
New Generation Stochastic Data-Driven Calibration of the 

Accelerometers and Modelling of the Non-Gravitational 

Accelerations in GRACE Missions 

 

 

Evangelia Myrto Tzamali 

 

A DISSERTATION SUBMITTED TO THE FACULTY OF GRADUATE 

STUDIES IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF 

 

DOCTOR OF PHILOSOPHY 

 

GRADUATE PROGRAM IN EARTH AND SPACE SCIENCE 

YORK UNIVERSITY 

TORONTO, ONTARIO 

September 2024 

 

 É Evangelia Myrto Tzamali, 2024



ii 
 

 

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 πȢρ ὲάȾί for the along-

track and radial direction and ρ ὲάȾί in the cross-track, the proposed dataset being clean from 

spikes has an accuracy of   ρπ ὲάȾί. 

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 
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GRACE-C satellite, using the new 1B dataset produced in this study. A comprehensive analysis of 

residuals which are up to ς ὲάȾί in the along-track, πȢυ ὲάȾί  in the cross-track and up to 

υ ὲάȾί  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 Earthôs 

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. 
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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 (Lühr 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; Jäggi 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; Lühr 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 Earthôs 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 Earthôs magnetic field 

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2003GL019314
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022EA002496
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2009GL042143
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017JA024146
https://www.sciencedirect.com/science/article/pii/S0005109807004797?casa_token=9U9YFF8FpJoAAAAA:gO8oPwvMWsxnBjBMt4sXZc50emlUHxIwTR6ythBq18J0momxzpTYieeVbUKRQzjCm41Ug8c4jg
https://link.springer.com/article/10.1007/s00190-014-0759-z
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2004GL019920
https://www.nature.com/articles/s41558-019-0456-2
https://www.sciencedirect.com/science/article/abs/pii/S0375960115003369
https://link.springer.com/article/10.1186/bf03351933
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015GL064841
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA022051
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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 et al., 2023). However, challenges exist in ensuring the accuracy and reliability of 

the on-board accelerometer measurements, which are susceptible to systematic errors, 

https://www.sciencedirect.com/science/article/abs/pii/S0273117705000694?casa_token=3Z9m2d7821MAAAAA:zSiqUuxv92lBXVmipQ2U7Jo9hUapW4ORqhdY6HwaqC8lKF2F4VWxKm5dcTFayAkDkjNKQo9ZDg
https://arc.aiaa.org/doi/abs/10.2514/1.48434?casa_token=SuWHTfX5s-kAAAAA%3Aoq3ba8Nm6LaZxUQUWzwt4Hb6LhH9dCZcZuASfqfRJEk9CoQ-NShkHWRJVGISacLULI3C_Hg-ve2J&journalCode=jgcd
https://www.mdpi.com/2218-1997/9/2/86
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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
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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 magnetotorquers1 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. 

 

Figure 1.1 Images of LEO satellites: (a) GOCE Satellite2, (b) CHAMP Satellite3, (c) GRACE Satellite4, (d) Swarm 

Satellite5. 

 
1 Magnetotorquers are used in satellites for attitude control by generating a magnetic moment which interacts with 

the Earthôs 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/FutureEO/GOCE/Introducing_GOCE 
3 NASA : https://eospso.nasa.gov/missions/challenging-mini-satellite-payload 
4 DLR: https://www.dlr.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 

https://ieeexplore.ieee.org/abstract/document/4777100?casa_token=Pe2I_5vFGdcAAAAA:jv5_i40pStTgczH2mbjf8ZzJo98wlfyEglbDlG0IElInGXLUagJMZ5LmtaSjxor2-yTx9zy37A
https://www.esa.int/Applications/Observing_the_Earth/FutureEO/GOCE/Introducing_GOCE
https://eospso.nasa.gov/missions/challenging-mini-satellite-payload
https://www.dlr.de/en/latest/news/2017/20171027_grace-mission-comes-to-an-end-after-15-years-of-successful-operation_24627
https://www.dlr.de/en/latest/news/2017/20171027_grace-mission-comes-to-an-end-after-15-years-of-successful-operation_24627
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 

satelliteôs 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. 

https://bgo.ogs.it/sites/default/files/2023-08/bgta40.3.4_TOUBOUL.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0273117715003944?casa_token=g0L10Qai0ukAAAAA:Hr0xXkGSfxsKcnSWkTAYauCYnx919rw1NUng5UX_ee-AILxpHJFZqytxu8HRMs_MqosE_CfKvA
https://www.sciencedirect.com/science/article/pii/S0273117724002011
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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 (BezdŊk et al., 2010; Zheng 

et al., 2011; Calabia & Jin, 2015; Wöske 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 ñabsolute standardò 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 

https://www.ion.org/publications/abstract.cfm?articleID=1899
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2004GL019920
https://link.springer.com/article/10.1007/s10291-023-01487-5
https://www.sciencedirect.com/science/article/pii/S0264370710000876?casa_token=HWF6i9Ks9nMAAAAA:g7vztyfcClStJFBRxStf53NuJ2bDlDiPygvoYiQkB8mdJVMReFvC28pIvLcShlJcSLDJ1ma0cw
https://www.jstage.jst.go.jp/article/tjsass/54/184/54_184_106/_article/-char/ja/
https://books.google.gr/books?hl=el&lr=&id=JhCQDwAAQBAJ&oi=fnd&pg=PA47&dq=calibration+accelerometer+satellites+&ots=Z3iYgwz86X&sig=nOPyh6RE-_L10WiAOj8beOA-4Ys&redir_esc=y#v=onepage&q=calibration%20accelerometer%20satellites&f=false
https://www.sciencedirect.com/science/article/pii/S0273117718307944?casa_token=xrSbptfkoX0AAAAA:-6SWtaFqSfSkI8rPunGuMMLypRBAUZooTkEVY_f8KJAT3UbCD_yz7JWG5nEtVPIsAlCis2tgkQ
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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 

ñcorrelateò 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 Earthôs 

shadow and vice versa, known as penumbra transitions, jolt the satellite with an acceleration of 

about ςπ υπ ὲάίϳ   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 ñmatchingò 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.  
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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, twangs6, 

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 ï sampling rate 1Hz), which is 

estimated from the original accelerometer measurements provided in the ACC1A dataset (Level 

1A ï 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 waves7 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 

 
6 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). 

https://angeo.copernicus.org/articles/36/761/2018/
https://hal.science/hal-03854833/
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021JB022124
https://link.springer.com/article/10.1007/s10291-023-01487-5
https://link.springer.com/chapter/10.1007/3-540-29522-4_8
https://www.mdpi.com/2076-3263/12/6/228
https://www.sciencedirect.com/science/article/abs/pii/S0273117709003706?casa_token=ItQX195EvZQAAAAA:pO0dySmDLp10JykEAK4_CzFsBmzML06EBdIHCZ3LCNaEk_bkqQPrj1kltQ0IDaoCjz7Ax1tGPw
https://arxiv.org/abs/2308.01619


10 
 

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 ónoiseô in some applications, for 

example in the estimation of the gravitational field, while they are ósignalsô 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 transitionsð

most probably due to temperature fluctuations since the accelerometers are subjected to 

temperature changesðand during pole crossingsðdisturbances 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 ACW1B 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 & IJssel, 2016). Additionally, 

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

atmospheric density profiles, and space weather phenomena.  

https://www.sciencedirect.com/science/article/abs/pii/S1270963807001423
https://link.springer.com/article/10.1007/s00190-015-0850-0
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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 ὴὫ (Touboul et al., 1999). In the 

science reference frame (SRF8) the most dominant forces along the flight path (ὢ ) 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 (ὣ ) the most dominant forces are the SRP and TRP, whereas in the radial direction 

(ὤ ) both SRP and ERP are dominant. 

   

2.1.1 Solar Radiation Pressure ï 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 Earthôs shadow. Sehnal (1970) addressed the challenges in 

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

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
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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 ‪, 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 Earthôs 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): 

ὥ ”ȿὠ ȿὠ                                                                                                                                    (2.1) 

where ” is the atmospheric density, ὃ is the cross-sectional area, ὧ is the aerodynamic coefficient, 

m is the satellite mass and ὠ  is the satellite velocity with respect to the atmosphere9. In this 

equation  

 
9 In a rotating atmosphere the velocity of rotation of the atmosphere is small compared to the orbital velocity of the 

satellite (Jacchia, 1963). 

https://link.springer.com/article/10.1007/BF01227825
https://www.sciencedirect.com/science/article/pii/S0273117715004378
https://arc.aiaa.org/doi/abs/10.2514/6.2016-5680
https://link.springer.com/book/9780792309710
https://search.worldcat.org/title/Fundamentals-of-astrodynamics-and-applications/oclc/124958747
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/JZ062i003p00413?casa_token=TqxWHTjlIBcAAAAA:aO-Xg3uh0nnNoliESUSzmKUk9FKPShkW3PomKX6EOiUnjcyXx9L_E08FH93rwF9oGjMUzDjjbsuLzxfZ
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/JZ062i003p00413?casa_token=TqxWHTjlIBcAAAAA:aO-Xg3uh0nnNoliESUSzmKUk9FKPShkW3PomKX6EOiUnjcyXx9L_E08FH93rwF9oGjMUzDjjbsuLzxfZ
https://www.sciencedirect.com/science/article/abs/pii/0032063365901509
https://adsabs.harvard.edu/full/record/seri/SCoA./0006/1963SCoA....6...55J.html
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╥ ╥ ╡                                                                                                                        (2.2) 

where ╥  is the velocity of the satellite relative to Earth,  is Earth rotation and ╡ 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).  

 

https://link.springer.com/article/10.1007/s11214-011-9810-z
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA021047
https://www.jstage.jst.go.jp/article/tjsass/58/2/58_T-14-18/_article/-char/ja/
https://www.sciencedirect.com/science/article/pii/S0273117722004458
https://www.sciencedirect.com/science/article/abs/pii/S0273117719300213?casa_token=JhYPvv8Ks9wAAAAA:qe4ZL3H-kPBBTu21OZc8a8BpRe7YeUQQwYqkLVJM9zuveaoUoewwzuDD0t--64m2EFiBQzhGWA
https://arc.aiaa.org/doi/abs/10.2514/1.28641?casa_token=wZJgK3VVxqcAAAAA:Nz3CCDvnSXuQbdavkvgbX-qUB87nTRhaS47buGbKeNVYbFR_PmzGHsQecS2VPl2u3ksPuqBzwZjT
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2.1.3 Earth Radiation Pressure ï 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 sphere10, 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 law11, 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 et al., 2015). 
11 The Stefan-Boltzmann law describes the intensity of the thermal radiation emitted by matter in terms of that 

matter's temperature: % ʎ4, where ʎ  υȢφχπσχττρω  ρπ is the Stefan-Boltzmann constant (Karam, 

1998). 

https://arc.aiaa.org/doi/abs/10.2514/6.1988-4292
https://www.sciencedirect.com/science/article/abs/pii/S1364682602001311?casa_token=6dS_FiDt3NgAAAAA:scPznST5D7Xs29LzLCH1vnI_y8zsGHG1FxDqMUjFZgX6wVeb9i3944Jpu6S16JZJEV4Tp9O-Qg
https://files.osf.io/v1/resources/sxqwb/providers/osfstorage/5c3a20497cf3f50018b95aad?action=download&direct&version=1&mode=render&public_file=True
https://link.springer.com/article/10.1007/s00190-020-01368-6
https://arc.aiaa.org/doi/abs/10.2514/1.G002566?casa_token=gGy-c26lfmUAAAAA:67DT1XQc2-vgHQ0QxmfzE17aGiG52icB7gbZQHmQcCUfDWwSOqN0lTwVC6PJcraNq0IS-0li7ua2
https://link.springer.com/article/10.1007/s10569-015-9637-0
https://books.google.de/books?hl=nl&lr=&id=bzD4_hxupI4C&oi=fnd&pg=PR11&dq=karam+1998+thermal+pressure&ots=3aN2q9Axdn&sig=_m081gAeDDMz_1UznAsDJP0BF-Y#v=onepage&q=karam%201998%20thermal%20pressure&f=false
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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 (Wöske 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, 

ii)  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 Earthôs gravity field and individually model every non-gravitational acceleration 

component (BezdŊk, 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 

https://www.sciencedirect.com/science/article/abs/pii/S0273117705000694?casa_token=7zPABxq11DsAAAAA:XGU4RFwf4H37krRpkALmIzsJBnVvWRd7Q-F2M2B2Q_sfJrcuJvvWBsnjyH7bWvtFwk5-qtkT1A
https://www.sciencedirect.com/science/article/abs/pii/S0273117718307944?casa_token=sCrgTpDN2tYAAAAA:ZBOUNIvv3VByvhVQj05hpQmIxkm0pcdfVhQODqb77muMisWTI4GpfAMNRQ76dkkAzYk_UU-DVQ
https://www.sciencedirect.com/science/article/abs/pii/S0264370710000876?casa_token=U1vf_DPBJu0AAAAA:tLyGM47yQ67u2eBkAnG8mBTe0g8NpXZa0R1MMYjbn6f_bTKqHD-3u2pzjdpf_L2sTIbrKaUDbw
https://link.springer.com/article/10.1007/s00190-016-0889-6
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be compared (correlated) directly with the accelerometer measurements to deduce the 

accelerometer scale factor (Calabia & Jin, 2015; Klinger & Mayer-G¿rr, 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 &Ijssel, 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 et 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. 

https://www.sciencedirect.com/science/article/abs/pii/S1270963815003788?casa_token=KuKlpeJ7z9QAAAAA:FBVmtArCptg4JCR_dvh9YFxRk6nGoxjixP0WoV172Q-iISTxoPx_MeJFfj_cq-o4fqtxhW6NqQ
https://www.sciencedirect.com/science/article/pii/S0273117716304409
https://www.swsc-journal.org/articles/swsc/abs/2023/01/swsc230004/swsc230004.html
https://www.sciencedirect.com/science/article/abs/pii/S0273117708002858?casa_token=hO4bfNWHDi8AAAAA:vBZbmF2zmmHUnCn1N_TVnKsF-AYHpvI_XJEY7b82KjySpia882Ia8zWNaO3TrUQlLVTzISeUzA
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020JB021297
https://link.springer.com/article/10.1007/s00190-012-0545-8
https://link.springer.com/article/10.1007/s00190-015-0850-0
https://arc.aiaa.org/doi/abs/10.2514/2.3937?casa_token=G5gHJykoDQ8AAAAA%3Apywrfg6pgInBFxY9nzvjIrqQa2YmDDv1s-BNMZhiwL96JRykIV-uu8L_D7WQpnnPo_0nu2dMk1--&journalCode=jsr
https://link.springer.com/article/10.1134/S0038094608010061
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2016JA022594
https://www.sciencedirect.com/science/article/abs/pii/S0094576599001320?casa_token=zIoUfCRv7aQAAAAA:md_lb2Y00qPZKuBOYyDq5TzhsRxB42xrf0Xea4ZiQvsQIb8T4nZSGGPnwL5DbK93pPMbZkHYXw
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the Accelerometer Reference Frame (ARF)12, 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 

gradiometer13 and its assembly are shown14. 

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 D5B15, 

developed by Office National d'Études 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 316 (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 et 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 óGRADIO accelerometerô to refer to the individual accelerometers of the gradiometer unit.   
14 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).  

https://adgeo.copernicus.org/articles/1/57/2003/
https://arc.aiaa.org/doi/abs/10.2514/1.A34326?casa_token=6hUQL2-xKrYAAAAA:q9Y_HJrFQ9JTx_-LBueLxAc4LSC1kBrEc0iF6NXTYBFf9M_eTeHsf0ntUBkH2N28BcylS6JL-h-Y&casa_token=i1PG55dRV78AAAAA:D4evMFuL_snaPgBii6mKOOTDzvS6Rrr6Yk_saQRIJf5prTwFP6ASVTrw3nlgn-Tf2XwzRzY5lCVk
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/RS008i004p00297?casa_token=NrGEA7Zzb3wAAAAA:6uqzDek422mplWiI-Y8sRkoKHdvWUBxvtJ0NaTgxMIvFR0y_k3cGrSGFSb5NUytDFRuUJecN5bMACDT_
https://www.sciencedirect.com/science/article/abs/pii/0094576579901309
https://books.google.de/books?hl=nl&lr=&id=2eGZ296oVfQC&oi=fnd&pg=PA9&dq=Marcos,+1982%3B+accelerometer+&ots=sxuS96ffA7&sig=RmPjyUuVX3Zt6lSC3i-RMowXzqY#v=onepage&q=Marcos%2C%201982%3B%20accelerometer&f=false
https://www.sciencedirect.com/science/article/abs/pii/S1364682600000663?casa_token=iod0IgG6Rd0AAAAA:FPTWDFKG_ISWEN8HDessnEItVB2j0LaLgr4_Y5B9d2RFQqermEjjItxrrZ7sVgJW5MvkwqnODw
https://link.springer.com/chapter/10.1007/978-3-031-11158-7_2
https://www.sciencedirect.com/science/article/abs/pii/009457657790008X
https://www.sciencedirect.com/science/article/abs/pii/S1364682610001860?casa_token=_u8b_G66S9YAAAAA:HepiHO8Ue9fRG2zz96Zzs6gvvuhP32HSndME6DpCWkuL3w7vlVMKzK07yJufCSK-_IZ9MWhEAw
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Launched on July 15, 2000, the CHAMP mission operated in a circular orbit with a ρππЈ 

inclination and eccentricity less than πȢπρ 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. 

 

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. 

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
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The GOCE mission, launched on March 17, 2009, in a sun-synchronous orbit with an inclination 

of ωφȢχЈ, 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 Earthôs 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. 

 

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 

https://www.sciencedirect.com/science/article/abs/pii/S0273117710006320?casa_token=zXAs3p5-65AAAAAA:CRpWUW7NQmcXCYvJuXcnisNWoT8foaFKs2p58TTS2jvKsm2EB_vRJYSoZGzHGqFCwtcYczsIyQ
https://www.sciencedirect.com/science/article/abs/pii/S0094576599001320?casa_token=0iJXf3KAW5UAAAAA:7jRjAe217L4g1hAYBy7r3Ude9sPLF94wnoeZi3w_Dfs_wMsAavJyo8zTPrc5govfPkmmu5Dlwg
https://link.springer.com/article/10.1023/A:1026104216284
https://www.sciencedirect.com/science/article/abs/pii/S0303243413001141?casa_token=-7laUT8ne8kAAAAA:XAQbmjg033NmqY4f9dE6KzifzabTgusxfZniamFeuq-91t-V-sHa965Q6-Y0sYvOoQgIIGVneg
https://www.sciencedirect.com/science/article/abs/pii/S0094576502002965?casa_token=qZyXDazGY5UAAAAA:xOIsCiMkXRKgOL6mrO9EJYzuuH-x1I-BFrT4Mk2iAkbErsY2ZIDU0dgVV4kn-SHvvtcyDdCSfw
https://link.springer.com/article/10.1007/s00190-011-0467-x
https://link.springer.com/article/10.1007/s00190-011-0500-0
https://link.springer.com/chapter/10.1007/978-3-031-11158-7_2
https://link.springer.com/article/10.5047/eps.2013.07.011
https://www.sciencedirect.com/science/article/abs/pii/S0273117715004068?casa_token=yFHAZ7Sbn_IAAAAA:30tPvBMOq3_2J1eQi5hpyLujxcWgiWZPrFGI94gCckCDEe1pMUn8GFGWi-lomRMamQVh1gifrQ


23 
 

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 (Iorfida 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 IJssel 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 

https://link.springer.com/article/10.1186/bf03351933
https://link.springer.com/article/10.1186/bf03351933
https://link.springer.com/article/10.5047/eps.2013.07.001
https://link.springer.com/article/10.1186/s40623-016-0474-5
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022EA002458
https://www.sciencedirect.com/science/article/abs/pii/S0273117715004068?casa_token=W2Kqy1SJJZ0AAAAA:aFfS52rThJdmp47iOmXcIIeR6vrN5rZvruKAmXP7qX_Hl-rT0Lrfz1ESCk5nZQmBKRKIbNVu4Q
https://essd.copernicus.org/articles/12/1385/2020/essd-12-1385-2020.html
https://www.sciencedirect.com/science/article/abs/pii/S0273117720300077?casa_token=JZfWiHSGpuQAAAAA:4Q9xTCXv-OKDdYp3l2CNoZxLgILX9EmRc1cpvX2PrhjXFEMIeWpVwXNzJY_JSejQDD-UqPydKw
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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. 

 

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 Earthôs 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 et 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 ψωЈ, it provided global coverage while accommodating the necessary launch mass, 

covering all local times in ρφρ 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). 

 

https://www.science.org/doi/abs/10.1126/science.1099192?casa_token=gSJ8ZbgtQ1gAAAAA:jTp0ee3_0XSbj4NsMzOGBLsQQfyjEIdwZFEA_1ecpOoLaMGunQBtUX5uWudn0QT4wM094YAnqBJkQyo
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019GL085488
https://bgo.ogs.it/sites/default/files/2023-08/bgta40.3.4_BALMINO.pdf
https://link.springer.com/chapter/10.1007/978-3-319-32449-4_11
https://www.nature.com/articles/s41558-019-0456-2
https://link.springer.com/chapter/10.1007/978-3-319-10837-7_15
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021JB022113
https://os.copernicus.org/articles/19/321/2023/
https://arc.aiaa.org/doi/abs/10.2514/1.A34326?casa_token=9jIHv-CRY6EAAAAA:08Fsw-jbRoCwd3ZMtGmO-luiY8MmNDWYIQTuhH4hkpRlmCtDLX9QWOjEpxUc3P9dg33LXe0DAdes
https://www.sciencedirect.com/science/article/abs/pii/S0273117703001583
https://link.springer.com/article/10.1007/s00190-011-0521-8
https://www.mdpi.com/2072-4292/10/6/829
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2.3.1 Instrumentation 

GRACE and GRACE-FO missions comprise twin satellites, AïB 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 used17.  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 (ὃὙὊ) 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.  Ὕhe ὤ  is pointing towards the K-Band antenna of the other 

satellite in the pair, the ὣ  is nadir pointing and the ὢ  (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. 

 

https://www.sciencedirect.com/science/article/abs/pii/S0273117718303685?casa_token=4Exvyu-_qsEAAAAA:cXTJ3Q58S29qHXrjcO_cnibKgDNFSfRCOuMDfNKuPWCSa2-qiXtnt3oaPMifOYITMvtx2ifjpw
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.031101
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021JB022983
https://earth.esa.int/eogateway/documents/20142/37627/GRACE-L1B-Handbook-v1.3.pdf
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are sampled every 0.09997s, meaning that they have a sampling frequency of 10.034Ὄᾀ 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, 

SRF is a satellite-fixed reference frame with origin at the center of mass of the satellite.  The ὢ  

is pointing along the satellite track (ὢ ὤ  ), ὤ  is in the radial (nadir) direction (ὤ

ὣ ) and ὣ  (ὣ ὢ ) is in the cross-track direction forming a right-hand triad. The 

ὣ  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 ὼώ-plane of the ITRF aligns with the mean equatorial plane of the 

Bureau International de lôHeure (BIH) reference frame orientation of 1984 (BTS84), within 0.005 

arcseconds, and the ᾀ-axis is perpendicular to ὼώ-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 ï 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 óInertial 

Frameô 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 ὼώ-plane of the CRF is kinematically very close to the mean equator 

of J2000. The ὼ-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 ᾀ-axis is normal to the ὼώ-plane and is fixed to the 

Conventional Reference Pole ï CRP. The CRP is nearly aligned to the Earth spin-axis. The ώ-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). 

 

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

Table 2.1 GRACE and GRACE-FO processing levels. 

Level of Products Description 

Level 0  

The result of receiving, collecting and 

decommissioning telemetry data. Each satellite 

provides two of these files.  

Level 1A 

The result from non-destructive processing 

applied to Level 0 measurements. It comprises 

sensor calibration, time tagging, quality control, 

and reformatting. Ancillary data needed for 

further processing are also included. 

Level 1B 

The result from processing Level 1A and Level 0 

data. It involves time-tagging and reduction of the 

data sampling rate. This processing collectively 

constitutes Level 1. 

Level 2 

Includes precise satellite orbits and estimates of 

the spherical harmonic coefficients for the 

Earthôs gravitational potential.  

Level 3 
Includes monthly ocean and land mass anomaly 

datasets.  

https://earth.esa.int/eogateway/documents/20142/37627/GRACE-L1B-Handbook-v1.3.pdf
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Table 2.2  Description of measurements on GRACE missions 

Measurements and 

Reference Frames 
Satellite Description 

ACC1A (ARF) GRACE C 3D linear and Angular 

accelerations. The sampling 

frequency of linear accelerations 

is Ὢ ρπὌᾀ. The ACC1A is 

provided to users only for 

GRACE-FO mission.  

ACC1B (SRF) GRACE A 

GRACE B 

3D linear and angular 

accelerations. The sampling 

frequency is Ὢ ρὌᾀ. The 

ACC1B 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 Ὢ ρὌᾀ. 

SCA1B (IRF to SRF) GRACE A 

GRACE B 

GRACE C 

Rotation quaternions from 

Inertial Reference Frame (IRF) 

to SRF. The sampling frequency 

is Ὢ πȢς Ὄᾀ. 

GNV1B (ITRF) GRACE A 

GRACE B 

3D position coordinates in Earth 

- Fixed Frame. The sampling 

frequency is Ὢ ρ Ὄᾀ. 

GNVI1B (IRF) GRACE C 3D position coordinates in 

Inertial Frame. The sampling 

frequency is Ὢ ρ Ὄᾀ. The 

GNI1B 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 ρπ  άȾίȾЍὌᾀ  for the ὢ  and ὤ  and ρπ άȾίȾЍὌᾀ for the least sensitive 

axis ὣ  (Bandikova et al., 2019).  

In Figure 2.5 we present the ACC1A measurements (ρπὌᾀ)  along the three axes of the ὃὙὊ, and 

their Power Spectral Densities (PSDs), while in Fig. 2.6 the ACT1B measurements (ρὌᾀ)   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 ρὌᾀ)  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 GPSða 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. 

https://www.sciencedirect.com/science/article/abs/pii/S0273117719303485?casa_token=XC-W6nGex4sAAAAA:xPgtDDNxIstKP_P0JSkgzvel8NpYKlfgZfhHaqm6F_1MSdUlyQ1_BbpA-V8lMAZ9JIzkWpAodQ
https://www.sciencedirect.com/science/article/abs/pii/S0273117719303485?casa_token=XC-W6nGex4sAAAAA:xPgtDDNxIstKP_P0JSkgzvel8NpYKlfgZfhHaqm6F_1MSdUlyQ1_BbpA-V8lMAZ9JIzkWpAodQ
https://www.sciencedirect.com/science/article/abs/pii/S0273117721008322?casa_token=jHf4hZVQxwQAAAAA:0XKSjXiT6tER5f6MJcG1x9I20yRfan3L3oYgpGnEZiGmX54kVwTAQI3RI-AZORfeOg3hBki_BQ
https://earth.esa.int/eogateway/documents/20142/37627/GRACE-L1B-Handbook-v1.3.pdf
https://deotb6e7tfubr.cloudfront.net/s3-edaf5da92e0ce48fb61175c28b67e95d/podaac-ops-cumulus-docs.s3.us-west-2.amazonaws.com/gracefo/open/docs/GFO.ACT.JPL-D-103863.20190520.pdf?A-userid=None&Expires=1723327358&Signature=Qq4WtF7~Cit8CK4Q0np2LHsK-ulA98bdbw9aBBwybFwJ0w6DeH4sG-Moq3tNP-DWv7av1B3b~lrjbevvHjU07wKb7ATPLHEoMcv5ZYSiiaWmvQ~DyT1CShBxCfTXzjC5pgQemcnKKu3Z70H~8Ya2toSxdzWxKCpEaRONTD-MTbLpG3i3lHrOKXhvQo9E5pN0dFrWFXYtZG9j9TCPP1ba5wy6WMo-cB7prHooTJUV8yFK7A0mQoLQKzZa60XLwno6zq3cVpXzUYaQ8ChSkHubZBNBJ-XJP~TsWDogq131CQt5hluW2cqkVl4gB31g~3iPXCVc4mUtSV~dUjsIDGjTcQ__&Key-Pair-Id=K2RKHL74UYIJOV
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Figure 2.5 GRACE C, January 1st, 2020: Two orbital evolutions of the accelerometer measurements along the three 

axes of the ὃὙὊ and their PSDs. ὢ  measurements are displayed in red, ὣ  are displayed in yellow and ὤ  are 

displayed in green. The accelerometer measurements are given in άȾί and the PSDs in άȾί ȾὌᾀ. 
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Figure 2.6 GRACE C, January 1st, 2020: ACT1B measurements (Level 1B) along the three axes of the ὛὙὊ and their 

corresponding PSDs. ὢ  measurements are displayed in red, ὣ  are displayed in yellow and ὤ  are displayed in 

green. The accelerometer measurements are given in άȾί and the PSDs in άȾί ȾὌᾀ. 
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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  

╪╬╪■╢╪□ ╫ ,                                                                                                                      (2.1) 

where ╪╬╪■ represents the calibrated non-gravitational accelerations along the three axes of the 

SRF, ╪□ represents the measured non-gravitational accelerations, ╢ is a σὼσ matrix (usually 

diagonal) representing the scale factor and b is a σὼρ matrix of the accelerometer bias along the 3 

axes. The fully populated S matrix contains diagonal elements that are not equal to one and off-

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. 

 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020JB021297
https://www.swsc-journal.org/articles/swsc/abs/2023/01/swsc230004/swsc230004.html
https://www.jstage.jst.go.jp/article/tjsass/54/184/54_184_106/_article/-char/ja/
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018JB015641
https://link.springer.com/article/10.1007/s00190-020-01368-6
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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 Ὄᾀ) 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. 

 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019JB017415
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JB024330
https://www.mdpi.com/2076-3263/12/6/228
https://link.springer.com/chapter/10.1007/978-3-642-32135-1_7
https://www.mdpi.com/2072-4292/13/9/1766
https://www.sciencedirect.com/science/article/abs/pii/S0273117719303485?casa_token=IF-S5Jxn4VcAAAAA:dOtGDYV133zPMDOUX1mXKNGj4vGbeiLfaa_9P5R6wfOrzGph1WNMV4xkt_ZKuEbtQTVFcWy91g
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020JB021297
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2023JB028013?casa_token=UEDluGtdY_YAAAAA:n5zzWCAndNqYnWArkovJlnZI1e_4iFLB3nKkDg7NzDzxjeSktKL0dlaU300AdPgRHi9id4xuhYa1OSco
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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 (Klokoļn²k 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. 

 

https://link.springer.com/chapter/10.1007/1345_2022_151
https://link.springer.com/article/10.1007/s00190-020-01368-6
https://link.springer.com/article/10.1007/s00190-008-0222-0
https://www.sciencedirect.com/science/article/abs/pii/S0273117718307944?casa_token=l8_tZmN7ebYAAAAA:ZgvIx4tqdG3tlmkCGVdj-zo7SkaDceSkpYYPnyrV4JxPqXLmZXdGDKi8UUnlTYBvYb5sVaOtGg
https://www.nature.com/articles/s41598-022-05952-y
https://arc.aiaa.org/doi/abs/10.2514/1.28641?casa_token=JY0yrSQgogwAAAAA:hloLOnQKR9_GcR1Qy-D_zCe_4MRQVP4esjAF6cBi_g3i0QwsC9WDbOSaaSEYSp1kBP4-ou5-wliX
https://www.sciencedirect.com/science/article/pii/S027311772200895X
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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 Earthôs 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 Earthôs 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 ACT1B datasets for GRACE and GRACE-FO, respectively. Both ACC1B and ACT1B 

datasets refer to ρὌᾀ preprocessed accelerometer measurements in the satellite-fixed Science 

Reference Frame (SRF). The accelerometer measurements are provided in the along-track 

direction (ὢ , cross-track direction (ὣ  and radial direction (ὤ  (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 Earthôs gravity field recovery process or for the retrieval of the 

thermospheric density and neutral winds. The calibration equation is given by 

╪ ἡ Ͻ╪ Ἢȟ                                                                                             (3.1) 

where ╪  denotes the calibrated non gravitational accelerations,  ╪  are the accelerometer 

measurements provided by the ACC1B and ACT1B datasets, ἡ is the σ σ diagonal matrix 

comprising the scale factors along each axis by which the original measurements need to be 

multiplied, and Ἢ is the three-dimensional bias vector added to the measurements. The off-diagonal 

https://link.springer.com/article/10.1007/s00190-020-01414-3
https://www.proquest.com/docview/304622179?pq-origsite=gscholar&fromopenview=true&sourcetype=Dissertations%20&%20Theses
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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 Encarna­«o 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 et al., 2010) simultaneously with the orbital parameters from the GPS 

measurements (Montenbruck et 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 

in ὣ  and ὤ .   

https://www.sciencedirect.com/science/article/pii/S0273117716304409
https://arc.aiaa.org/doi/abs/10.2514/1.A34639?casa_token=tTs54oYS1nkAAAAA:-q3JtGataiFc6Kr9Uov0bj3PgrbIVMdL_FQGzLrUkGf8H28xTZ2AG4VucxYVqE0hQ-6Bjw85iBZc
https://www.sciencedirect.com/science/article/abs/pii/S0273117709001707
https://elib.dlr.de/74046/1/Wermuth_et_al%282010%29.pdf
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=baffc52eaca858088fb78110f456b067a9a878a8
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In another study, BezdŊk (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 Earthôs 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 ὢ  (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 ὣ . 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 ὣ  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 ὢ , while there is a constant difference in ὤ . The correlation between ὣ  biases 

and ɓȭ angle18 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 ɓȭ angle: It is defined as the angle between the Sun-Earth line and the vector perpendicular to the orbital plane of 

the satellite. 

https://www.sciencedirect.com/science/article/abs/pii/S0264370710000876?casa_token=vJhBeq1CNNEAAAAA:BahFif366h9MRkKZyhdM3cMRI2X09g8lPjtLnx0EtSxxR-y6YiPsHBodS4z6c6VlrR2eN070Pg
https://arc.aiaa.org/doi/abs/10.2514/2.3937?casa_token=1WUjt11_Su8AAAAA%3Al52iR_jhvexnUCJRG1yWvm1aO35i_rDTgeOdDiB0iz4xw3y_2xk64D8lvuYT1KJ9qzFaBJ0s4Rzf&journalCode=jsr
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2014RG000449
https://www.sciencedirect.com/science/article/abs/pii/S1270963815001601
https://www.sciencedirect.com/science/article/pii/S0273117716304409
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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 ὣ  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 C20 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 ὢ  showed a 

strong correlation with temperature variations due to the variability of ɓȭ angle, the angle that 

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

Wºske 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 ‍, 

especially in ὣ  and ὤ  due to the cooling and heating of the satellite when it enters or exits 

the Earthôs 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 ὢ , 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 

https://www.sciencedirect.com/science/article/abs/pii/S0273117718307944?casa_token=-4Q8MSqMBI8AAAAA:hFCs5Wq7tfzdqP7lc7XlONv82z71BBu7IPU207c0qzIw8XDJL_GTjQUE0U1RjLWSI4lc_yKCZw
https://www.google.com/search?q=Bettadpur%2C+S.+(2012).+Gravity+recovery+and+climate+experiment%3A+Product+specification+document.+Technical+report%2C+GRACE+327-720%2C+Center+for+Space+Research%2C+University+of+Texas%2C+Austin.&rlz=1C1GCEA_enNL1093NL1093&oq=Bettadpur%2C+S.+(2012).+Gravity+recovery+and+climate+experiment%3A+Product+specification+document.+Technical+report%2C+GRACE+327-720%2C+Center+for+Space+Research%2C+University+of+Texas%2C+Austin.&gs_lcrp=EgZjaHJvbWUyBggAEEUYOdIBBzIzMmowajSoAgCwAgA&sourceid=chrome&ie=UTF-8
https://www.sciencedirect.com/science/article/abs/pii/S0273117709001707
https://link.springer.com/article/10.1007/s10291-023-01487-5
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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 υ ὲάȾί in the along track direction and 

φ ὲάȾί 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 ὢ  and 

ὣ  could only be obtained during high solar activity periods and revealed a disturbing periodic 

signal in ὣ  similar to what was previously noted by Calabia et 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.   

https://www.researchgate.net/publication/328637245_Calibration_of_GRACE_Accelerometers_Using_Two_Types_of_Reference_Accelerations
https://www.sciencedirect.com/science/article/abs/pii/S1270963815001601?casa_token=bFkLrH8bjaQAAAAA:1Qi-hLVf71eE8tIgS9-C5joOogiJjxuqPgWQ5p8JlUuNXHli8bWSk9fZXUgAJYnhmCR_74Lrrw
https://ui.adsabs.harvard.edu/abs/2017SpWea..15..558M/abstract
https://link.springer.com/article/10.1007/s00190-020-01368-6
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Li et al., (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 ρπ, 

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. ɇhis is due to the reliance of the method on 

penumbra transitions that occur as the satellite enters and exits the Earthôs shadow. Our new 

calibration approach is inspired by the Ëwave focusingË 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 (σπί υπί), 

https://www.tandfonline.com/doi/full/10.1080/10095020.2021.2010506
https://www.swsc-journal.org/articles/swsc/abs/2023/01/swsc230004/swsc230004.html
https://digital-library.theiet.org/content/journals/10.1049/ip-f-1.1985.0006
https://ftp.idu.ac.id/wp-content/uploads/ebook/tdg/MILITARY%20PLATFORM%20DESIGN/Richards_M._Scheer_J._Holm_W._Principles_of_mo.pdf
https://colab.ws/articles/10.1109%2FTCOM.1960.1097629
https://ieeexplore.ieee.org/document/4323176
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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 (GNV1B 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 υπὨὄ. 

 

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 

https://ieeexplore.ieee.org/abstract/document/5705665?casa_token=JbvoloQ2FOQAAAAA:COY2AazwYCKzt-FBt9YXwKxNoWwj2yIo8g2kJQzVJK9jrpQRdwQXh96qXfLJ0z_kLS9pN-2XTg
https://www.osti.gov/servlets/purl/1106768
https://academic.oup.com/gji/article/204/2/1134/594579
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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 ópointô 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; Rom§n 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 ίὸ in a measured signal  ὼὸ

ὲὸ, where  ὲὸ is noise, we use an appropriate linear, time invariant (LTI) filter of impulse 

response Ὤ† expecting that the filter output ώὸ after convolution will be of larger magnitude 

https://pubs.aip.org/asa/jasa/article/33/11_Supplement/1681/613434/Filters-for-Near-Field-Noise
https://iopscience.iop.org/article/10.1088/0034-4885/63/12/202
https://iopscience.iop.org/article/10.1088/0266-5611/17/1/201
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2848721/
https://pubmed.ncbi.nlm.nih.gov/10923887/
https://pubs.aip.org/asa/poma/article-abstract/16/1/045015/818759
https://www.mdpi.com/2072-4292/13/21/4362
https://www.mdpi.com/2072-4292/13/21/4362
https://ieeexplore.ieee.org/iel4/78/2656/00080832.pdf
http://users.ece.cmu.edu/~moura/papers/jstsp-feb10-jin-moura-odonoughue-ieeexplore.pdf
https://www.osti.gov/servlets/purl/1106768
https://experts.umn.edu/en/publications/signal-detection-and-classification-using-matched-filtering-and-h
https://apps.dtic.mil/sti/tr/pdf/ADA462747.pdf
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(power) where ίὸ is present and lower magnitude where it is absent. The detection of ίὸ 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 ίὸ has a known form, its detection in the measured signal is simpler when ὲὸ is Gaussian 

white noise, since ίὸ is used to formulate the impulse response of the filter to maximize the SNR. 

In addition, when ίὸ is of finite length Ὕ, the impulse response of this filter is (Turin, 1960) 

Ὤ†   
Ὧί  †ȟ   π † Ὕ

  
   πȟ                  ÏÔÈÅÒ×ÉÓÅ

                                               (3.2) 

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

The maximization of SNR is possible in the frequency domain by taking the Fourier transform of 

ίὸ and ώὸ, 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 ίὝ † hidden in a 

measured signal ὼὸ ὲὸ, where ὲὸ is Gaussian white noise. As it turns out, the global SNR 

maximum is achieved by cross correlating the time reversed version ίὝ † with ὼὸ, 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.   

ώὸ ᷿ίὝ †ὼὸ †Ὠ† ᷿ίὝ †ὲὸ †Ὠ†                                         (3.3)                 

The filter output ώὸ will attain a maximum value at time ὸ Ὕ,where the known waveform ίὸ 

is present in the input (measured) signal ὼὸ. The impulse response of a matched filter satisfies 

the following equation: 

᷿ ȿὬ†ȿὨ† Ὧ᷿ ȿίὸȿὨὸ,                                                                                                   (3.4) 

https://ieeexplore.ieee.org/document/1057571
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where  is the signal energy (Turin, 1960). The impulse response produces the maximum response 

when ώὝ , meaning that ίὸ is identified in ὼὸ at time Ὕ. From the Cauchy-Schwarz 

inequality it turns out that the output of the matched filter has a unique global maximum  at time 

ὸ Ὕ and for any other ὸ, ώὸ ώὝ . Theory shows that no filter other than the matched 

filter can produce an output as large as  at time ὸ Ὕ therefore it maximizes the SNR only at the 

sampling instant  . Due to the convolution between the impulse response Ὤ† and the input signal 

ὼὸ 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 ίὸ is injected into Gaussian white noise ὲὸ forming the measured signal ὼὸ 

i.e., 

ὼὸ ίὸ ὲὸȢ              (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 ίὸ of unit amplitude and 

duration Ὕ ρί. This pulse serves as the reference signal for the matched filter process; b) 

represents a signal containing white noise of duration Ὕ υί.  In this signal the original 

rectangular pulse is injected at ὸ=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 Ὤὸ delayed by †, which is obtained by flipping the transmitted 

pulse in the time domain i.e., Ὤὸ  ί ὸ †Ȣ  Since the selected pulse for this example is 

rectangular, the time-reversed pulse is identical to the original; d) matched filter output that 

matches (ócorrelatesô) the time reversed rectangular pulse ίὸ with ὼὸ, resulting in a distinct 

peak that indicates the presence of the original transmitted pulse in the received signal ὼὸ. This 

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

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 ίὸ is generated using the 

sigmoid function, which provides a smooth, continuous transition from 0 to 1. The sigmoid 

function used is defined as  

ίὸ   ,                                                                                                                                (3.6) 

where ὸ is the time, and Ὕ ρί is the duration of the sigmoid pulse. This function creates an S-

shaped curve centered at ὝȾς, 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 Ὕ υί.  In this signal the original sigmoid 

pulse is embedded at ὸ=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 Ὤὸ delayed by †, which is obtained by flipping the transmitted 

pulse in the time domain i.e., Ὤὸ  ί ὸ †; Panel (h) shows the matched filter output that 

matches (ócorrelatesô) the time reversed sigmoid  pulse ίὸ with ὼὸ during convolution, 

resulting in a distinct peak that indicates the presence of the original transmitted pulse in the 

received signal ὼὸ. This peak is highlighted in the plot with a red marker. The position of the 

peak at ὸ σȢυίȢ 
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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. e)  Transmitted sigmoid pulse; 

f) Received signal comprising the sigmoid plus Gaussian noiseȠ 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 Ὧ is calculated from the ratio of the energy of 

the known (added) signal ίὸ to the total measured signal ὼὸ. In digital form, scale factor Ὧ is 

given by     

Ὧ  
В

В
 ,                                                                                                                 (3.7) 

                                                

where ὔ is the number of samples of the finite signal ίὸ. 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 ὃ ρ. Calculate its energy Ὁ . 

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 ὃ

τπ. Calculate the energy of the received signal Ὁ .  Apply energy normalization to the 

received signal that contains the embedded pulse by multiplying it with the energy 

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

 ὶὩὧὩὭὺὩὨὶὩὧὩὭὺὩὨ .                                                                                              (3.8) 

In this example, the Ὁ  is 5 orders of magnitude larger than the Ὁ . 

c) Time- reverse the original pulse with ὃ ρ. 

d) Convolve the time-reversed pulse and the ὶὩὧὩὭὺὩὨ. The peak of the matched filter 

output occurs at ὸ σȢυί and its amplitude is ὃ τρȢρ. This value indicates 

https://ietresearch.onlinelibrary.wiley.com/doi/full/10.1049/rsn2.12087
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that the original sigmoid pulse of ὃ ρ should be multiplied by approximately 41.1 

to match the amplitude of the embedded pulse of ὃ τπ. 

 

 

Figure 3.2 Matched Filter example for the amplitude retrieval using the energy normalization factor: a) The original 

sigmoid pulse of with ὃ ρ. b) The received signal that contains the sigmoid pulse of ὃ τπ. c) 

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 ὶὩὧὩὭὺὩὨ. 
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In the case of the accelerometer calibration, however, the measured signal ὼὸ is the penumbra 

transition signal that is not calibrated, whereas ίὸ 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 Ὧ 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 óemitted signalô the non-

gravitational accelerations measured by the on-board accelerometer while the óscattered signalô 

comprises the gravitational plus the non-gravitational accelerations derived from the GPS POD 

kinematic positions. The accelerometer signal (óemitted signalô) 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 ópropagatedô back to focus on the POD-

derived acceleration signal. This TR is time-invariant because both waveforms do not óoccurô 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 óabsoluteô 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.  

https://ietresearch.onlinelibrary.wiley.com/doi/full/10.1049/rsn2.12087
https://rcin.org.pl/Content/26539/WA727_17359_56172_Fink-Time-reversed-3.pdf
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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 Ὧ 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 ἡ (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-G¿rr, 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 

https://link.springer.com/article/10.1007/s00190-015-0872-7
https://www.sciencedirect.com/science/article/pii/S0273117722002009
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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 Earthôs 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 ones19. 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): 

 

 
19 For more information about the process and the force models, we refer the readers to Suesser-Rechberger et al., 

(2022). 

https://ui.adsabs.harvard.edu/abs/2019JGeod..93.1835K/abstract
https://www.sciencedirect.com/science/article/pii/S0273117720302532
https://elib.dlr.de/11256/
https://elib.dlr.de/11256/
https://essd.copernicus.org/articles/13/99/2021/
https://igsac-cnes.cls.fr/documents/gins/Doc_Itrf/Desai2002_poletide.pdf
https://academic.oup.com/gji/article/211/1/263/3979461
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1002/jgre.20118
https://arc.aiaa.org/doi/10.2514/6.2008-6438
ftp://isdcftp.gfz-potsdam.de/grace/DOCUMENTS/Level-1/GRACE_Algorithm_Theoretical_Basis_Document_for_GRACE_L1B_Data_Processing.pdf
https://podaac.jpl.nasa.gov/gravity/grace-documentation
https://podaac.jpl.nasa.gov/dataset/GRACEFO_L1A_ASCII_GRAV_JPL_RL04
ftp://isdcftp.gfz-potsdam.de/grace/DOCUMENTS/Level-1/GRACE_Algorithm_Theoretical_Basis_Document_for_GRACE_L1B_Data_Processing.pdf
https://www.sciencedirect.com/science/article/pii/S0273117722002009
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                           (4.1)  

               

 

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 datasets20 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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GRACE C
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coordinates and the velocity components of the

reduced dynamic orbit in the CRF. The sampling

rate is 0.1 Hz.

ACT1B:Thesamplingrateis1Hz.

https://archive.podaac.earthdata.nasa.gov/podaac-ops-cumulus-docs/gracefo/open/docs/GFO.ACT.JPL-D-103863.20190520.pdf
https://podaac.jpl.nasa.gov/
https://isdc.gfz-potsdam.de/grace-fo-isdc/
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 Graz21 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 σͯπ times per day when the 

satellite enters and exits the Earthôs 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 ‍ χπЈ22,  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 Earthôs 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 

ɓ', 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 +90Á and -90Á, and the sign is determined by the 

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

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

 

 
22 ‍ 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).  

https://earth.esa.int/eogateway/documents/20142/37627/GRACE-L1B-Handbook-v1.3.pdf
https://podaac.jpl.nasa.gov/dataset/GRACEFO_L1A_ASCII_GRAV_JPL_RL04
https://www.sciencedirect.com/science/article/pii/S0273117722002009
https://www.semanticscholar.org/paper/Umbra-and-penumbra-eclipse-factors-for-satellite-Fixler/482ee345554fc327d8fcfe6065f51f758a40718f
https://idp.springer.com/authorize/casa?redirect_uri=https://link.springer.com/article/10.1007/s10569-015-9637-0&casa_token=QBQEWbeRW9gAAAAA:DyeUc-QhZ0lQSW-Cz-0cUn7QDQCMrplte8oGgJjwezoPn2qeaOq-4EddHlqmYekoiyOs3joZ2DcY5Va-nw
https://www.tugraz.at/institute/ifg/downloads/satellite-orbit-products
https://commons.erau.edu/ijaaa/vol6/iss5/15/
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direction in which the satellite orbits its primary body. When ‍ πЈ, the satellite spends the 

maximum possible amount of time in Earthôs 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 1ͯ61 days for both missions. An extensive 

investigation of the relationship between ɓ' 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.  

 

Figure 4.2 Two orbital revolutions of a) GRACE A (left column), b) GRACE B (middle column) and c) GRACE C 

(right column). GRACE A and B correspond to April 1st, 2015, while GRACE C correspond to January 1st, 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. 

ɿɴɽʄɼɱʁɰʄɼɱʁɰʂʄɽ ɰʁɲ
ɰ) ɱ) ɲ)

https://link.springer.com/chapter/10.1007/978-981-10-0940-2_15
https://www.sciencedirect.com/science/article/pii/S0273117721008310?casa_token=jGyTthd07G0AAAAA:oxCDbOK4YJi3si-IEZyxllnCT0KHux1QPmFpCf7hPtv_GVhl2uXBYDwWVBfA33nTNGGsPvoKrw
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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 (Fºldv§ry, 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 GNV1B 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 Earthôs 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 υ ÍȾÓ 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) 

https://akjournals.com/view/journals/074/42/4/article-p399.xml
https://www.researchgate.net/profile/Gerard-Petit/publication/235112142_IERS_conventions_2010/links/09e41510fd516c4924000000/IERS-conventions-2010.pdf
https://icgem.gfz-potsdam.de/docs/GRACE_CSR_L2_Processing_Standards_Document_for_RL06.pdf
https://icgem.gfz-potsdam.de/docs/GRACE_JPL_L2_Processing_Standards_Document_for_RL06.pdf
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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 ὥὧὧ  ὥὧὧ   are less than ρπάȾί (left column) which is 

comparable to the difference ὥὧὧ  ὥὧὧ . The difference ὥὧὧ

 ὥὧὧ  is nearly zero, with its PSD indicating a difference below υπὨὄȢ From the PSDs, 

high frequency artifacts are observed above 0.1 Ὄᾀ 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 ófocusô 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 ólocalô 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 



62 
 

factors are calculated for different periods of solar activity of both missions and the dependency 

of the accelerometer measurements to ɓȭ angle is investigated.  

 

Figure 4.3 GRACE C (January 1st, 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 ὥὧὧ  and the ὥὧὧ  are 

presented with an offset of  πȢπράȾί for visualization purposes. Bottom two rows: The differences between the 

datasets and their PSDs. The differences  ὥὧὧ  ὥὧὧ  (black) have zero offset while the ὥὧὧ

 ὥὧὧ  (yellow) and  ὥὧὧ  ὥὧὧ  (light blue) are presented with an offset of   ρȢυ ρπάȾί, 

for visualization purposes. 

ɠɸɽɴɼɰʃɸɲ ɜʁɰʉÙɧɴɳʄɲɴɳɜɣɫ1ɗ

Ȣ □Ⱦ▼

ɠɸɽɴɼɰʃɸɲ ɜʁɰʉÙɧɴɳʄɲɴɳ ɜʁɰʉ ɧɴɳʄɲɴɳ ɜʁɰʉÙɧɴɳʄɲɴɳɜɣɫ1ɗ

ȤȢ □Ⱦ▼

ɠɸɽɴɼɰʃɸɲ ɜʁɰʉȢ □Ⱦ▼ ɧɴɳʄɲɴɳɜʁɰʉ ɧɴɳʄɲɴɳ ɜɣɫ1ɗ Ȣ □Ⱦ▼
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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.  

https://ieeexplore.ieee.org/abstract/document/94450/?casa_token=h4oMm_qdejoAAAAA:YHc3q6xtgmrjTwwe375Zgi6di20BmuYs2-e-Noq0Hmy_HdB6W66BMbLVT-I8Y2PaHFWar5Xfuw
https://ieeexplore.ieee.org/abstract/document/94450/?casa_token=h4oMm_qdejoAAAAA:YHc3q6xtgmrjTwwe375Zgi6di20BmuYs2-e-Noq0Hmy_HdB6W66BMbLVT-I8Y2PaHFWar5Xfuw
https://ieeexplore.ieee.org/iel7/8782710/8818473/09246231.pdf
https://hal.science/hal-04472542/document
https://hal.science/hal-03346373/document
https://seemabaji1.files.wordpress.com/2018/09/signalspace_partii.pdf
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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 ὼὸ, 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 satelliteôs 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 ὣ  and ὤ , 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 ὣ  and ὤ . 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 Ὧ 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 ὛὔὙρυ Ὠὄȟ where the ónoiseô is the 

variance (power) of the high frequency output of the filter. The presence of spikes in the ὣ  

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 ὢ . 

The ὢ  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 

ὸ χςσί. 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 ‍ᴂ angle variation. When the satellite 

reached ‍ πЈ, the amplitude of the penumbra was two times larger than the amplitude for ȿ‍ᴂȿ

χπЈ. 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. 

 

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). 

https://search.proquest.com/openview/8ae88da90ff1abf129a5568c2267f842/1?pq-origsite=gscholar&cbl=18750
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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 -ρςπὨὄ 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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Figure 4.6 GRACE A, February 1st, 2006. 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. 

 

Figure 4.7 GRACE C, January 1st, 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. 

¶ 1st Detection test 

In the first test, we select the second penumbra transition of January 1st, 2020, starting at ὸ 

 ςσςσ 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 ócross-correlationô in the time domain. Here ócross-

correlationô 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 

ρȟρ. 

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. c) 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. 

¶ 2nd 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 1st, 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.  

 

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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¶ 3rd Detection test ï 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 ὢ  and the ὣ . 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 

https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3336/0000/Prewhitening-matched-filter--practical-implementation-SNR-estimation-and-bias/10.1117/12.317022.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3336/0000/Prewhitening-matched-filter--practical-implementation-SNR-estimation-and-bias/10.1117/12.317022.short
https://ieeexplore.ieee.org/abstract/document/972119/?casa_token=SsVKLaRb_dQAAAAA:yxf78MrrkW8MGeZqF6fQ7rpw9ympHFvhR7ekdnEp6AyYrc7Bm3goPaoh8EOkHl5xqkkVnJoBaQ
https://arxiv.org/abs/1501.06027
https://ieeexplore.ieee.org/abstract/document/8599836/?casa_token=Hyi1mcY0eDkAAAAA:RfRH-Oh8__d-rOcfDLs0QbAaR5fpVj0hRt-24gYf32frS9NSlzR0NtD6dIsVgR7Z9ZlbjxMSyQ
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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. 

 

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. 






































































































































































