed to B’ variations of ~161
days (percentage variance from the Least Squares spectrum is 20%). The amplitude of this
periodicity is 0.03 but from the PSD this periodicity appears not to be statistically significant. Since
our method is based on the penumbra transitions, we cannot claim that this periodicity shows a
direct relationship between the scale factor and B'variations. As the satellite approaches a full Sun
orbit, which lasts for ~28 days, the penumbra transitions (calibration waveforms) progressively
decrease in magnitude until they vanish. Consequently, the reduced magnitude of the calibration
waveform of the matched filter intensifies the challenge of detection, leading to a decrease in
detection accuracy. The scale factors derived from the three different POD datasets are almost
identical in the Xsgp. In the Yspr and Zgpp the scale factors derived from the reduced dynamic
orbits of JPL (GNV1B dataset) differ from the scales derived from the reduced dynamic orbits of
TU Graz although the difference in the total accelerations is less than1076 m/s? (cf., Fig. 4.3).
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Figure 4.15 GRACE A and B (2006): The daily scale factors of the three axes of accelerometer, alongside B’ variations

(black line). Light-yellow bands emphasize the periods during which the scale factors cannot be obtained.

Since the penumbra transitions are selected manually for each day, there may be a slight deviation
of 3 — 4 seconds in the starting or ending points. After extracting the penumbra transitions from
the measurements, to ensure the robustness of our results, we perform a sensitivity analysis by
modifying their lengths by +20 s. Remarkably, our results demonstrate that the scale factors

remain stable even when the selected penumbra transition duration exceeds the chosen value by

82



up to 10 seconds. However, when it exceeds this threshold, our findings are impacted as the distinct
shape of the pulse is distorted. Reducing the duration of the penumbra transition significantly also
affects our results. This is because the matched filter cannot capture the entire penumbra transition

pulse, leading to a reduction in signal clarity in the calibrated waveform.

For the matched filter to succeed, the calibration waveform must maintain a distinct pulse shape.
To refine our analysis, we use a weighted least-squares regression, as described by Ghaderpour &
Pagiatakis (2019; 2021), to parameterize the scale factor. This approach allows us to characterize

the scale factor using the following formulation:
Si(t) = ¢ + bst + ast?,  wherei =x,y,z (4.8)

Tables 4.1 to 4.3 display the calibration parameters of Eq. (4.8) as we vary the length, making it
either shorter or longer for the three axes of the accelerometer of GRACE A. In this
parameterization process, variable ¢ is expressed in days, beginning from January 1, 2006. The
standard deviations of the ¢, reach up to 10~3 while bg and a, reach 107 and 1072, respectively.

Hence, we can disregard them as they are negligible.

Table 4.1 GRACE A: Scale Factors for different lengths of penumbra transitions in the Xggg.

Scale Factor Duration deviation from manual extraction (seconds)

parameter
-6 -4 -2 0 2 4
cs 0.9492 0.9500 0.9502 0.9501 0.9507 0.9510
b —7x1075 —68x10° —61x10"° —58x10"5 —52x105 —47x107°
a, 43x1077 38x1077  35x1077  35x1077  34x1077  33x1077

Table 4.2 GRACE A: Scale Factors for different lengths of penumbra transitions in the Yszp.

Scale Factor Duration deviation from manual extraction (seconds)

parameter
-6 -4 -2 0 2 4
Cs 0.9610 0.9594 0.9592 0.9587 0.9573 0.9564
b 3.7%x107° 3.5%x107° 3.1x10°° 2.7%x107° 3.9%x107° 41x107°
ag 1.3x 1077 1.3x 1077 1.3x 1077 1.1x 1077 1.4 x 1077 1.5%x 1077

83


https://idp.springer.com/authorize/casa?redirect_uri=https://link.springer.com/article/10.1007/s10291-019-0841-3&casa_token=HnMD3zwDA5EAAAAA:tOS5JmDe89IYqgKNv9a1jjO0w4Ez0fg1oYh6u-h0SKaweENXusQhVIouwzGYhX7GZYLLOAI8skv7KSkmqg
https://www.mdpi.com/2076-3417/11/13/6141

Table 4.3 GRACE A: Scale Factors for different lengths of penumbra transitions in the Zszp.

Scale Factor Duration deviation from manual extraction (seconds)

parameter
-6 -4 -2 0 2 4
cs 0.9626 0.9632 0.9638 0.9640 0.9638 0.9644
b —46%x10° —48x10"° -51x10"5 -57x105 —55x10"° —63x107°
a, 1.0x1077  1.0x1077  1.0x1077 11x107 11x1077  12x1077

Given the high consistency of the scale results, in Table 4.4, we present the scales derived from

kinematic positions in the format of Eq. (4.8) for the year 2006, for GRACE A and GRACE B.

Table 4.4 GRACE A and B: Parameterized equations of the scale factors derived by kinematic approach. t is in days,
starting from January 1%, 2006.

Satellite Scales Parameterized Equation
Sy Sx(t) = 0.9528 + 6.6 X 1075t — 3.3 x 10 7¢2
GRACE A Sy Sy(t) =0.9559 + 9.1 x 1075t — 2.7 x 10~7¢2
S, S,(t) =0.9689 — 6.1 x 1075t + 8.9 x 1077¢t2
Sy Sx(t) =0.9578 — 2.7 x 10™*t 4+ 7.3 x 1077 ¢2
GRACE B Sy Sy(t) = 0.9606 — 1.4 x 10*t + 4.3 x 1077¢2
Sz $;,(t) =0.9617 — 3.6 Xx 107*t + 7 x 107 7¢t?

In Table 4.5, we present the constant values ¢, which serve as scale factors. These values are
derived from three distinct datasets, facilitating comparisons. This information is provided for both

GRACE A and B, in addition to the values proposed by Bettadpur (2009).
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Table 4.5 Scale factors for GRACE A and B, derived for 2006 based on the three different datasets. These values are
presented alongside those suggested by Bettadpur (2009).

Satellite Scales Kinematic Reduced- Reduced- Bettadpur (2009)
orbits dynamic dynamic
(TU Graz) orbits JPL orbits (TU
(GNV1B) Graz)
Sx 0.9528 0.9513 0.9516 0.9595
GRACE A Sy 0.9559 0.9426 0.9603 0.9797
S, 0.9689 0.9894 0.9807 0.9485
Sy 0.9578 0.9574 0.9582 0.9465
GRACE B Sy 0.9606 0.9479 0.9614 0.9842
Sz 0.9617 0.9967 0.9887 0.9303

As mentioned in Section 4.1, the calibration parameters using state-of-the-art methods are
determined concurrently with the observations and other dynamic parameters. These calibration
parameters are estimated alongside the spherical harmonic coefficients to attain the optimal gravity
field solution. The suggested initial values for ACC bias parameters in the case of GRACE are
computed within the POD process (Bettadpur, 2009). In our method, since we do not compute the
calibration parameters during the gravity field determination process, it is not possible to obtain a
bias estimation using the conventional approach found in the existing literature. Hence, we
calculate the daily bias parameters independently from the scale factors. This is achieved through
a daily quadratic fitting applied to the accelerometer data (ACC1B and ACT1B for GRACE and
GRACE-FO, respectively). The bias is based only on the accelerometer measurements
representing the variations of the measurements through the examined operational period for each
mission. The accelerometer biases determined in this manner can serve as initial values or as
weighted parameters in the gravity field determination process, when employing scale factors

derived from kinematic positions. The bias terms are given as:

b(t) = ¢y + ¢, (t — ty) + ¢, (t — ty)?, (4.9)
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where 7 in days, and t, is the reference epoch of January 1, 2006.
In Table 4.6, we show the mean values of the ¢, ¢; and ¢, for GRACE A and B.

Spectral analysis of daily variations of the bias parameters shows notable strong periodicity of 161
days for GRACE A and GRACE B, in the Ysgr and Zszr. However, we do not detect this same

periodicity in the spectrum of Xszr, probably due to the presence of larger drag-induced variations.

Table 4.6 Mean values of the daily estimates of ¢, ¢; and ¢, bias parameters for GRACE A and B for 2006.

Satellite Bias co (um/s?) ¢, (um/s?) [day c, (um/s?) | day?
by —-1.1790 —4.95 x 10~* 8.9 x 107°
GRACE A by 29.447 447 x 1074 —6.5x 10710
b, —0.5560 —1.56 x 1073 1.99 x 1078
by —0.6479 -1.91x 1073 2.37x 1078
GRACEB by 10.844 2.3x 1073 -1.74% 1077
b, —0.7883 9.96 x 10™* -1.39x 108

4.3.2 Calibration Parameters of GRACE C

We follow the same approach for the scale factors of GRACE C, for the period 2019 to 2020. The
values of the scale factors of GRACE C are closer to unity than GRACE A and B, which can be
attributed to the improved insulation and higher sensitivity of the accelerometer compared to
GRACE mission (Kornfeld ef al., 2019; Landerer et al., 2020). In Table 4.7, we provide the

parameterized equations for the scale factors obtained from the three different datasets.

In Fig. 4.16, we depict the number of accepted triangles utilized to calculate the scales along the
three axes of the accelerometer using the three different datasets. Due to the better performance of
the accelerometer measurements of GRACE C, the number of accepted triangles along the three
axes is higher than that of GRACE A and B, especially in the Xspp. In the Zsgr the number of the
accepted triangles in the kinematic approach consistently surpasses 15 throughout the examined
period. However, it exhibits less consistency compared to the number of accepted triangles derived

from the reduced-dynamic datasets, which remains generally higher than 27 throughout the same
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period. This discrepancy is expected, given that the total kinematic accelerations are derived from

real measurements free from any force model.

Table 4.7 GRACE C: The parameterized equations of the scales with an initial t, = 0 corresponding to January 1,
2019, and t measured in days.

Scales Dataset Parameterized Equation
Kinematic Sx(t) =0.9856 — 6.5 X 1075(t — ty) + 6.1 X 1078(t — t,)?
Sy Reduced-dynamic (GNV1B) Sx(t) =0.9862 — 1.3 X 107°(t — tp) + 3.7 X 1079(t — t,)?

Reduced-dynamic (TU Graz) ¢y _ 0 9861 — 1.3 x 10~5(t — £,) + 3.6 x 10-2(t — t,)?

Kinematic Sy(t) =0.9596 — 1.5 x 1075(t — ty) + 1.1 X 1078(t — t,)?
s, Reduced-dynamic (GNV1B) Sy(t) =0.9651 + 1.4 x 1075(t — ty) — 3.8 X 1078(t — t,)?
Reduced-dynamic (TU Graz)  Sy(t) = 0.9655 + 1.5 X 107°(t — t,) — 3.8 X 1078(¢t — t,)?

— -5 _ _ -8 _ 2
Kinematic Sz(t) = 0.9555 + 2.7 X 107>(t — to) — 4.3 X 107°(t — t,)

S, Reduced-dynamic (GNV1B) S;(t) =0.9865 + 2.1 X 1075(t — ty) — 3.2 X 1078(t — ¢t,)?

Reduced-dynamic (TU Graz) ¢y _ 0 9691 + 1.3 x 10-5(t — £,) — 2.4 x 10-8(t — t,)?

In all three axes, a semi-annual period of 182.4 days is observed. The scale factors in the Xspr and
Ysrr exhibit a periodicity similar to B’ periodicity with an amplitude of 0.015. However, in the
Zsgrr the amplitude is 0.025. This periodicity, akin to GRACE results, does not imply a dependence
of the scale factors on B'. Rather, it is attributed to the decrease in the magnitude of the penumbra
transitions as the satellite approaches its full Sun orbit. The difference in the scales derived from
the two reduced-dynamic datasets can be attributed to their difference in the total accelerations,
which follow a modulated signal pattern (as described in Section 4.1.2). This observation further
supports our statement that the matched filter, as a calibration method, can detect change even
when the difference between datasets falls below -50dB. The standard error of the mean in the
Zsgr 1s the highest of all three axes and can reach +0.02, while the standard error in the other two
axes can reach +0.006. Similar to the analysis conducted for GRACE A and B, we use weighted

least-squares regression to present the scale factors in the form of Eq. (4.8) with an initial t, = 0
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corresponding to January 1, 2019, and t measured in days. Here, it is important to highlight that

the parameterized equations were derived after removing the semi-annual periodicity.
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Figure 4.16 Left: Number of accepted triangles used for scale calculations from three different datasets, along with

[’ variations from January 1, 2019, to January 1, 2021, for GRACE C. Right: Scales derived along the three axes of

the accelerometer using the three different datasets. Light yellow bands highlight periods during which the penumbra

transitions are absent. Scales cannot be calculated in the colored bands. Different dot sizes and linewidths are used for

the purpose of visualization.
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The biases of GRACE C for the year 2019-2020 are calculated using the same approach as applied
to GRACE A and B: through a daily quadratic fitting to accelerometer measurements. The mean
bias terms, namely ¢, ¢; and c,, are presented in Table 4.8. Once again, these biases can serve as
initial or weighted parameters when integrated with the scales during the gravity field
determination process.

Table 4.8 Mean values of the daily estimates of ¢, ¢; and ¢, for GRACE C from January 1%, 2019, to December
31%, 2020.

Bias co (nm/s?) ¢, (nm/s?) [day ¢, (nm/s?) | day?
by 297.156 0.0704 —3.1x10°°
by —11397.8 —0.0815 6.2 x107°
b, 162.369 0.5320 6.3x107°

4.4 Comparison with Other Studies

We compare our monthly solutions, obtained by averaging daily values, for GRACE A with the
monthly scale factors supplied by Leibniz Universitdt Hannover (Flury, 2023) and the Center of
Applied Space Technology and Microgravity (ZARM), Universitit Bremen for the calendar year
2006. These monthly scale factors are generated as part of the gravity field determination process.
For more detailed information regarding the estimation of these scale factors from Leibniz
Universitdt Hannover and Universitdt Bremen, we recommend consulting the works of Koch et al.

(2019, 2021), Woske (2021) and Rievers & Woske (2022). Figure 4.17 shows our monthly scale

factors derived from the three distinct datasets, alongside those from the University of Hannover
and the University of Bremen. Our monthly averages obtained from the kinematic dataset exhibit
a standard error ranging between £0.001 and £0.005 for GRACE A. None of the monthly scales
display any dependence on B’ during this period. It is important to note that all solutions refer to

the year 2006, prior to the thermal control switch-off on GRACE A in 2011.
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Figure 4.17 Monthly scales estimated by the matched filter method for the three datasets (green, red, blue), Leibniz
Universitdt Hannover (black) and by Universitdt Bremen (light blue) for the three axes of accelerometer for GRACE

A (left panels) and GRACE C (right panels).

Upon comparison, all datasets demonstrate remarkable similarity in Xsgr with ZARM’s scale
factors showing the highest deviation of 0.04. In the Ysgr, our results closely align with ZARM’s

monthly scales with scale factors provided by the Leibniz Universitit Hannover showing the
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highest deviation of 0.09. Meanwhile, in the Zszr the scales obtained from the kinematic orbits

show the closest agreement with those from Hannover University.

For GRACE C, our monthly scale factors derived from the kinematic orbits, with standard error
between £0.001 and + 0.003 are compared with the scale factors derived by Leibniz Universitat
Hannover between 2019 and 2020. Similar to our previous findings, there is no dependency on S’
in the monthly solutions, with the Xgzr scales showing better agreement. An interesting
observation is that in Zggp, our solutions remain nearly stable throughout the two-year period,

while the Leibniz Universitdt Hannover scales deviate by up to 0.14.

4.5 Discussion

In this chapter, we presented an innovative time-reversal filtering approach for calibrating the
accelerometer measurements of GRACE A, GRACE B, and GRACE C. This method relies solely
on accelerometer measurements and kinematic POD-derived total accelerations. We used the
kinematic orbits from TU Graz as our 'absolute' standard for calibration and compared them with
two reduced-dynamic orbits from JPL (GNV1B) and TU Graz. The use of a kinematic orbit ensures
that our calibration method is independent of force models, providing scale factors based on actual
measurements. In contrast, scales derived from reduced-dynamic positions were used for
validation and comparison. Biases along the three axes of the accelerometer were computed
independently using weighted least squares quadratic regression. The ¢y term demonstrates good
agreement with the values proposed by Bettadpur (2009). However, differences in the ¢, and ¢,
terms reach one to two orders of magnitude. These biases could serve as initial values or weighted

parameters in the gravity field determination process.

We have demonstrated that the signal focusing method, widely used in radar applications for signal
detection, is a reliable and robust method for the calibration of the accelerometers and in concert
with standard instrument calibration methods. The calibration parameters derived in this study

must be used as weighted parameters in the gravity field solution processes. The key advantage of
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this method lies in its independence of physical models enabling its easy application to any of the

available accelerometer datasets.
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5 Exploring Thermospheric Patterns Through
Measurement Errors: A weighted Accelerometer

Dataset of GRACE C

Satellite data serve as the foundation for understanding the Earth's complex structure and physical
properties. However, achieving high measurement accuracy requires careful attention. This chapter
introduces a new methodology designed to improve the reliability of satellite measurements and
parameter estimation by assigning observational covariance matrices and propagating their effects
to the estimated parameters. The method, which can be applied to any satellite measurements, is
applied to the accelerometer measurements of GRACE C satellite and provides a new weighted
accelerometer 1B dataset. The method begins by establishing initial variances through
autocorrelation analysis. Subsequently, employing a low-pass Gaussian filter, which incorporates
the covariance matrix of the measurements and its propagation through the Gaussian window to
the values of 1B dataset. The analysis of the variances highlights disturbances associated with
geomagnetic storms, satellite passages through Earth's shadow and crossings with the terminator

(twilight zone)?*, showcasing monthly intensity fluctuations that peak during equinoxes.

This chapter is a modified version of an article submitted for publication to Geophysical Research
Letters under the title "Exploring Thermospheric Disturbance Patterns Through Space-borne

Accelerometer Measurement Errors: A Weighted Accelerometer 1B Dataset of GRACE C".

24 Terminator or twilight zone divides the daylit side and the dark (night) side of a planetary body. The Earth
terminator moves with an approximate speed of 463 m/s at the equator (supersonic speed due to the spin of the
Earth).
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5.1 The Necessity of Weighted Accelerometer Measurements

Analyzing satellite measurements faces challenges such as errors, correlations, and uncertainties.
As it is standard practice in estimation theory, a covariance matrix associated with any
measurements is unequivocally needed for the characterization of the stochastic properties of the
measurements. Defining a reliable a-priori covariance matrix for the measurements is challenging
and in the case of the GRACE mission data, for example the 1A and1B datasets that are key in the
determination of the gravity field parameters, have no covariance information. To bypass this
deficiency, we introduce a straightforward method to create such covariance matrices directly from
the measurements using their statistical characteristics. This method is adaptable to any satellite
measurements that are in form of a time (or space) series. The method excels in outlier detection
and in the reliable determination of low-frequency signals without undesirable modifications of
the measurements, such as the removal of “bad” observations, spikes, various other flaws, and
interpolations. We demonstrate its effectiveness using GRACE C accelerometer measurements,
showcasing its potential for the treatment of any satellite time series through covariance matrix
assignment and propagation to the model parameters. We select the accelerometer measurements
from GRACE C satellite for its high sampling rate (10Hz) and its ability to measure the non-

gravitational forces acting on the satellite.

In GRACE-FO, the accelerometers show substantial errors during the initiation and conclusion of
roll thruster firings, which could be caused by aliasing during the digital conversion (Harvey et
al., 2022). Another challenge is the presence of large spikes — denoted as phantom outliers/spikes
accelerations, which mostly occur when the satellite enters the Earth’s shadow. Both types of
“unrealistic” accelerations are removed during the conversion from Level 1A to level 1B and the
gaps are filled using linear interpolation as required to obtain the gravity field solutions (Bandikova
et al., 2019). Peterseim et al. (2012) conducted a comprehensive examination of the systematic
errors resulting from magnetic torquers and heaters in the ACC1A dataset of the GRACE mission.
Murbock et al. (2023) advanced the separation of signal and noise in estimated gravity field
parameters by integrating accelerometer data with the inter-satellite Microwave ranging
Instrument (MWI). The authors suggested that in the future, a more sophisticated preprocessing
approach for ACC1A and the modeling of the spikes should be followed. Eliminating spikes from

the ACT1B dataset is impactful due to its role in the transplant method, in which accelerometer
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measurements from GRACE C are utilized to generate corresponding measurements for GRACE
D. Consequently, various methodologies have been suggested to address the treatment of
accelerometer measurements from GRACE C for the creation of alternative GRACE D datasets

(Behzadpour et al., 2021).

Assigning variances to the non-gravitational acceleration measurements is significant in
thermospheric density modeling. To address the problem of excessive prediction discrepancies
observed in the NRLMSISE-00 model when compared to density observations obtained from
GNSS data (Callejon et al., 2023), a weighted least squares estimation (WLSE) was introduced.
The authors have disassembled the NRLMSISE-00 model into its primary constituents using
principal component analysis and subsequently they fine-tuned each constituent through the

WLSE calibration process.

Uncertainties associated with accelerometer measurements contribute to variations in
thermospheric mass densities, contingent upon the methods employed for density extraction
(Mehta et al., 2017). Kodikara et al. (2023) underscored the significance of comprehending these
uncertainties because they are essential for investigating errors in neutral mass density estimation.
Siemes et al. (2024) propagate measurement noise and errors from satellite sensor specifications,
thermospheric models, and radiation flux data to quantify thermospheric neutral density
uncertainty from accelerometer and GNSS tracking data. While accelerometer-derived
thermospheric density uncertainties decrease with enhanced satellite geometry modeling, they also
increase at higher altitudes due to radiation pressure errors. The authors acknowledge that the
method accounts for known models and error sources, but caution that uncertainty may be

underestimated due to unknown factors.

The need to determine a reliable a-priori covariance matrix for the accelerometer measurements
becomes even more imperative when considering the estimation of the neutral wind vector
component along the cross-track axis of the accelerometer. This importance arises because
calculations of the cross-track wind component using the accelerometer measurements in the
along-track axis, cannot effectively distinguish between the effects of neutral density and wind
speed. Additionally, in the radial direction, the accuracy of the accelerometer measurements is

insufficient for the calculation of neutral densities (Sutton ef al., 2007). On GRACE satellites the
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cross-track acceleration measurements are subject to spurious spikes, which can significantly
disrupt the accurate determination of the crosswind components, which are much more sensitive

to errors in the models and measurements (Lu ef al., 2014).

In early 1970s, Chimonas & Hines (1970) and Davis & da Rosa (1970) theorized that traveling

ionospheric disturbances (TID) could be generated during a solar eclipse. Later, Beer (1973)
predicted that the supersonic motion of the solar terminator may generate wave-like atmospheric
disturbances throughout the Earth’s upper atmosphere in form of acoustic gravity waves (AGWs).

Crombie (1964) had already shown that the propagation of radio waves was substantially affected

around the solar terminator. Somsikov & Troitskii, (1975) proved theoretically Beer’s hypothesis
and new vigorous research has been carried out on this subject ever since; more information can
be found in Somsikov (2011). Closely related to this contribution, the LEO satellites transition
abruptly through the solar terminator before and after their transition to the Earth’s umbra and are
expected to be disturbed by the AGWs. The observation of large-scale gravity waves in the
thermosphere has been investigated using CHAMP and GRACE missions (Forbes et al., 2008;
Guo et al., 2015; Park et al., 2020)

Our motivation for this contribution goes beyond the mere determination of the Earth’s variable
gravity field that requires both the measurement of the total accelerations of the spacecraft via
onboard GNSS tracking and the independent measurement of its non-gravitational accelerations
by means of onboard 3D accelerometer. The uncertainties of the non-gravitational accelerations
and the products thereof, albeit crucial, have not been estimated or accounted for previously. We
look at this challenge from the perspective of these measurements forming a stochastic and non-
stationary time series, focusing on their second-order stationarity expressed by the variance, which
also defines the variable energy (quadratic norm of the measurements) or power (average quadratic
norm) of the series short segments. Whereas the stochastic consideration of these measurements,
expressed through their covariance matrix will enhance the accuracy of the gravity field models in
the future, we show that the variances of the non-gravitational accelerations represent the level of
energy or power of the complex phenomena occurring in the ionosphere/thermosphere and

magnetosphere systems.
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5.2 Accelerometer Measurements as Stochastic Series — Methodology

For GRACE-FO mission the ACC1A raw measurements, up to a scale factor defect, are provided
along with the ACT1A and ACT1B datasets which represent the raw measurements corrected from
phantom outliers or implausible accelerations occurring during thruster firings in 10Hz and 1Hz,
respectively (Wu et al., 2006). The ACT1B dataset provides the non-gravitational accelerations in
the Science Reference Frame (SRF). In the SRF, X¢zr points toward the other satellite, Zsgr is
nadir-pointing, and Ysgr completes a right-handed triad. The definition of the reference frames

used in GRACE missions can be found in Chapter 2.

A new 1B dataset, namely the ACW1B for GRACE C is derived and proposed in this study that is
estimated from ACC1A raw measurements that are treated as a stochastic process, possessing a
covariance matrix derived from experimental autocovariance functions of short ACC1A segments.
The ACC1A is filtered, and the covariance matrix is propagated through the convolution algorithm
to the filtered values, thus forming the ACWIB as an uncorrelated random process. The down
sampling from 10 Hz to 1 Hz is executed concurrently with the filtering process while all time

corrections pertaining to Level 1A are applied to Level 1B.

All the results and relevant graphs presented in this study, refer to the SRF. A comprehensive
analysis on the reference frames of GRACE-FO and the time corrections, can be found in Wen et

al. (2019). The procedure followed in this study consists of the following sequential steps:

a. Data Availability: The ACCIA dataset (1Hz sampling rate) is used as the primary data

source because it provides the “raw” measurements in the Accelerometer Frame (AF).

b. Autocorrelation Analysis of the ACCIA measurements: The autocorrelation analysis is
performed after eliminating the dominant periodicities (orbital period plus its three
dominant harmonics) from the ACCIA. This analysis shows a substantial decrease in
correlation (less than |0.3]) for time lag T > 10 (1s). Thus, we set the variance of each
point in the ACCI1A dataset, equal to the calculated variance of a moving window of n =
11 points (1.1s), centered at the point under consideration. The removal of the dominant

periodicities (frequencies < 1 mHz) is applied only in this step to calculate the window
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length n and the initial variances of the ACC1A measurements, ensuring that the series can
be treated as a random process by eliminating most systematic signals. In addition, the
calculated variance of the 11 points is reliable because it corresponds to a short orbital
segment of ~7.5 km (1.1s duration), which is 30-40 times shorter than the typical spatial
resolution of GRACE (200-300km), thus all 11 points practically correspond to the same

location.

Low-Pass Filtering (smoothing): A symmetrical Gaussian kernel is selected but any other
filter (smoother) can be used as required. The bandwidth of the Gaussian impulse response
(kernel) is calculated by o = f;/2nf,, where f; is the sampling frequency in Hz, and f; is
the selected cut-off frequency of 0.035 Hz (as in the estimation of the official ACT1B).
The 60 = 271 points define the size of the symmetric Gaussian kernel, which is adjusted
to N = 301 points to align the power spectral density (PSD) of the resulting ACW 1B with
the attenuation characteristics of the official ACT1B which is derived from a Butterworth
filter of 0.14 delay (Wu et al., 2006). For alternative accelerometer measurement analyses,
such as those focusing on higher frequency signals, the kernel size can be adjusted
accordingly. Let G be the N-dimensional deterministic vector of the normalized Gaussian
kernel and let x be the N-dimensional vector of the ACCIA accelerometer measurements
within the Gaussian window. Matrix P, = £;1is the N-dimensional weight matrix of x,
equal to the inverse of its covariance matrix X (to be derived below). The filtered values

are the weighted least-squares estimates given by (Vanic¢ek and Krakiwsky, 1986)

% = (G"P,G)'G"P,x (5.1)

where superscript ‘T’ indicates matrix transposition. For different filters and different

cutoff frequencies, the coefficient vector G must be modified accordingly.

Construction of correlation matrices of short ACC1A segments: As shown from step (b),
the correlation matrix is set to n X n, n = 11, to consider the correlation between the

measurements for T < 10 (1s). The diagonal elements of the correlation matrix are p;; =
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1,i =1,..n, while the non-diagonal elements pipt=1.n j=1, ..nand I # ],

comprise the correlations derived from the experimental ACF for 0 < 7 < 10.

Construction of the n X n sub-covariance matrix of each segment of ACC1A: The diagonal
elements include the initial variances 67,i = 1, ...n calculated from step (b) and the non-
diagonal elements o; s include the covariances calculated from the variances aiz, and the
correlations p;; according to

O'ij

Pij = —— (5.2)

O'iO'j.

Generation of the full covariance matrix X: The covariance information (from step (e)) is
embedded into the diagonal covariance matrix N X N (N = 301), corresponding to the
entire Gaussian kernel. The matrix is populated with the variances calculated in step (b)
along the main diagonal and the fully populated n X n covariance matrix from step (e) is
implanted at the center (shaded submatrix in Eq. (3)), incorporating the correlation
information into the analysis. Centering the n X n covariance matrix means that the
element 0(m_1y/241 = O(nv—1)/2+1 (ted shaded element in Eq. (3)), ensuring proper
alignment. All other off-diagonal elements (non-shaded elements in Eq. (3)) are set to zero.
It 1s noted that the shaded main diagonal elements comprise single variances and not sub-

matrices. The resulting block-diagonal covariance matrix Xis given by
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g. Calculation of the variances of the ACW1B (1Hz): The variance of a single filtered value
is calculated by propagating the error covariance matrix of x through Eq. (2) thus,

0f = GEZ,G" (5.4)

The steps followed for the calculation of the variance at each point are shown in Fig. 5.1 for a

clearer representation.
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Figure 5.1 A flowchart outlining the steps to derive the ACW1B dataset, and the variances calculated at

each point, with each step labelled by a corresponding letter that is explained above.

Figure 5.2 illustrates the ACT1B and the ACWI1B with its corresponding standard deviations of
lo and Fig. 5.3 displays their power spectral densities (PSDs). Figure 5.4 shows the differences
between the two datasets and the PSDs of these differences along the three axes of the
accelerometer. Considering that during the filtering process the initial variances have been taken
into consideration, ACW 1B dataset does not contain spurious spikes which are notably dominant
in the Yspr and Zsgr of the ACT1B dataset (Fig. 5.2; right panels; blue line). Many of these spikes
present in the ACT1B dataset are due to thruster activations which are dominant in the Ysgr and
Zsgr as one of the magnetic torquer rods aligns parallel to Earth’s magnetic field lines, resulting

in inadequate generated control torque (Bandikova et al., 2019).

In segments where the ACT1B dataset does not have spikes, the differences between the two
datasets are consistently less than 3 X 1072 nm/s? across all three axes. From the three PSDs of
the differences (Fig. 5.4; right panels), it is also evident that the smallest difference between the
two datasets is in the Xggr (62 = 0.11 nm?/s*), followed by the Zggr (62 = 3.61 nm?/s*) and
the Yspr (02 = 46.24 nm?/s*). In Figure 5.2 (right panels) the average variances of the ACW1B
dataset along the three axes are: gf = 0.008 (nm/s?)?, of = 0.001 (nm/s?*)? and of =
0.01 (nm/s?)?. Since the Yggp is the least sensitive axis, its variance is the smallest, as expected.
Interestingly, the variances of the Zgpr are the highest and show orbital periodicity. Due to the
elimination of the spikes during the filtering process, the standard deviation of the new ACW1B

dataset is significantly smaller than the standard deviation of the ACT1B which is o4cr1p 5=

= - 2
OacT1B,y = OacT1B,z = INM/S*.

The proposed ACW 1B dataset excludes thruster activations by accounting for the variances during
filtering. This ensures that non-gravitational accelerations from drag, SRP, ERP, or TRP are

included, while accelerations from thruster activations for attitude control, or other reasons, such
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as those caused by electric current changes, are eliminated. Consequently, this dataset is suitable
for thermospheric density determination without the need to remove accelerations around thruster
activation times, thereby minimizing unwanted residuals (Doornbos et al., 2010; Calabia & Jin,
2017; March et al. 2021). Figure 5.2 displays both the ACT1B and ACW 1B datasets for GRACE
C over the examined period (August 2018 to August 2020) along with the variations in 8. While
there is no notable difference between the two datasets in the Xzp, it is evident from Figs. 5.6 and
5.7 that in the other two axes, the ACWI1B dataset enhances the non gravitational acceleration
signal by eliminating the spikes. The differences between the two datasets in the X¢zr do not
exceed 4 nm/s?, with the largest differences observed when 8~ = 0°. The differences in both the
Ysgr and Zggp reach up to 20 nm/s? across the examined period, with the largest differences again
occurring in the Zszr when B = 0°. In the Ysgp, the disturbances are high and consistent
throughout the examined period, due to dominant spurious spikes present in the ACT1B dataset.
In the Yspr and Zggp (Figs. 5.6 and 5.7, respectively) significant disturbances of unknown origin
are observed in the ACTIB dataset between November 2018 and February 2019. These
disturbances are not present in the Xspr but importantly, they are not present in our proposed

ACW 1B dataset.

Similar to the differences between the two datasets, the magnitude of the accelerations, changes
w.r.t. B angle variability. As | ﬁ'| — 70°, the satellite enters in a full-sun orbit. Positive 8 signifies
that the satellite travels counterclockwise when observed from the Sun. As B — 0°, the satellite
orbital plane aligns with the Earth-Sun direction, and nearly half of its orbit is into the Earth’s
shadow. When this occurs, the accelerations in the Xsgpr and Zgzp reach their maximum amplitude,

while the accelerations in the Ysgr are nearly negligible.
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Figure 5.2 GRACE C, February 11, 2019. Each row of panels corresponds to each axis of the accelerometer. Left

panels: Two orbital revolutions of ACT1B (in blue) and ACW1B (in red, yellow, and green) along the three axes of

the accelerometer in the SRF. Right panels: A Closer Examination of the standard deviations in the ACW1B Dataset

(grey areas represent 10).
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Figure 5.3 Power Spectral Densities (PSDs) of ACT1B alongside the weighted PSD of ACW1B dataset.
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Figure 5.4 Left panels: The differences (ACT1B — ACW1B). Right Panels: The PSD of the difference (ACT1B —
ACW1B) for all three axes. The variance calculated by the area of the three PSDs is shown in the colored boxes for

each axis.
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ACT1B and ACW1B in the Xggp

80 T T T T T T T T T T T T T T T T T T T T T T T T T |

2018 2019 2020 90
_80 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ] ; -
09 11 01 03 05 07 09 11 O1 03 05 07 09
Months
Difference of ACT1B — ACWI1B in the Xgp
6 T T T T T T T T T T T T T T T T T T T T T T T T T ] 90
60
30
D]
0 o
<
—3053
-60
2I0]18 1 1 1 1 1 Izoll? 1 1 1 1 1 1 1 2IO%C 1 1 1 ] _90
09 11 01 03 05 07 09 11 O1 O3 05 07 09

Months

Figure 5.5 GRACE C: ACT1B (blue) and ACWIB in Xsgpr datasets from August 2018 to August 2020. Both datasets
are represented w.r.t. zero mean and after the removal of the linear trend, for visualization clarity. The f variability is
overlayed on the graph (gray line) to show the changes in the differences between the two datasets over time. The
colored regions denote the different years over the examined period and the red colored bands indicate the periods of
B =0.
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datasets are represented w.r.t. zero mean and after the removal of the linear trend, for visualization clarity. The
B variability is overlayed on the graph (gray line) to show the changes in the differences between the two datasets
over time. The colored regions denote the different years over the examined period and the red colored bands indicate

the periods of 8 = 0.
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Figure 5.7 GRACE C: ACT1B (blue) and ACWIB (green) in the Zgp datasets from August 2018 to August 2020.
Both datasets are represented w.r.t. zero mean and after the removal of the linear trend, for visualization clarity. The
[ variability is overlayed on the graph (gray line) to show the changes in the differences between the two datasets

over time. The colored regions denote the different years over the examined period and the red colored bands indicate

the periods of 8 = 0.
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5.3 Validation of the Method

The newly derived ACW 1B dataset for GRACE C cannot be tested directly as a stochastic dataset
in the gravity field solutions since this would require the production of an associated transplant
dataset for GRACE D plus a significant modification of the existing models/software to accept
and propagate an input covariance matrix of the accelerations to the final solutions. Additionally,
since the total satellite acceleration includes thruster accelerations, using only the ACW1B dataset
without applying the same methodology to other datasets implicated in the gravity field
determination would result in failure to remove thruster activation accelerations, leading to a

substantially noisier solution beyond the SH,y(Koch, 2023).

Testing the validity of the derived variances of the ACWIB for GRACE C can be performed by
comparing their long-term systematic trends and patterns with known disturbances in the
thermosphere as elaborated on in the introduction. As noted, the accelerometers exhibit sensitivity
to the thermospheric composition and its changes, including magnetic storms, various radiation
types, fluctuations in temperature, the transition to and from the Earth’s shadow, and the
interactions with the acoustic gravity waves (AGW) generated forward to the motion of the
terminator at subsonic speeds?®. We find that the most revealing graphs are the ones that display
long-term calculated variances versus the argument of latitude. For the discussion that follows, we
plot the variances spanning a period of 2 years (August 2018 to August 2020) along the three axes
of the accelerometer (Fig. 5.8 for the Xgpp, Fig. 5.9 for the Ygpp and Fig 5.10 for the Zggp). In

these figures, the data have been down sampled to every 10 seconds for computational efficiency.

25 These are like the shock waves generated by an aircraft when it exceeds the speed of sound (supersonic
boom).
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Variances in the Xgpp
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Figure 5.8 Variances of the accelerometer measurements (1Hz) from August 2018 to August 2020 in the Xgzr. The
argument of latitude, ranging from 0 to 360 degrees, describes a satellite's position in its orbit relative to Earth's
equatorial plane. It signifies 0° at the equator, 90° at the North Pole, 180° back at the equator, 270° at the South Pole,
and 360° again at the equator. The white bands visible in the data for February and March 2020 indicate missing data

during that time. The arrows, the circles and the ellipses are explained in the text.

110



Variances in the Y gpp x107

) i \ “.Eartlf's Shadow
Earth’s Shadow | & |

N
= A

= n | N
f N b ) A% Earth’s Shadow 1-6.
Earth’s Shadow : - | & : |
Y ARY \& \ &l 1.4

: ; ’ : 3 : } Earth'sfphadow
g . Earth'’s Shadow % . % W

09 11 01 03 05 07 09 11 O1 03 05 07 09
2018 Months

(nln/szf

O

Argument of Latitude (°)
Ascending \O Descending % Descending~J Ascending

Figure 5.9 Variances of the accelerometer measurements (1Hz) from August 2018 to August 2020 in the Yggp.
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Figure 5.10 Variances of the accelerometer measurements (1Hz) from August 2018 to August 2020 in the Zggg.
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Throughout the examined period of two years, the satellite traversed the terminator and the Earth's
shadow, covered all local times, and encountered diverse geomagnetic storm activities. The
terminator represents the shifting border between illuminated and shadowed areas at orbit altitude,
marking the boundary between day and night. This division affects temperature, solar flux and
density variations throughout the atmosphere therefore the accelerometer variances reflect those
readings. The accelerometer is also affected by temperature variations during the penumbra
transitions, where the light from the Sun is partially blocked as the satellite moves further unto the
shadow. As shown in the figures above, there are distinct regions with higher variances along the
three axes of the accelerometer. We explain many of these variances here, while others remain

unexplained and will be highlighted for future research.

White/Orange arrows: GRACE-FO takes about 161 days to cover the 24 local time hours. As
expected, the variances during the entrance/exit or dusk/dawn (white/orange arrows) time to and
from the Earth’s shadow (penumbra transitions) are higher in all three axes of the accelerometer
as highlighted by Harvey et al. (2022), who emphasized the significance of accurately addressing
the spikes induced by thruster firing or during the satellite passage through the Earth’s shadow.
The Ysgr and the Zgzp are notably disturbed during the exit transition from the Earth’s shadow,
which is consistent with the numerous spikes in the ACT1B dataset during the penumbra
transitions. There is currently no explanation why the disturbances, as depicted in the variances
and in the ACT1B data, are most prominent during the exit transition. However, it is likely that

there is a local time dependence that requires further investigation.

Green/Red arrows: Interesting signatures in the accelerometer variances occur during the
terminator crossings, particularly along the Xspr when the satellite crosses the terminator at nearly
right angle (green and red arrows) near the north and south poles (at 90° and 270° argument of
latitude). While the terminator crossings are not clearly visible in the Xsgr in the equatorial region
(for argument of latitude of 0° and 180°), they are more visible in the Yz and Zsgp (White ellipses

in Figs. 5.9 and 5.10).

Somsikov (1995) discusses a notable inconsistency in atmospheric disturbances occurring during
the transition between sunset (green arrows) and sunrise (red arrows) regions (Fig. 5.8). In these

regions and thermospheric altitudes the ACWs are often generated by the inconsistency of the
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atmosphere and their subsonic speed. These wavelike oscillations in electron temperature have
typical horizontal wavelengths that peak near 1000 km (Raitt & Clark, 1973), although CHAMP

mission showed scales by a factor of 3 less than the typical ones (Forbes et al., 2008).

Green arrows show that in the sunset regions, significant disturbances are present in the Xsgp
during October to December 2018, September to November 2019 and June to August 2020,
affecting the northern hemisphere. Additionally, disturbances in the sunset regions were observed
in March to May 2019 and December 2019 to February 2020, impacting the southern hemisphere.
The red arrows indicate the same structured disturbances in the sunrise regions for the same
periods. We can claim that these disturbances are connected to the AGWs, and are dependent on
local time, the terminator and the season rather than latitude. The solar terminator and the
generated AGWs have been studied in the thermospheric densities derived from CHAMP satellite
(Forbes et al., 2008; Liu et al., 2009) as well as from GRACE and GRACE-FO (Park et al., 2023)

White ellipses: In the Yszr and Zsgy, we highlight the terminator near the equator and during full
Sun orbit, with white ellipses. The variances of the Xz are not significant because the orbit is

nearly parallel to the terminator. However, the other two axes are affected by different intensities.

Blue Arrows: Along the three axes of the accelerometer during February to May 2019 and
December 2019 to March 2020 a strong signature is evident only on the descending tracks in
latitudes 0° — 90°N. Conversely, during August to November 2019 and July to August 2019 there
is a strong signature observed on both ascending and descending tracks covering the southern
hemisphere. We show these arrows only on the Yspp for enhanced visualization clarity, but in the
other two axes the variances denote strong disturbances during these periods as well, especially in

the ZSRF'

White Circles: The Yszp, being the least sensitive axis of the accelerometer, experiences the least
disturbances. However, it interestingly depicts disturbances between the outer boundaries of the
terminator that are not apparent in the other two axes. These disturbances could be attributed to

crosswinds or elevated electron activity during daytime due to temperature fluctuations.

Red circles: The Zsgr, showing the highest variances, displays a notable asymmetry between the

September and March equinoxes, with higher disturbances observed in the Southern hemisphere
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during September and in the Northern hemisphere during March. This asymmetry is also observed
in the Xsgr but not with the same intensity. This structured asymmetry suggests distinct
atmospheric conditions or geophysical phenomena prevalent in each hemisphere during these
equinox periods. We believe that these disturbances are particularly notable in the Zggyr as the
radial direction measures not only SRP but also ERP. The highest disturbances on Zggzr may be
attributed to the sensitivity of the accelerometer radial component to twangs (Peterseim et al.,
2013), which could be correlated with the presence of the whistlers®® propagating in the radial
direction (Schlicht, 2022).

Pink ellipses: In the Zsgy a visible signal covering the Northern hemisphere emerges, starting on
May 2019 and March 2020 and persisting for 4 months. For both periods, the disturbance shows
the same structure, but it appears during the equinox and at the start of the June solstice. The source

of this signal is unknown and requires further investigation.

Lastly, we can observe that the variances in the Xsgpr and Zggr during March and September 2019
show the highest intensity, probably due to the Earth’s magnetic field cracks that maximize in

spring and fall letting through more solar wind energy (Zhao ef al., 2012; Jackson et al., 2019).

From a month-to-month observation, short-duration disturbances associated with geomagnetic
storms can be noticeable in both hemispheres during the examined period. From a preliminary
analysis as shown in Fig. 5.11, it appears that disturbances occurring during geomagnetic storms
exhibit a wavelike structure that persists for a few days, contingent upon the intensity of the storm.
Interestingly, disturbances are observed in both hemispheres even during minor storms. The strong
signals observed during solstices or equinoxes, along with the high correlation of variances with
terminator crossings, sometimes make it challenging to differentiate disturbances associated with

other phenomena.

% Whistlers are very low frequency (VLF) waves that can propagate through the Earth's atmosphere. When these
waves enter the ionosphere, the signal is dispersed, meaning higher frequencies travel faster than lower frequencies,
causing a characteristic whistle sound (Schlicht, 2022).
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Figure 5.11 GRACE C: Variances in the Xggp for different periods between 2018-2020. The red ellipses show
disturbances linked to geomagnetic storms that occurred during each selected period. The white/orange arrows indicate

the entrance/exit to/from the Earth’s shadow. The white ellipses denote the terminator crossings.
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5.4 Summary

In this chapter we emphasized the necessity of a weighted and decorrelated 1B accelerometer
dataset (stochastic process). Such a dataset is crucial for eliminating the influence of unwanted
disturbances without resorting to the deletion and interpolation of thruster or other spikes and noisy
segments. On the other hand, it allows for the identification of periods with increased disturbances,
supporting investigations of various phenomena related to space weather. This dataset could also
be used as a reference during the modeling of the non-gravitational accelerations, which will be
discussed in Chapter 6, and is also quite valuable during the extraction of the thermospheric
densities, particularly because the accelerations resulting from thruster activations must be
eliminated, a task that can be challenging otherwise. The accelerometer is generally affected by
the state of the thermosphere in a similar manner along all three axes, although possibly not to the
same degree of intensity. However, it is evident that disturbances impact each axis differently, and
their durations vary across the axes. Therefore, it is essential to account for these errors
appropriately when utilizing the accelerometer measurements in various studies from gravity field

solutions to thermospheric densities and space weather.

The variances indicate that a significant portion of the phenomena affecting the accelerometer is
associated with terminator crossings, which are known sources of atmospheric irregularities. The
dominant waves observed before the satellite enters the Earth’s shadow warrant further
investigation to determine if there is a correlation with the AGWs observed in thermospheric

densities (Vadas & Nicolls, 2012; Vadas & Crowley, 2017).
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6 Data-Driven Radiation Pressure and Drag model:
Insights from GRACE-FO Residuals

In this chapter, we present an original method to model the radiation pressure (RP) and atmospheric
drag acting on GRACE-FO. Our models are exclusively data-driven, based on the spectral
characteristics of the two dominant non-gravitational forces influencing the satellite, which exhibit
periodicities closely aligned with the satellite orbital period and its harmonics. This modeling is
implemented using weighted Least-Squares methods, to analyze the weighted ACWI1B dataset
developed in Chapter 5. Following the modeling, we use wavelet decomposition of the residual
series to isolate higher frequency drag effects into the model. Finally, we investigate the residual
series during different local times, providing valuable insights into the satellite response to these

non-gravitational forces.

6.1 Solar Radiation Forces on GRACE missions

Before exploring the various modeling methods of nongravitational accelerations for different
applications, it is important to introduce the sunspot number F10.7 and the solar cycle. The Sunspot
Number, in conjunction with the F10.7 cm radio flux, is usually regarded as one of the most often
used solar indices for describing the gradual changes in solar activity over time, known as solar
cycle. Comprehending the fluctuations in the solar cycle is advantageous not only for analyzing
the response of the accelerometers but also for verifying the precision of the current, state-of-the-

art physical (theoretical) models developed for GRACE missions.

Sunspot Number: This is a measurement of how many individual sunspots and sunspot clusters
are present on the Sun surface. Sunspots are regions of reduced temperature and darkness on the
surface of the Sun, resulting from magnetic disturbances. The sunspot number fluctuates with the
solar cycle, which lasts for about 11 years. Increased solar activity is correlated with larger sunspot
numbers, and this can affect satellite operations, space weather, and even the temperature on Earth

(Hathaway et al., 2002; Clette et al., 2014).
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F10.7 cm Radio Flux: The F10.7 cm Radio Flux is a quantification of solar radio emissions
specifically at a wavelength of 10.7 centimeters (2800 MHz). It serves as an additional significant
measure of solar activity. The F10.7 cm flux is measured in solar flux units (sfu), with 1 sfu =

10722Wm™2Hz 1L,

The F10.7 cm flux is closely connected to the sunspot number but gives a more consistent and
reliable estimate of solar activity. It is less sensitive to short-term fluctuations and more reflective
of the overall level of solar activity. High F10.7 cm flux levels imply higher solar activity, which
can have a significant impact on satellite communications, GPS systems, and ionosphere

conditions (Tapping, 2013).

Solar Cycle: The solar cycle is an approximately 11-year cycle of fluctuating solar activity driven
by the Sun's magnetic field. It comprises the following phases: solar minimum (fewest sunspots
and low activity), ascending phase (increasing sunspots and activity), solar maximum (peak
sunspots and activity), descending phase (decreasing activity), and returning to solar minimum.

Key features include sunspots, Solar Radio Flux, solar flares, and coronal mass ejections (CMEs)

(Hathaway, 2015).

As Fig. 6.1 shows, the GRACE mission monitored the Earth and provided measurements starting
near the solar maximum of Solar Cycle 23%’ and covering most of the Solar Cycle 24%8. The
GRACE-FO mission, launched in 2018, began providing measurements during the solar minimum

of Solar Cycle 24 and is currently ongoing, covering Solar Cycle 25%.

The phase of the solar cycle and solar activity play a crucial role in modeling non-gravitational
accelerations. Most proposed models, which will be discussed in Section 6.2, exhibit decreased
accuracy during periods of high solar activity due to the difficulty in determining the atmospheric
drag acting on satellites. On the other side, during periods of low solar activity the small amplitude
of drag compared to the SRP acting on the satellite can reduce the accuracy of estimating the
calibration parameters of accelerometer (as discussed in Chapter 4) using the physical models

(Woske et al., 2019)

27 Solar Cycle 23 started in May 1996 and ended in December 2008. Its solar maximum occurred around April 2000.

28 Solar Cycle 24 started in December 2008 and ended in December 2019. Its solar maximum occurred around April
2014.

2 Solar Cycle 25 started in December 2009.
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Figure 6.1 Sunspot Number (left y-axis) and F10.7 cm Radio Flux (right y-axis) from 2000 to 2024. The coloured
bands denote the operational years of GRACE (yellow) and the operational years of GRACE-FO (orange). The blue

vertical lines indicate the transitions between solar cycles®’.

6.2 The significance of Modelling Non-Gravitational Accelerations

Nongravitational accelerations are crucial for precise orbit determination (POD), gravity field
estimations, and thermospheric density modeling (Kang et al., 2006; Siemes et al., 2023).
However, accelerometer measurements can be compromised by temperature changes, spurious
spikes, systematic errors, or data gaps (see Chapter 5 for more details) and therefore are often
modeled. This physical (theoretical or force) modeling utilizes advanced Solar Radiation Pressure
(SRP), Earth Radiation Pressure (ERP), Thermal Radiation Pressure (TRP), and drag models.

These non-conservative forces were introduced in Chapter 2. However, we provide here a more

30 The Sunspot Number and the F10.7 Radio Flux datasets can be found at fip://fip.gfz-
potsdam.de/pub/home/obs/Kp _ap Ap SN _F107/
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detailed explanation on the importance of these dominant forces acting on satellites in the

following subsections.

6.2.1 Solar Radiation Pressure — SRP

The Solar Radiation Pressure (SRP) generates a force that the Sun's radiation applies to a
spacecraft. It is the result of the momentum of photons being transferred to the satellite surface.
While the gravitational forces are much stronger, the SRP plays a crucial role in the accurate
navigation and stability of satellites. Comprehending the concept of SRP is key for achieving
precise orbit determination and mission planning, particularly for lightweight spacecraft that are
more vulnerable to the impacts of SRP, since even minor inaccuracies in SRP modeling could
result in significant discrepancies in the predicted positions of satellites over time (Keating et al.,
1999; Fienga et al. 2009). The SRP effect can impact the attitude dynamics of a spacecraft,
especially those that pose irregular forms or changing surface qualities. This is particularly relevant
for solar sails, as they use SRP to generate propulsion, allowing for trips without the need for
conventional fuel. This specific concept has been proposed for the IKAROS mission, effectively
showcasing the controllable propulsion of a solar sail (Tsuda ef al. 2011), following the study of
Krikov (2006) and Mclnnes (1999) which extensively investigated the possibilities of SRP in deep

space exploration, offering detailed analysis of solar sail dynamics and the associated difficulties.

6.2.2 Atmospheric Drag

One of the most significant forces acting on LEO satellites that arise from their interaction with
the atmosphere is the atmospheric drag; the most challenging non-gravitational force to be
modelled. Even at altitudes ranging from 160 to 2,000 km, where the atmosphere is extremely thin
and the number of gas molecules decreases significantly, the impact of atmospheric drag is
substantial, always opposing the satellite motion and results in gradual deceleration and eventual

orbital decay if not properly mitigated.
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The importance of accurately modeling and predicting drag forces in LEO cannot be overstated.
Precise drag models are essential for orbit determination, prediction, and control, for collision
avoidance and re-entry predictions, ensuring the longevity and stability of satellite missions

(Doornbos & Klinkrad, 2006). One of the critical challenges in drag modeling is the variability of

atmospheric density (also referred to as thermospheric density, for altitudes 80 to 600 km). During
periods of high solar activity, increased solar ultraviolet irradiance® and X-ray radiation® heats
and expands the Earth's atmosphere, significantly increasing the drag on LEO satellites. The
atmospheric drag observed for the first time in the late 1950s (Harris & Priester, 1962) when the

orbital periods of artificial satellites experienced a much higher rate of orbital decay. The
magnitude of atmospheric drag is affected by factors such as the shape and the material of the
satellite, surface roughness, orientation, and altitude as well as the density and composition of the

atmosphere.

The atmospheric density is affected by solar activity, geomagnetic conditions, diurnal and
semiannual variations and seasonal changes, making the modeling of drag forces a complex task

(Harris & Priester, 1962; King-Hele, 1987) and the retrieval of thermospheric densities a primary

concern (Bruinsma et al., 2023). Another critical challenge is the accurate retrieval of the drag
coefficient Cp, which is computed by modelling the momentum and energy exchange between the
particles of the atmosphere and the satellite. The inaccurate computation of the drag coefficient
Cp, 1s because it is influenced by critical parameters, such as temperature, molecular composition,

velocity, the spacecraft geometry and the gas-surface interactions.

Models of the upper atmosphere such as the NRLMSISE-00, incorporate solar** and geomagnetic
indices® to provide more accurate density estimates, improving the precision of drag predictions
(Picone et al., 2002). Other important empirical models include the Jacchia-Bowman 2008

(JB2008) model, which also integrates solar activity indices for enhanced predictions (Bowman et

31 Solar ultraviolet irradiance is the total radiative energy of the Sun (Chatzistergos ef al., 2023).

32 X-ray radiation is emitted from the solar corona, the outermost layer in the atmosphere of the Sun (Murase et al.,
2023).

33 GSI quantifies the interaction between free-stream molecules and the satellite surface enabling the flow of energy
and momentum (Cercignani & Lampis, 1971).

3 Solar indices are observations that describe the solar activity. Some of the most commonly used are: Sunspot
number, solar flux F10.7, K-index and A-index (Tobiska ef al., 2008).

3% Geomagnetic indices observe the geomagnetic activity. The officially recognized indices are: aa, Am Kp, Dst,
AE (Rostoker, 1972; Menvielle et al., 2010).
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al., 2008), and the semi-empirical Drag Temperature Model (DTM), which has integrated
accelerometer derived thermospheric densities from GOCE, CHAMP, GRACE and Swarm
missions to improve density forecasting capabilities (Bruinsma et al., 2012; Bruinsma & Boniface,

2021).

The atmospheric drag also plays a crucial role in the design and operational strategies of LEO
missions. Engineers must account for drag in mission design, when planning fuel budgets for orbit
maintenance and maneuvers, in collision avoidance and in navigation and control (Mehta et al.,
2023). As the number of satellites in LEO increases, along with space debris, predicting the
trajectories of objects becomes increasingly complex, necessitating accurate modeling for collision

prediction and avoidance maneuvers (Klinkrad, 2006).

Additionally, atmospheric drag considerations influence the selection of orbital altitudes and the
design of satellite shapes to minimize acrodynamic resistance. For instance, designs and materials

preferred to reduce the impact of atmospheric drag on satellites are presented in Vallado, (2013).

Lastly, drag is important for end-of-life disposal strategies. Satellites at the end of their operational
life re-enter the atmosphere and burn up, minimizing space debris. This technique, known as
aerobraking, involves lowering the satellite altitude to increase drag, thus accelerating orbital
decay. The success of such strategies depends heavily on precise drag predictions to ensure
controlled re-entry within targeted areas (Virgili et al., 2015; La Marca et al., 2024). This is
increasingly important since all space agencies have introduced the “Zero Debris approach”,
meaning that an atmospheric reentry or re-orbiting the satellite to a safe altitude will be mandatory

by 2030 (Giudici et al., 2024).

6.2.3 Earth Radiation Pressure — ERP

The Earth radiation pressure (ERP) introduces a significant force on satellites, particularly those
in Low Earth Orbit (LEO) and Geostationary Orbit (GEO), which arises from the interaction
between the satellite and radiation emitted and reflected by the Earth (Klinkrad, 2006). This force,
while smaller than the SRP, can influence satellite trajectories, attitudes, and long-term orbital

stability. Understanding and accurately modeling the ERP is essential for the precise orbit
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determination, station-keeping, and attitude control of satellites, ensuring the success of various

satellite missions (Knocke et al., 1988).

The ERP affects satellites through direct thermal radiation from the Earth's surface and atmosphere
as well as reflected sunlight, commonly known as albedo. The force exerted by the ERP is variable,
depending on factors such as the satellite altitude, the Earth's surface and atmospheric conditions,
and the satellite orientation and surface properties. The ERP computation includes the
determination of solar irradiance received by the Earth, the computation of the irradiance received
by the satellite, assuming the Earth as a Lambertian sphere® and the interaction of irradiance from
each surface element of the Earth with the satellite macro geometry model (Rodriquez-Solano et

al.,2012). Advanced atmospheric and radiation models, such as the NRLMSISE-00 and the Global

Earth Radiation Budget (GERB) instrument data, provide more accurate estimates of atmospheric
density and radiation, improving the precision of the ERP predictions (Picone et al., 2002; Harries

et al., 2005).

The impact of the ERP on satellite missions is multifaceted. For instance, accurate ERP modeling
is crucial for geostationary satellites, which must maintain precise positions relative to the Earth's
surface to provide continuous communication and weather monitoring services. Studies have
shown that neglecting the ERP can lead to significant deviations in the predicted positions of
geostationary satellites, affecting their operational effectiveness (Knocke et al., 1988). Moreover,
ERP-induced perturbations must be accounted for in the design and operation of solar sails, which
leverage radiation pressure for propulsion, as demonstrated in missions such as IKAROS (Tsuda

etal.,2011).

6.2.4 Thermal Radiation Pressure — TRP

The thermal radiation pressure (TRP) arises from the emission of infrared radiation by the satellite
surface as it absorbs sunlight and re-emits it as thermal energy. This force, although subtle
compared to solar radiation pressure, especially during low solar activity, can significantly impact

the orbit and attitude of a satellite. Mismodelling of the TRP, resulting from inaccurate geometry

36 A Lambertian sphere is an idealized object that reflects light uniformly in all directions, meaning that the
brightness of the sphere appears constant regardless of the viewing angle (Blinn, 1977).
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models of satellites due insufficient information from engineering teams, can be introduce errors
up to 10% in the thermospheric densities derived from accelerometer measurements during high
solar activity (Bruinsma et al., 2023). The TRP is particularly important for spacecraft with large
surface areas, such as solar panels or thermal blankets, which can experience differential heating

and thus differential radiation forces (Rodriguez-Solano et al., 2012).

The impact of the TRP on satellites is complex, because it relies on the thermal characteristics of
the satellite materials, the geometry of the spacecraft, and its orientation relative to the Sun and
the Earth. Creating new coatings and materials with different thermal emissivity properties can
reduce the impact of the TRP on satellites. Recent research on enhanced thermal control materials
has proven that the use of low-emissivity thermal coatings can reduce the TRP-induced
disturbances (Zhang et al., 2024). Additionally, researchers are investigating the possibility of real-
time monitoring and adaptive thermal control systems to adjust to changing thermal conditions

(Gao et al., 2021).

Advances in computational modeling and simulation techniques that consider both conductive and
radiative heat transfer, have enabled more detailed analysis of the TRP effects (Woske et al., 2019;
Htadczuk et al., 2024). Depending on the B’ angle, thermal radiation forces can induce torques that
affect the orientation of the spacecraft, which is particularly challenging for missions requiring
high-precision pointing, such as Earth observation and deep space missions (Santoni ef al., 2018;

McGirr et al., 2022).

6.2.5 Modelling of Non-Gravitational Accelerations on GRACE Missions

Recent advancements in modeling and observational techniques have furthered our understanding
of non-gravitational forces acting on satellites. The integration of satellite accelerometer
measurements from GRACE missions has provided valuable insights into the spatial and temporal
variability of these forces. These measurements have been critical in refining empirical and
physics-based thermospheric density models, leading to more accurate drag, SRP, TRP and ERP

predictions (Bruinsma et al., 2012).
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Many physical models have been proposed for modeling the non-gravitational accelerations for
the GRACE missions, which can be used to study the upper atmosphere and calibrate the
instruments. The SRP models are highly precise and almost uncorrelated with solar activity,
because the SRP remains unaffected by varying solar activity levels. In contrast, drag models show
increased accelerations due to rising atmospheric density during periods of high solar activity

(Wang et al., 2005).

One common method for modeling nongravitational accelerations is the satellite acceleration
approach (Bezd¢k, 2010). This method involves deriving the total acceleration acting on the
satellite by performing a double numerical differentiation of the positions estimated from GPS
measurements. Although this approach increases the noise of the calculated total accelerations due
to the double differentiation, it remains highly accurate, with satellite positions determined to be
within a few centimeters. Subsequently, modeled gravitational accelerations are subtracted from
the total accelerations to estimate the nongravitational accelerations. Bezd¢k proposed a physical
model using the neutral thermospheric density model DTM-2000, zonal and seasonal models of
the ERP, and the satellite shape and physical properties. The modeled drag is observed to be the
most significant force affecting the satellite in the Xsgzr. The SRP affects the Ysgr the most while
the SRP and albedo are dominant in the radial direction Zsgr, with the drag acceleration being

almost zero.

A physical high-precision non-gravitational acceleration model for the purpose of calibrating the
accelerometer of GRACE missions was developed by Woske et al., (2019), based on a detailed
finite element analysis of the satellite, specifically for calculating the TRP. Radiative forces show
excellent agreement with modeled accelerations, with residuals of 1-3 nm/s®. However,
atmospheric drag modeling has higher uncertainty, with along-track residuals varying from 7 to 50
nm/s? based on solar radio flux F10.7. The TRP models reduce the residuals by up to 6 nm/s?
during rapid illumination changes compared to static models. The POD-based accelerometer
calibration methods, in which the gravitational accelerations are subtracted from the total
accelerations of the satellite, outperform others in the along-track direction due to their GPS
sensitivity but in the cross-track and radial directions, where radiative forces dominate, model-

based calibration is advantageous.
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Another SRP and ERP model was proposed by Vielberg & Kusche (2020), in which the extended

SRP and ERP model differed from standard models depending on at least two channels of the solar
spectrum instead of only the visible wavelengths. This method was applied to GRACE but could
be applied to any mission that carries an accelerometer. In this model, the solar constant was
replaced by the solar irradiance and considered the reflection of the solar radiation from the surface
of the satellite (thermal reradiation of the satellite), and a shadow function that considered the
Earth as a spheroid. This model was also used in the calculations of the new thermospheric
densities®’for CHAMP, GRACE and GRACE-FO and the improvement in the radiation pressure
modelling was particularly notable during periods of low solar activity where the SRP is more
substantial compared to the atmospheric drag acting on the satellite (Siemes et al., 2023). Utilizing
state-of-the-art SRP, TRP, and ERP models along with the Horizontal Wind Model (HWM) and
the semi-empirical model DTM2020 which determines the thermospheric temperature, density and
composition. It is noted that during lower solar activity, the relatively weaker drag signal makes
accurate crosswinds retrieval challenging. The radiation pressure model for GRACE-FO,
including temperature measurements from thermistors on the solar arrays of GRACE C for the

retrieval of thermospheric densities and crosswind is presented in Hladczuk ef al. (2024).

Lastly, in GRACE-FO, as mentioned in previous chapters, the accelerometer measurements of
satellite D are not available due to instrument malfunction and decommission early in the mission.
Therefore, many different transplant methods have been proposed, incorporating non-gravitational
force models to create an accelerometer dataset for GRACE D (Behzadpour et al., 2021; Huckfeldt
et al., 2024; Nie et al., 2024). In these methods, by incorporating force models, the estimation of

higher degrees in monthly gravity field solutions is enhanced.

It is evident that modeling non-gravitational accelerations is crucial for various aspects of satellite
missions. Unfortunately, due to our insufficient knowledge of all the forces acting on the satellite,
there are many inconsistencies in the physical models presented in the literature for GRACE

(Bezdek, 2010; Chen et al., 2016; Woske et al., 2019; Vielberg & Kusche, 2020) and the GRACE-

FO mission (Harvey et al., 2022; Siemes et al., 2023; Wang et al., 2023; Htadczuk et al., 2024).
The modeled non-gravitational accelerations vary depending on the different levels of solar

activity, satellite geometry model, different surface radiation coefficients, the reradiation from the

37 The thermospheric density dataset is available on the FTP server ftp://thermosphere.tudelft.nl.
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satellite itself (if taken into consideration), and the retrieval of the drag. Some researchers retrieve
the drag from the Drag Temperature Models, while others retrieve it after the subtraction of the
modeled SRP, TRP and ERP. It is notable that in the literature, there is no direct comparison among
the different models presented, nor an extensive analysis of the residuals, making it difficult to

validate our findings with other studies.

In the following section, we propose a data-driven model of the SRP, drag and TRP for GRACE C
satellite, based on a) the spectral characteristics of the measured non-gravitational accelerations
and b) the wavelet decomposition of the residuals, allowing us to account for the higher frequency

components of the drag.

6.3 Data-Driven Modeling of Non-gravitational Accelerations

Our methodology for the proposed data-driven modeling is implemented in the frequency domain
using Least Squares methodology. We can model the dominant forces of radiation pressure (RP)
and drag using their spectral characteristics because these forces exhibit dominant frequencies
close to the orbital period (1 cycle per revolution-cpr) and the semi-period (2 cpr) of the satellite
(Harvey et al., 2022; Harvey et al., 2024) plus additional harmonics. Importantly, this analysis
relies solely on the accelerometer measurements from ACW1B dataset introduced in Chapter 5,
without using any physical models. To our knowledge, this is the first study to model
nongravitational accelerations using the spectral characteristics of the measurements. It is expected
that the results of our research will shed light into the modelling of these forces to resolve the
differences among the different physical models and further enhance our knowledge in the physics

of the non-gravitational forces.

The Least Squares Spectral Analysis (LSSA) is used in this study to analyze both equally and
unequally spaced time series, unlike Fourier analysis, which can only be used for equally spaced
and stationary time series (Wells et al., 1985). The software used for this analysis is in MATLAB
code called LSWAVE (Ghaderpour & Pagiatakis, 2019; Ghaderpour et al., 2020), which can

analyze any equally or unequally spaced, nonstationary or stationary time series. This analysis is
based on the least squares spectrum, providing the best measure of the power contributed by

different frequencies to the variance of the data (Pagiatakis, 1999).
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6.3.1 Modelling Atmospheric Drag and Radiation Pressure Using LSSA

From the extensive literature on the physical modelling of the non-gravitational forces mentioned

above, the dominant ones acting on the satellites are:

a) Xsgpp: Drag, SRP
b) Ysgr: SRP, TRP and small magnitude atmospheric drag (depending on the solar activity)
¢) Zsgr: SRP, ERP, TRP.

In the literature, physical models typically separate ERP into two components: albedo and the
irradiation force (IR) reflected by the Earth. With our modelling method, we are unable to separate
all these components. Therefore, whenever we refer to ERP, we tacitly assume that it encompasses
both the albedo and the IR. We note that the experimental splitting of all acceleration components
in this research is not necessary. The splitting of the total non-gravitational force into its many
components when performing physical modelling is necessary for the estimation of the total
accelerations either to determine the calibration factor of the accelerometers or estimate the drag
for the purpose of modelling the density of the thermosphere and estimation of thermospheric
winds. To this effect, our data-driven modelling of the drag alone satisfies by-and-large these

needs.

The proposed modelling method is based on separating the orbit into two segments: the illuminated
orbital arc, where the satellite is fully exposed to the Sun, and the shadow orbital arc, where the
satellite crosses the Earth’s shadow. The reason for this separation is that different forces act on
the satellite when it is exposed to the Sun as opposed to its passage through the Earth’s shadow.
From the physical models, the forces acting on the satellite during the umbra crossings are the drag
in the Xsgp, the TRP in the Ysgr and the TRP and the ERP in the Zggp. In Fig. 6.2, three orbital
revolutions of GRACE C are shown along the three axes of the accelerometer, with the shadow
segments also indicated. Consequently, since our models are based primarily on the umbra
crossings, we are able to model the SRP along all three axes, incorporating low frequency drag in
the Xgpr and the TRP in the Yspr and Zgzr. Once the models are developed, they are scaled by the

scale factors determined from our calibration method.
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Figure 6.2 GRACE C, October 1st, 2018: Three orbital revolutions along the three axes of the accelerometer in the
SRF. The grey-colored bands denote when the satellite is in the Earth’s shadow.
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The method is as follows, with each step corresponding to the letter next to each of the panels in

Fig. 6.3:

a)

b)

d)

To model the drag in the Xsgp, the shadow and the mid-point of the sun-illuminated
segments are selected to form the weighted time series because in these orbital segments
SRP=0 and the drag is the dominant force acting on the satellite. In the Xz, at the mid-
point of the illuminated segment, the drag is the dominant force acting on the satellite, since
the satellite top surface is the only one that is exposed directly to the Sun (in the radial
direction). This is also clear from the physical SRP models that show a transition of the
SRP from positive to zero and then to negative at the midpoint. This change in the SRP
from positive to negative is due to the position of the satellite w.r.t. the Sun.

After modelling the drag with two resonant frequencies, very close to the period and the
semi-period of the satellite (0.176 mHz and 0.358 mHz, respectively), the modelled low
frequency drag component is subtracted from the ACW1B dataset. The residual series after
this subtraction contains the radiation pressure (RP), which includes the SRP, ERP, TRP
and shorter wavelength drag variations.

Next, we model the SRP component of the RP, by fitting 4 sinusoids, based on the weighted
Least Squares spectrum, with frequencies close to the period and its three harmonics. We
can claim that we model the SRP component of the RP since these low frequencies are
consistent with those found in the literature (Kim, 2000) and agree with the spectral
characteristics of the SRP.

Since we apply this method to the weighted ACWI1B dataset, after subtracting the two
models from the ACW1B dataset, we obtain a residual series containing some structured

signals which we further investigate using signal decomposition.
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Figure 6.3 GRACE C Xz (November18,2018): a) ACW1B (blue). The selected mid-point and the shadow segment
of the orbit (red). b) The modelled drag using the LSSA with two resonant frequencies (yellow). ¢) RP= ACWI1B
measurements -modelled drag (purple). d) The modelled SRP by fitting 4 sinusoids (green).

In the final drag and TRP models depicted along the three axes in Fig. 6.4, we must add a bias so

the drag can be positive in the Xsgzr due to the convention of the SRF and nearly zero in the other
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two axes. The TRP in the Y5z should also be positive, while the TRP in the Zsg is negative in the
shadow segments and positive in the sun-illuminated segments. Since this method is based on
accelerometer measurements which have an inherent bias, it is not feasible to accurately retrieve
the bias for the drag, contrastingly to the SRP because it is known that SRP=0 in the shadow

segments of the orbit.
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Figure 6.4 GRACE C (November 18, 2018): Top panel: The ACW1B measurements along the Xz (blue), modelled
SRP (green) and drag (yellow). Middle panel: The ACW 1B measurements along the Ysgr (blue), modelled SRP (green)
and TRP (yellow). Bottom panel: The ACW1B measurements along the Zgzr (blue), modelled SRP (green) and the
TRP (yellow). The drag signal is w.r.t mean zero for direct comparison with the SRP and includes a constant bias as

explained in the text.
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The drag bias can be estimated either through the gravity field solutions (via parameterization) or
by direct regression methods using the unbiased physical models. We note that the determination
of these biases through linear regressions necessitates the availability of physical models, which
at the moment, are not widely accessible and perhaps not at the appropriate accuracy level.
However, this is beyond the scope of this research. The approach for modelling the SRP and TRP
on the Ysgr as well as the SRP and the drag on the Zggf, is similar. The key difference is that for
modelling the TRP on the Yz and the Zgz g, only the shadow segments of the orbits are considered,
excluding the midpoint of the illuminated segment of the orbit. This is because the SRP is zero
only in the shadow and does not alternate between negative and positive values like in the Xsgp.

The final data driven models of drag, SRP and TRP are illustrated in Fig. 6.4 for the three axes.

6.3.2 Error Analysis

Since we are applying modeling using the accelerometer measurements of the ACW1B dataset, it
is necessary to provide the error estimates of the models starting from the errors of the
measurements (ACW1B) as derived in Chapter 5. The error estimates of the models and the
residuals thereof are the results of the least squares estimation process followed here (LSSA).
Error bars (30) in the previous plots are now shown for clarity in Fig. 6.5, which zooms in on a

specific part of the orbit. For the error analysis, the following steps are taken:

a) The accelerometer measurements in each desired axis are selected. We select the shadow
part and the mid-point of the sun part of the orbit (the mid-point applies only to the Xgzr)
along with their corresponding variances from our ACW1B.

b) Using the LSSA remove (suppress) the mean, and the orbital and semi-orbital components
from the series with frequencies 0.1761 mHz and 0.3526 mHz determined by the LSSA .

c) Calculate the variances of the modelled drag: The modelled drag comprises two signals
S1darag=A1 cos(w;t) + By sin(w,t) (6.1)
Szarag=Az cos(w,t) + By sin(w,t), (6.2)
where A4, A,, By, B, are the amplitude coefficients derived from the least squares solution
and are used to calculate the amplitude A and the phase ¢ of each signal and w; and w,

are the orbital and semi-orbital frequencies.
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The variances of the modelled drag are calculated from

as 2 as 2 as as
2 _ 1drag 2 2drag 2 1drag 2drag
Idrag = ( at ) g 51drag+( at ) O Saarag T 2( at )( ot )Jsldmg'szdmg (6.3)

d) Calculate the covariance matrix of the residuals:
Crdrag = O-Z(I — D), (6.4)

where [ is the identity matrix and
D =H(HTPH) 'HTP (6.5)

where H is the design matrix and P is the weight matrix.
e) Since RP = ACW1B — modelled drag, then assuming zero correlation between the two

we get

— |2 2
Orp = \/Udrag T O4cwis (6.6)

f) The variances of the modelled drag are calculated as in Step (c).

g) Calculate the covariance matrix of the residuals C,.sgp using the formula from step 4.

In Fig. 6.5 we show the ACW1B measurements and the derived drag and SRP models in the Xsgp
along with the standard deviations calculated from the analysis above. The error bars in Fig. 6.5
represent the 30. In Fig. 6.6, we illustrate the residuals (grey error bars represent (1o) and their
standardized residuals while in Fig. 6.7 we show the histograms of the residuals and the

standardized series.
From Fig. 6.6, we draw the following conclusions:

a) The residuals in the Xgzr do not exceed 2 nm/s? during quiet days but can exceed
10 nm/s? during disturbed days, as is further discussed in Section 6.3.3.

b) The residuals in the Ygpp are less than 0.5 nm/s?2. This is expected since in the Yspp the
SRP and the TRP are the most dominant forces acting on the satellite.

c) Inthe Zggp, the residuals exceed 2 nm/s? during penumbra transitions. This is because the
magnitude of the entry penumbra transition can differ by up to 5 nm/s? compared to the

exit penumbra transition, making it difficult to model the penumbra transitions accurately.
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d) In the radial direction, the component of the ERP in the residuals is significant, therefore
the Zsgr has larger residuals in magnitude.

e) The histograms of the daily residuals (N = 86400) are constructed using 100 bins (Fig.
6.7). The black curves show the experimental normal distribution (the mean and variance
are taken for the residuals). This overlay allows for a comparison between the observed
(experimental) residual distribution and the experimental normal distribution. For this
specific day the standardized residuals in the Xsgzr and Ysgr do not exceed the value of 3

contrastingly to the Zgzr, which as mentioned, contains the ERP variations.
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Figure 6.5 Orbital segments of each step with the corresponding standard deviation. The grey error bars represent 36

to enhance visualization clarity. From top to the bottom: ACW 1B in the Xz, the modelled drag (yellow), the modelled
SRP (green).
In Table 6.1 we show the mean and the standard deviation of the residuals #* and the standardized

residuals 7 along the three axes of the accelerometer.
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Table 6.1 The mean and the standard deviation of the residuals and the standardized residuals along the three axes

(units: nm/s?).

Axis Mean ¥ o5 Mean 7 5

Xsrr 0.07 1.17 0.04 0.85
Ysgr 0.03 0.09 0.01 0.83
Zsgr -0.29 23 -0.02 0.97

Residuals Xgpp

Hours

Residuals Ygpp

—~ 4r
=5
&) OWWJJ\AM-MM,J\N
O | |
)
<4
-6} !
2 3 4 5 6 7
Hours
Residuals Zgpp
6 = 1
4
%
R
g
N
O
S 2
"4
-6 ‘
2. 3 4 5 6 7
Hours

Standardized Residuals X gpp

Hours

Standardized Residuals Y gpp

I 1 L |

2 3 4 5 6 T
Hours

Standardized Residuals Zgpp

N O N B
T 7T

—tr—

ACC (nm/s?)

S E -
w
S
w
(=2}
-

Hours

Figure 6.6 GRACE C (November 18, 2018): Left panels: Three orbital evolutions of the residuals after the subtraction

of the drag and the SRP model from the ACW1B measurements. The corresponding standard deviations are shown in

grey (1o). Right panels: The standardized residuals along the three axes.
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Figure 6.7 Left panels: The histograms of the residuals along the three axes (number of bins=100). Right panels: The
histograms of the standardized residuals along the three axes (number of bins=100). The black curves in the histograms

denote the experimental normal distribution.

6.3.3 Residual Series

We apply our modelling method described previously to a one-year-long ACW1B along the three
axes namely, from August 1%, 2018, to July 31%, 2019. The residual series after subtracting the
modelled drag and the SRP are shown in Fig. 6.8, along with the 8’ variations (light gray line) and
the Power Spectral Densities (PSDs). To the best of our knowledge, no other published study has
presented an extensive analysis of the residuals w.r.t. the acceleration measurements that would

indicate the accuracy of their models. The red circles in the Yspr and Zgp series point out to large
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residuals due to the mismodelling of the SRP, because the penumbra transitions cannot be modelled
properly due to their small magnitude when B’ = 65°. The vertical lines in the PSDs mark the
9mHz frequency, which is subsequently used as a cut-off frequency in the analysis of the residual
series in Section 6.4. This cut-off frequency has been selected after examining the behavior of the
PSDs, which show that at about 9mHz the PSD tends to change to a smaller slope at higher

frequencies, indicating the start of noise (close to flicker noise).

In the Xggp all the residuals exceeding 7 nm/s? correspond to geomagnetic storm, minor (Kp =
3) or major (Kp > 6). In contrast, the residuals in the other two axes do not show any correlation
with these storms, which is expected since the drag in these axes (which is enhanced during a
storm) is almost negligible compared to the drag in the along track direction. All the geomagnetic

storms observed during the examined period are shown with grey arrows in Fig. 6.8.

In the X¢gr and Zgzp, the smallest residuals occur when S > 50°, as the satellite approaches its
full Sun orbit and the penumbra transitions significantly decrease in amplitude, contrastingly to
the Yspr, which shows the highest residuals during these periods. In the Ysgr the smallest residuals
are observed when S’ = 0°. As mentioned in Chapter 4, the penumbra transitions in the Ysgzp are
absent when 8’ = 0°, resulting in minimal SRP. Consequently, the SRP, being the dominant force

acting on the Ygpr can be modelled more accurately.

For a better representation of the dependency of residuals on variations in 8’, we adopt the concept
of relative fluctuation amplitude, as referenced by Park et al. (2023). This concept was originally
employed to analyze the residuals of thermospheric densities after applying a Savitzky-Golay filter
(order =3, window size = 17) to data extracted from GRACE-FO. While we do not apply this filter
to our accelerometer residual series, we use the relative fluctuation amplitude to represent the

undulation levels of the accelerations. The relative fluctuation amplitude is calculated as follows:

ACCres

fluctuation,pigtive = (6.7

ACCmodelled

where the acc,.s represent the residuals after subtracting the modelled non-gravitational
accelerations and the accypgeiiea rtepresent the data-driven modelled non-gravitational
accelerations. We choose to use the absolute value because our focus is on the amplitude of the
residuals, therefore, whether the accelerations are positive, or negative is irrelevant. Please note

that the relative fluctuation amplitude is utilized exclusively in Fig. 6.9 to show the dependency
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on 3’ variations. For the remainder of the analysis, we will focus on the residuals obtained after
subtracting the modeled dominant forces. The relative amplitude fluctuations are shown in Fig.

6.9.
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Figure 6.8 GRACE C, August — December 2019: The ACWI1B measurements (red, yellow, green) along the three
axes of the SRF and the corresponding residuals (black) (left column). The PSDs of the ACW1B (red, yellow, green)
and the residuals (black). The red circles on the left figures indicate the mismodelling of the penumbra transitions and
the vertical red lines on the right indicate the 0.009Hz frequency, which is used as a cut-off frequency during the

analysis of the residuals.

From Fig. 6.9, it is evident that the residuals in the Yz exhibit the highest dependency on

B’ variations. This observation is expected as ' significantly influences the thermal environment
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in which the satellite orbits the Earth, and the cross-track direction is the most sensitive to thermal

fluctuations.
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Figure 6.9 GRACE C, August — December 2019: Relative Fluctuation Amplitude along the three axes of the

accelerometer. The B’ variations are shown in light grey (right y-axis).
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Figure 6.10 displays the ACWI1B dataset (left column) with the corresponding residuals (right
column) plotted versus the argument of latitude, allowing for the examination of any noticeable
trends. The argument of latitude plot is explained in Chapter 5. The sections where the satellite
crosses the Earth’s shadow are indicated on the left panels to enhance the understanding of the
plots. These plots resemble, as expected, the plots of the variances of the ACWIB produced in
Chapter 5. The most dominant patterns in the residuals along the three axes occur during the

entrance and the exit of the satellite to/from the Earth’s shadow.

In the Zgpp strong disturbances start in September 2018 during the descending orbits in the
northern hemisphere and in February 2019 in the ascending orbits extending across both
hemispheres. This inconsistency between the ascending and descending orbits has not yet been
explained but since the residuals in the radial direction contain the ERP, we can attribute this

asymmetry in the ERP.

To aid the reader’s understanding, we provide in Fig. 6.11 the residual series in the Xsgp
highlighting some of the disturbances that we can attribute to reasons other than the mismodelling
of the penumbra transitions. The mismodeling of the penumbra transitions is highlighted with
grey-filled dots. Additionally, strong disturbances during the terminator crossings, occurring
before and after the penumbra transitions, are indicated with light, orange-filled dots. As noted,
the residual series in the Xgzr show intense disturbances during geomagnetic storms, which are
highlighted with white arrows. Furthermore, within the Earth's shadow, there are some well-
structured signals with no latitude dependency, highlighted with blue circles. The intense vertical
lines on the Ysgpp in August 2018, January and April 2019 are due to a sudden jump in the

accelerometer measurements (see Fig. 6.8).
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Figure 6.10 GRACE C, August — July 2019: Argument of Latitude vs Time. Left column: The ACW 1B measurements

along the three axes w.r.t. mean zero. Right column: The residual series w.r.t. mean zero along the three axes.
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Figure 6.11 Argument of latitude plot during August 2018 — July 2019 of the residuals in Xsgr. The white arrows
indicate the enhances disturbances during minor and major geomagnetic storms, the grey-filled dots highlight the
entrance and the exit to/from the Earth’s shadow and the light, orange-filled dots the terminator crossings. Unknown

structured signals inside the Earth’s shadow, with no latitudinal dependency are shown in blue circles.
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6.4 Signal Decomposition

In this approach, by modelling the two dominant forces of Drag and SRP directly from the
measurements of ACW1B, we result to a residual series that contains shorter wavelength drag
variations, ERP and TRP. Using the LSSA it is impossible to model separately these non-gravitational
forces due to their shorter variations and their coupling. Therefore, a signal decomposition using
Daubechies wavelet is implemented, and this analysis reveals that signals in different frequency bands
are connected to the ERP, shorter drag variations and others that can be connected to ionospheric
disturbances. In the literature, usually the TRP is modelled using a finite element approach dependent
on the satellite shape, the altitude of the orbit and the environmental condition (Rievers et al., 2016)
therefore it is very challenging to derive a model for TRP directly and accurately from the
measurements. For the signal decomposition, the Daubechies mother wavelet is used as it performs
very well in power system engineering and has been used in the studies of interplanetary magnetic

field fluctuations (Gonzalez et al., 2014; Mandrikova et al., 2021).

The signal decomposition has been carried in the Xspp, since the along-track measurements are
affected the most by the drag. In the residual series of the Xz, signals connected to geomagnetic
storms are observed. For the investigation of the residual series, signal decomposition is mandatory to
decipher the disturbances included in the signals. From the PSDs of the residual signals (see Fig. 6.7),
it is shown that above 9mHz, the signal contains high frequency noise, therefore we filter further the
residual series with a low-pass filter of a 9mHz cut-off frequency. The filtered series is then
decomposed into different frequency bands to investigate the residuals (disturbances). In this analysis
the Daubechies mother wavelet (db8) of 13 levels is used and the length of the series used for the
decomposition was one month. There are several Daubechies wavelets (eg. db2, db4, db8, db10) with
the number indicating the order of the wavelet. The higher the order, the smoother and more extended
the wavelet functions are.

Monthly data are used for this analysis to avoid the length restrictions in the numbers of the levels that
we can decompose our series. Each level of decomposition splits the signal into the approximation
coefficients with the detail coefficients, representing the low and the high-frequency components

respectively. The different frequency bands from signal decomposition are the following:
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Table 6.2 Relative energy of different levels from the signal decomposition of db8 of 13 Levels.

Levels Frequencies (mHz) Relative Energy
Level 11-13 0.1 mHz - 0.5 mHz ” 28.6%
Level 8-10 0.5 mHz - 4 mHz 65%

Level 7 4 mHz - 8 mHz 3.8%

In the lowest frequency bands (Levels 11-13) that contain 28.6 % of the energy of the residual series,
low frequency signals very close to the orbital period and its harmonics are observed. Since these
signals contain residuals of the suppressed orbital period and its harmonics, they represent the RP
components that cannot be modelled using the LSSA (residuals of RP).

In the next levels (Levels 8-10) of decomposition, from 0.5 mHz - 4 mHz, the disturbances in the
signal do not show any spatial correlation. Their magnitude is much higher during a geomagnetic
storm, and they agree with the shorter disturbances when the satellite is in the shadow of the Earth.
From this agreement, we attribute the signals in this frequency band to shorter drag variations. The
last frequency band (Level 7) is between 4 mHz - 8 mHz and contains disturbances that vary with
latitude. Levels 1 to 6 are not shown in Table 6.1 as they contain less than 3% of the total energy of

the signal.

Figure 6.12 depicts the residuals of levels 8-10 (shorter drag variations). Since there is no visual
dependency on 8, the B’ variations are not plotted (panels (a)). From the argument of latitude plots
(panels (b)) between August and December 2018, it is shown that the residuals of Level 7 apart from
the disturbances during the geomagnetic storms, show disturbances in the polar regions (the darker
areas on the left panel (b)) The residuals of Levels 8-10 apart from the disturbances during the
penumbra transitions exhibit stronger disturbances during geomagnetic storms and terminator
crossings (before and after the entrance and from the Earth’s shadow). Additionally, a strong signal is
observed when the satellite is in the Earth’s shadow, starting from September and continuing until

December.

In Figure 6.12, the spectrograms of the two Levels are depicted from August 24-28, 2018. On August
25, a geomagnetic storm of Kp = 7 occurred. The CME event arrived at the Earth on August 25 at
0200 UT, causing a compression of the magnetosphere at 1200 UT. At 1600 UT, a negative direction
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in the Bz*® component triggered the main phase of the storm. The minimum Dst = —175 nT3 was
reached at 0600 UT on August 26 (Piersanti et al. 2020). From July 2018 to December 2020, this was
the only storm to reach Kp = 7. In the spectrogram of Level 7, high frequency disturbances are shown,

while in the spectrogram of Levels 8-10, it is clear when the satellite was affected by the storm on

August 25%,

GRACE C: ACW1B and Level 7 residuals X gpp
o S e e e

T T

a) 60 T

ACC (11111/52)

GRACE C: ACW1B and Level 8-10 residuals Xgpp
i Sbr bl Sicadiaiat ) i

60— T T —T

40+

ACC (nm/s?)

-40 : — 40t : ‘ . .
Aug Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun
Months Months
_b) . -
> Level 7 residuals Xgpp o Level 8-10 residuals X gpp
@ 360+ R 0.5 o 360 g y 1
= 315 i f i =3
- i 1 T8 U IR ) ki = &
2270 T i £2 0.5
3 225 i} 9 W
s 180 § b 0F o 0 £
o (i / | = o =
g oo A B mg,‘ggmﬂm‘,«pw, g 05
H a5 dmi g
B0 0= ; ; - 05 8o OF : , - -1
< Aug Sept Oct Nov Dec < Aug Sept Oct Nov Dec
) Months Months

Level 7 residuals Xgpp

6 1
=5 = 25
= =
g g 5
Tl e
& = & 15 3
=3 P
= = 0.5

0

24 25 26 27
Days in August 2018

Level 8-10 residuals Xgpp

. Days in August 2018

Figure 6.12 GRACE C, August — December 2018: a) ACW1B in the X¢zr (red) and residuals (black line) on Level 7

(left) and on Level 8-10 (right); The red circle in May and June indicates larger residuals due to the mismodelling of

the penumbra transitions. b) Argument of Latitude plot from August to December 2018. ¢) Spectrograms from August

24" to August 28, 2018.

38 Bz is the geomagnetic flux density along the vertical.
39 The Disturbance-storm-time (Ds?) index is a measure of the severity of geomagnetic storm. The range of the Dst
index is generally —400 < Dst < +100 =T, with large negative values indicating a geomagnetic storm.
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Figure 6.13 shows the residuals of Level 7 in the Xz for seven orbital revolutions of the satellite
on the first day of each month from August 2018 to January 2019. The red zigzag lines indicate
the latitude of the satellite during these orbital revolutions, with the zigzag line indicating the
satellite tracks. The different colors in the time series correspond to various local times, as defined
in the color bar on the right side of the figure. Dark blue indicates a local time (LT) of 0000, while
red indicates a LT of 2400. For example, the orange segments of the time series correspond to LT

1800, while the light blue segments correspond to LT 0600.
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Figure 6.13 Residuals from Level 7 in the Xsz are shown for seven orbital revolutions of the satellite on the first day
of each month from August 2018 to January 2019. The left side of the vertical axis of the graph indicates the magnitude
of the residual time series in Level 7, while the right side indicates the latitude. The different colours of the time series
represent the local time, as defined by the colour bar. The grey bands on the top left panel indicate the ascending
segment of the orbits, while the purple bands indicate the descending orbits from the Northern Hemisphere to the
Southern Hemisphere. These coloured bands are shown only in the top left figure to enhance the readability of the

data.
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From our analysis, carried out over multiple days, we can conclude that the residuals (disturbances)
exhibit a dependency on latitude rather than on local time. The largest residuals occur when the
satellite crosses the equator in an ascending orbit, rather than in a descending one. These
disturbances could be linked to the satellite's alignment with Earth's magnetic field lines. The
inconsistency between the ascending and descending orbits could be attributed to the emergence
of the magnetic field lines from near the geographic south pole and their convergence at the north

pole.

6.5 Summary

In this chapter, innovative data-driven models for the non-gravitational accelerations were
presented, based solely on the spectral characteristics of the dominant forces acting on the satellite:
Drag, Solar Radiation Pressure (SRP) and Thermal Radiation Pressure (TRP). The significance of
modeling non-gravitational accelerations in various contexts has been emphasized, and all the
necessary steps to derive the weighted models of these dominant forces have been thoroughly
explained. The importance of our contribution lies in the determination of the calibrated
atmospheric drag at LEO altitudes, directly from the accelerometer measurements (up to a bias
term) that can be used to model thermospheric density and neutral winds in the upper atmosphere,
thus contributing to space weather research. Additionally, further study of the residuals could
enhance our understanding of various phenomena that affect the satellite. Through signal
decomposition using wavelets, the residual series in the Xspr Were investigated, and disturbances
due to geomagnetic storms or disturbances with latitudinal dependency have been identified.

However, no correlation with local time has been found from this analysis.

During this analysis, important questions have arisen that should be highlighted for future studies
in non-gravitational acceleration. First, a comparison between different physical models is
essential to clearly understand the variations among methods. Secondly, an extensive analysis of
the measurement residuals is mandatory to identify different patterns. However, due to spurious
spikes in the ACT1B dataset, this analysis is currently impossible because any useful signal is
buried in the noise of the Yszr and Zszr. We were able to conduct this analysis using the proposed

ACWIB dataset (presented in Chapter 5), which underscores the importance of a weighted
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accelerometer dataset. Lastly, an extensive analysis of the physical models of ERP (albedo and IR)
on GRACE missions is missing from the literature, which makes the investigation of the ERP
forces quite difficult. For all these reasons, we are confident that modeling the non-gravitational
forces using our method and investigating the residuals presented in Chapter 6 could enhance our
understanding of how different forces depend on latitude, the crossings of the satellite through the
terminator, and the Earth's shadow. Additionally, this approach could help identify regions where

the drag is enhanced, not only due to geomagnetic storms but also due to other conditions.

There are many things yet to be explained, such as the difference in the intensity of the disturbances
during the ascending and descending orbits, the reason for enhanced disturbances during
terminator crossings (as explained in detail in Chapter 5), and the difference in the intensity of

disturbances at the North and South Poles. More details will be presented in Chapter 7.
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7 Conclusions and Future Work

7.1 Conclusions

In this dissertation, three significant challenges related to the accelerometer on GRACE missions
were addressed using original methods: the on-orbit calibration of the accelerometer, the
occurrence of spurious spikes in the measurements, and the error assessment and modelling of the
dominant non-gravitational forces acting on GRACE satellites. These challenges have been
preoccupying the international research community for the last 25 years since the first space
gravity mission CHAMP was launched. The significant advances in space geodesy, the
determination of Earth mass change, and the studies of the thermosphere/ionosphere system using
these missions continue with improvements and enhancements. Improvements are required in the
measurement quality, their processing methodologies, the calibration of the accelerometers, the
modelling of the non-gravitational accelerations and development of new and more accurate
gravitational models. Along these lines, and in anticipation of the planned follow-on Mass Change
(MC) and MAGIC missions, we tackled the three challenges mentioned above from an entirely

new perspective.

Since it is impossible to calibrate the accelerometer on the ground, the state-of-the-art calibration
parameters are typically retrieved either with the gravity field solutions, estimated among
thousands of unknown parameters, or by using physical models after subtracting the gravitational
accelerations from the total acceleration of the satellite derived from precise orbit determination
(POD). Clearly, the use of theoretical models in the calibration of an instrument or sensor is liable
to the level of accuracy of the theoretical models due to unavoidable omission and commission
errors. In the case of GRACE missions, the parameterization of the calibration parameters of the
accelerometers along with thousands of other unknown parameters for the retrieval of the
gravitational field models introduces unknown and perhaps significant correlations that bias the

estimated parameters.

In this research, the most critical challenge of the accelerometer calibration was to avoid entirely

the state-of-the-art force models (physical or theoretical), by using only the accelerometer
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measurements and precise kinematic orbit position estimates. This challenge was tackled with an
all-new thinking that considered a possible “matching” or “correlation” of the accelerometer
measurements (to be calibrated) with the total accelerations derived from the precise kinematic
POD positions. More specifically, we strove to “match” characteristic waveforms (in our case the
penumbra transitions) that we knew were present in both datasets. The striking hurdle however
was the shear difference between the two data sets, reaching nine orders of magnitude. The
penumbra transitions, while clearly visible in the accelerometer measurements, were deeply buried
in the noise of the POD accelerations. To bypass this hurdle, we employed, for the first time, the
concept of wave focusing methodologies as applied in radar applications for signal detection,
specifically the time reversal approach (matched filter). The key to applying the matched filter in
our context was that the penumbra transitions are synchronous in both signals. Knowing the exact
timing of the penumbra transitions allowed us to focus on detecting these transitions precisely

when they occurred.

To retrieve the scale factor i.e., the ratio between the penumbra transitions measured by the
accelerometer and those hidden in the POD data, we used energy normalization of the signals to
account for the significant difference in their power. Daily scale factors were derived for GRACE
A, GRACE B, and GRACE C satellites and compared with those derived from the sate-of-the-art
methods presented in other studies, showing reasonable agreement. The bias of the accelerometer
was retrieved by applying a daily quadratic fit to the accelerometer measurements. The calculated
bias values can be used as initial weighted parameters along with the scale factor in the gravity

field recovery process.

A long-expected improved level 1B accelerometer dataset namely the weighted ACW1B was
derived in this research by processing the raw accelerometer measurements from the Level 1A
(ACCI1A) dataset considering, for the first time, that the ACC1A measurements form a stochastic
process and by extension the derived ACWIB is a random process. Currently, both ACC1A and
ACTIB are considered errorless in the retrieval of the gravity field parameters. This new ACW1B
dataset is highly valuable for retrieving thermospheric densities due to the absence of the dominant
spikes present in the existing 1B accelerometer datasets (ACT1B) of GRACE missions. The
accelerometer measurements in the cross-track and radial directions are often contaminated by

spurious spikes, making it almost impossible to retrieve useful information from these axes. This
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novel ACW 1B effectively addresses this issue, ensuring more accurate and reliable data for further

analysis and modelling.

The variances of the new ACW1B dataset revealed a strong dependency on B’ angle variations.
The variances increase when the satellite enters and exits the Earth’s shadow, attributed to
temperature changes in the upper atmosphere, to which the accelerometer is sensitive. Interesting
patterns were revealed before and after the penumbra transitions, where the satellite crosses the
terminator. The terminator, due to intense temperature changes and subsonic speed, generates
acoustic gravity waves (AGWs). The disturbances shown in the variances could be attributed to
AGWs, though this requires further investigation. Additionally, disturbances during geomagnetic
storms, which can last for several days, were observed, highlighting that the accelerometer

measurements can reveal many phenomena related to thermospheric changes.

The new ACW1B, which does not contain spurious spikes was used to model the dominant non-
gravitational forces of drag, solar radiation pressure (SRP), and thermal radiation pressure (TRP)
acting on GRACE C using, for the first time, a data-driven approach. An extensive and in-depth
analysis of the residuals after subtracting the models from the ACW1B enabled the extraction of
valuable shorter wavelength information on the measured accelerations, which may significantly
enhance the accuracy and reliability of the non-gravitational models. The detailed residuals
analysis facilitated by the clean ACW1B dataset allowed for the identification and understanding

of subtle phenomena that were previously obscured by noise.

New insights into the effects of the non-gravitational accelerations on the satellites were revealed
for the first time using the ACWI1B and the new data-driven modelling approach. Based on the
spectral characteristics of drag, SRP, and TRP, we could effectively model the dominant forces:
SRP and drag in the Xz direction, and SRP and TRP in the Ysgr and Zgzp directions. The drag
force in the Yspp and Zggr, especially during periods of low solar activity, is nearly zero. The
analysis of the residuals indicated that penumbra transitions cannot be modelled precisely. This is
due to the different trends in measurements before and after the transitions, as well as the varying

magnitudes between entry and exit transitions.

Apart from these disturbances of known reasons, we observed that the residuals connected to
geomagnetic storms are only present in the Xgrr. An asymmetry between the ascending and

descending orbits in the Zggpp, attributed to Earth's radiation pressure (ERP), warrants further
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investigation. In the Y5z, being the least sensitive axis, the residuals did not reveal any signals
apart from the mismodeling of the penumbra transitions and the strong dependency on B’
variations. To better understand the residuals in the Xz, a signal decomposition using Daubechies
wavelets was employed. This axis was selected because the along-track direction is crucial for
retrieving thermospheric densities and estimating drag. The signal decomposition revealed that
disturbances up to 4 mHz can be attributed to drag, as this frequency band contains around 70%
of the energy of the series. Disturbances in the 4 to 8 mHz range were linked to geomagnetic storms
and polar region disturbances. An analysis with respect to local time (LT) revealed that these

disturbances have a latitudinal dependency rather than an LT dependency.

In summary, this thesis presents an original comprehensive analysis of accelerometer
measurements, addressing key challenges and introducing novel approaches that have not been
previously explored. A new robust calibration method, the creation of weighted datasets, and an
extensive residuals analysis are pivotal contributions that will significantly impact future research
in the field of non-gravitational accelerations. This innovative work not only aims to improve
gravity field recovery but, more importantly, proposes novel methods to enhance our
understanding of non-gravitational accelerations and the various phenomena affecting satellites.
These methods will help us identify similar disturbances in thermospheric densities, a crucial

aspect for the space weather scientific community.

7.2 Recommendations and Future Research

Several important avenues for future research are identified based on the findings of this thesis:
a) Enhanced Retrieval of the Scale Factor Parameter:

Further investigation is recommended into the sensitivity of the matched filter method using
different interpolation techniques to retrieve the kinematic POD-derived total accelerations. A
possible use of the KBR measurements instead of the total accelerations from POD, will also be
investigated. Along with future improved kinematic orbits using GNSS on board future missions
MC and MAGIC we will be able refine the method for more accurate scale retrievals for upper

atmosphere studies.
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b) Extended ACW1B Dataset Creation:

The ACWI1B dataset should be extended to cover periods of both low and high solar activity. This
extended dataset will provide a broader understanding of the disturbances affecting the satellite,
particularly during varying solar conditions. The variances of the ACWI1B need to be explored
using advanced techniques, such as pattern recognition, to identify the source of specific signatures
that can be further used to understand how the non-gravitational accelerations affect the satellites,

particularly the upcoming follow-on missions MC and MAGIC.
¢) Extended Data-Driven Model and Residuals Analysis:

Data-driven modeling of non-gravitational accelerations requires further improvement and
validation by comparison with theoretical models, which are currently limited in availability.
Models should be extended over longer periods and include a more detailed analysis of radial
residuals. This could improve understanding of ERP variations and address inconsistencies

between ascending and descending satellite orbits.

d) Correlation with ACE Satellite Measurements:

Investigating residuals related to drag against measurements from the ACE satellite at the L1%°

could provide valuable insights. This could help correlate disturbances during geomagnetic storms
at L1 and the impulse response of the accelerometer, improving space weather forecasting and

understanding the propagation mechanisms between L1 and the Earth.
e) Thermospheric Density Extraction:

Using the ACW1B dataset to extract thermospheric densities could prove highly valuable. The
absence of spurious spikes in the dataset eliminates the need for manual removal and interpolation

of spikes in the process of extracting thermospheric densities and enhancing data accuracy.

These future research directions will not only build on the advancements presented in this thesis
but also contribute significantly to the fields of space weather forecasting, satellite-based Earth

observation, and atmospheric dynamics.

0 The L1 point, or Lagrange Point 1, is one of the five Lagrange points in a two-body system, such as the Earth-Sun
system, where a small object can maintain a stable position relative to the two larger bodies since the gravitational
forces of the Earth and the Sun, along with the centripetal force of the orbit, balance out. The L1 point is located
approximately 1.5 million km from Earth towards the Sun.
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