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1 Mot i v atPr oh Staartde me n

Satellites in Low Earth Orbit (LEO) play pivotal role in understanding the Earth's dynamic
processes and environmental changes. These satellites enatileeeab ni t or i ng of t h
environment, weather patterns, occurrences of natural disasters and enhancement of positioning
and navigation systemSatellites like Terra and Aqumovide critical data on Earth's atmosphere,
oceans, and landpntributing to research on climate change, weather patterns, and environmental
health. Landsat 8elivers highresolution imagery, aiding in land use management, agriculture,
and forest conservation. Sentiielenhances our ability to monitor natural disasters and track
environmental changes with its radar imagery, while CYGN&@oves our understanding of
tropical storms and hurricanes, helping to refine weather forecasts. These LEO missions are
invaluable in addressing global environmental challenges and informing dewialong.
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
steadystate Ocean Circulation Explorer (GOCE), the Gravity Recovery and Climate Experiment
(GRACE and GRACH-0), and Swarm, have collectively advanced our understguodiBarth'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 highets. 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 commonnstrument onboard all these satellites is the accelerometer, which measures non
gravitational forces acting on the satellites. This instrument significantly enhances our

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



1. 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 tamdBng atmospheric
processes and space weathéhf et al, 2004;Hu et al, 2@2). The satellite's measurements have
been crucial in investigating thermospheric density enhancentamis|éy et al, 2010;Abadiet

al., 2017).

GOCE, a European Space Agency (ESA) single satellite mission launched in March 2009, with its
low Sunsynchronousrbit and highquality gravitational gradient measurements, has significantly
contributed to the recovery of both static and twaeable gravity fields, and provided detailed
insights into the Earth's gravity field variatiorizafiutqg 2008;Jaggiet al.2014).

GRACE and its followon mission (GRACH-O), two twinsatellite missions oNat i on al
Aeronautics and (SAaSAcaadGérmaniAerasgade ICantel (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 researchdpleyet al, 2004 Tapleyet al, 2019. These missions have also been
instrumental in improving the precision of geoid models to global skalesikin 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 ( i i s C letrali,2006;dorz et al, 2015;Luhr 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, GRACKEO and the future Mass Change MC (NASA) afa s s
Change and Geosci ences MAGICt(ESAN missions rar@ lprim&@ityn st e |
dedicated gravity space missions that have revolutionized and will continue the monitoring and
studies of the Earth system via the precise d
changes in time that dek water mass balance and solid Earth mass redistribution. When

combined with higkprecision and higihesolution measurements df & Ear t hds magne:Ht
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https://link.springer.com/article/10.1007/s00190-014-0759-z
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https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015GL064841
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA022051

from Swarm constellation and -Bitu seismological measurements of the Earth structure, a

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

Thetraditional method of orbit analyses on any satellite mission that has been used for decades to
determine the Earth gravitational field posed two limitatiapsghe orbit perturbations due to
gravitational plus nomravitational forces were determined via ground tracking which could only

be available over short intervals and ii) the fgpavitational orbit disturbances could not be
isolated from the total pentbations 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 trackivgarbit

via an onboard GPS receiver, ii) measurement or compensation efrawitational accelerations

via an onboard 3D accelerometer, iii) low orbital altitude and iv) suppression of gravity field
attenuation at altitude by measuring gravitatiomatlgents (GOCE mission only).

An accelerometer installed precisely at temterof mass of the satellite to eliminate rotational
accelerations, measures the linead the angulanon-gravitational accelerations induced by the

Solar Radiation Pressure (SRP), atmospheric drag, Earth Radiation Pressure (ERP), and Thermal
Radiation Pressure (TRP). Measured -goavitational accelerations are indispensable for both
determination of thgravity 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 -goawvitational accelerations are cialc 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, nongravitational accelerations eressential for predictive models for mission

planning and collision avoidan¢giebartet al, 2005;McMahon & Scheere010).

Thetilization of spaceborne accelerometers in
under stangi agi odt nomal accelerations acting ol
essential for accurate orbind determvadt obnt he
dens iWeetes2023) . However, challenges exist in e
the-boar d accelerometer measurement s, whi ch


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

necessitating precise calibration to mitigat
thermospheri c neutKroadpt .daIn280i @ 2yehteersatliOmadt)i.ons (
Since the <calibration of the accel erometers
gravitatihemwal bt gbhabti bn-ppreeccass ®nf @arc cteil ghh o me t
mi ssi ons mu st consider factors such as scal
accelerometer def oAsnactiaal 289 r. i mMAgidli auwwowalal (v, i
consider -itreapeedt bias dri fts due t o t he hi
accelerometers and the coupling er rMasssealitettiwe e
al 2202n LEO mi ssions, i ntegrating accel eromet
measur Ememt &PS receivers, is viKbaeg ,faokr@pér;eci s
Hel | eput t,e 280.0&Ewchienng t he prediction of LEO
measurements can be achieved through advanced
model s-gofavhnoati onal accelerations. This appr
futur e gatserlalnegitnsal @02 3) . Mor eover, empl oyi ng
in orbit determination necessitates the conct
parameters, such as scale and bias, al ong wi
spaceGeaff t al 2A@0)ti onaltliyme tphreocresali ng of t h
measurements facilitates 1 mmediate orbit corr
rentry timelines NMonntlLeEn® reyncvi2 @& hGnzel@l® 8 7 ) . Despi
chall enges associated with accelerometer meas
streamline the processing from raw acceleratic
continuous advancemeattesr i me eahsainrdd menrgtSsa tiere hleE ©
al, 20i le2pas 2016 ) . However, due to significant
sensitivity, the stgmicfki caanndt rsapdiikaels diinr etchhe oar,
gaps in accelerometer measudemewné¢ d Bd & mastmae sd
Boni,f ax0ke21) .

Whil e accelerometers are invalwuable instrume
integration with other sensors andadatrma@y o&®
effectiveness of accelerometer measurements |

In this research, we introduce an innovative approach to the accelerometer calibration challenge,
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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 artharing the transition of the satelliterough the Earth's shadow,
across the terminator, or from the activation of magnetotorbderig passages over the equator

or the poles. Our findings and contributip@éthough applied to the GRACE missionan be

directly adapted for use iany future missions that carry an accelerometer and POD capabilit

¢) GRACE mission d) SWARM mission

Fi gatlemages of LEO satePl i(the)s :CHARP (BAC EGRATIE( 83 tt Swlair me
Satéllite

IMagnetotorquers are used in satellites for attitude co
the Earthdéds magnetic field to create a torque. This tol
attitudei wigt poVgopoeii | mam2006)

ESAht tps://www.esa.int/ Applications/ Observing_ the_ Eart
SNASA ttps:// eospso. nas anigsoavt/eplalgibtbeads/ chal l enging

‘DLRuttps://www. dlr.de/ en/ |-mi e sctobnmecaws ta@fOoill&re 2000571027 gr a
succ eospsefrualt i on_ 24627

SESMAMittps://earth.esa.int/eogateway/ missions/ swarm/ desc:
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1. Phe ChallendMessobOue@®®a@id i buti ons

The GRACEand GRACEFO 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 grdditse&ievery to
ensure that changes in satellite accelerations are solely due to gravity field vafiationsulet

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 densitie$ypically, the accelerometer measurements when used for the extraction
of the thermospheric densitiesichieve 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 decféaseserf 2015 Sieme<et al.,

20249).

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-goavitaional forces acting on the satellite is
demanding and can result in inaccurate determination of drag, a crucial parameter throughout the

satelliteds |ifeti me. I n this research we foc

a. Develop an athew method for the ehoard accelerometer calibration of GRACE and
GRACEFO accelerometers based only on the accelerometer measurements and on the
precise orbit determination (POD) data emphasizing that our contributions will be valid for
ary future missions with continuous 3D precise position capability (GNSS) and a 3D
accelerometer choard.

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. Devedaothai memelfsradi ati on pressure (RP) and
and GFACEbased s oslpeelcyt r @t cthar actel esbmese

measur ement s.


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

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. 20ROr bi t Ac c@ll a rbornaetti eorn

The onorbit accelerometer calibration is one of the most crucial challenges in LEO missions that
carry an accelerometetMu & 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
nongravitational forces, such as solar radiation pressuRP)Sdrag, and thermal radiation
pressure (TRPare 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 repehiied 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 literf@uzez cetiak 201Q Zheng

et al, 2011;Calabia & Jin 2015;Wdskeet 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 modedsntnoducean original, all new calibration
method This new approachelies solely on the o+board norgravitational accelerometer
measurements and on the total accelerations of the spacecraft determined from its precise orbit
determination (POD) using the tmoard 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 totaamldaPdD Kiome:
calibrationbased only on geometric observations and not taking any forces into aleaming

to a satellite position accuracy of a few centimetdiise 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 redlyceanic orbits.

In this study, we use kamatic 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

an iterative leassquares 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 ngmnavitational and total accelerations to be able to compare or
Acorrelatedo them with the sasumementsandseenduthe@ms i n t
gravitational accelerations are abell?0dB of the total accelerations. The former challenge can

be bypassed by recognizing that the transitions of the satellite fromtHheiSun r egi on t o t |
shadow and vice versknown as penumbra transitions, jolt the satellite with an acceleration of
about¢ T v T€ § i 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 fAmatchingo of the penumbr a
retrieval of the scale factor is inspired byhweave f ocusi ng met hodol ogy
commoenmhpyl oyed in radar apepflidzati @amsmiftotred hEek rc
(template) in the unknown reflected (scattere
n o i. Theetime 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, usmgrelization factor which is the

ratio of the powers between thedldiccelerations and the rgravitational 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 missigmofleen

with the current statef-the-art methods is that the separation of the -gavitational
accelerations from the total ones is achieved via physical (theoretical) models that have errors and
thus the scale factors are biased. In our approactditian to the retrieval of the scale factor, the

bias of the accelerometers astimatedindependently of the scale factor by applying a daily

secondorder polynomial fit to the accelerometer measurements.



1. 2Un2c er t aAcrcteil esMeodEesstuegare ment s

The presence of random and systematic errors i
i mpact their acd®ueaateraln2d 1r8e)l.i aDouiel ittoy .t h(e acce
sensitivity, which is a major contributor t o
measurements that depend on the solar activit
accel erRondertiegtu.efal 202 2) . Systematic errdrs, s u
fluctuations due to the magnetotorquers, t hru
along the three aXx&hseermb.faltZB2®Bg.c,el 220 Dimert emtsl vy,
staf e-aratppr oach of producing and wusing an acc
original accelerometer measurements (Level 1A
datasets with no cowat ihaThésecondahallengeteasouracsearaic i at
focuses on is the conception and production of a new 1B dataset for the accelerometer of GRACE

C satellite (GRACH-O mission), namely the ACW1B (Level IBsampling rate 1Hz), which is

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

1AT 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 autammvaria
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 terminatsmg®isamong many others.

The variances of the ACW1B also reveal disturbances that can be associated with the creation of
acoustic gravity waveésn 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 ins@lnee approach

5Twangs are disturbances present in GRACE measurements
more orders of magnitude. These disturbances are ter me
t he -ahmpglhi t u de osmrikledes ,alt ZC06,;i QHOt2 2) .

"AcouGrtaiviVatvye s ( AGW) arteh ecrrneoastpende rien atnhde i n t he vicinity
the supersoni c s pafmiearichoeft . tahl €0t rr;,emmenhyakahb)2.0 4 3
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to how the measurements should be treated and provides us with information on the accuracy of
the measurements and the different factors that affect the satellite during its lifetime. This is crucial

for deriving thermospheric mass densities, which reltheraccelerometer measurements.

1. 2Mo3del IRamg aRv fe e B U r e At(niRoPs) pDeeardi ¢

Modelling nongravitational accelerations is fundamental in satellite missions since they
significantly affect the satellite orbit. Su
example in the estimation of the gravitational field, whiletheyar6 si gnal sd i n ot he
precise orbit determination and prediction, mission planning and operations, thermospheric density
estimation, space weather, and others. While the totagjremitational accelerations are measured

by the accelerometersnoboard gravity satellite missions, it is important to separate the
atmospheric drag from the other rgravitational accelerations induced primarily by 8R®Pand

to a lesser extent lyRPandTRP.

The final and critical challenge that this dissertation focuses on is the developratadriven
modelsof thethreedominant norgravitational forces acting on the satellites: BRP, 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, ediidata

SRP, TRPand drag models along with their error estimates are the first of their kind because they
are developed from our ACWidktaset of GRACEO, developed in this research (Section 1.2.2).
The method of developing these models is in the #rqu domain and is based on the Least

Squares spectral and wavelet analyses.

By modelling the two dominant forc¢SRP and drag in the aloiigack direction, SRP and TRP

in the crosdrack and radial directiongcting on the satellite, we analyze the weighted residuals
that reveal disturbances during even minor geomagnetic storms, during penumbra trénsitions
most probably due to temperature fluctuations since the accelerometers are subjected to
temperature chang& and during pole crossingsdisturbances connected toagnetic field
disturbancesThe extensive analysis of the accefeeter residuals can shed light on the various

factors that affect the satellite while orbiting the complex upper atmosphere. It can provide us with

10



insights into the changes in the atmosphere during geomagnetic storms and terminator crossings,
which might hold promising potential for future forecasting effoffe. 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. Bhesi s OQutline

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 gtmos. Chapter 2 comprises an
extensive literature review, which will encompass the evolution of research in accelerometer
measurements pertaining to gravity field determination and thermospheric dembigseshapter

also offers an wdepth examinatioof 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 yarticimportant as this thesis
represents the first application of the matched filter method for retrieving the scale factors of
accelerometers in a geodetic conté&tiapter 4 presents the results of the calibration parameters
derived for the GRACE and GRAGEO missions using the matched filter method. In Chapter 5,

we introduce the new weighted dataset ACW1B and analyze the calculated variances of the
accelerometer nasurements, addressing all systematic errors presented in the measurements.
Chapter 6 psents the datdriven models 08RP, TRPand atmospheric drag for the GRACH

mission, along with an analysis of the weighted residuals. This analysis reveals disturbances during
geomagnetic storms, fielaligned currents, and penumbra crossings. Finally, in Chapter 7, the

conclusion of the theés contribution is presented, along with an outline of future work
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https://www.sciencedirect.com/science/article/abs/pii/S1270963807001423
https://link.springer.com/article/10.1007/s00190-015-0850-0

The accelerometer measures the totatgr@vitational accelerations of the satelllieweverdue

to the instrument sensitivity, other factors also affect the measurements. These additional sources
include thermedynamical effects, thermal motion of molecules, radiation pressure due to
differential temperatures, thruster firing events during th&rol of the spacecraft attitude and
magnetic static forces on the proof magstérseinet 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 nongravitational forces acting on a satellite. This capability is important for modelling
various mission parameters, such as satellite lifetime, atragspinag, recovernof the gravity

field, and understanding the dynamics of the upper atmospReresuch applications, the
accelerometer expected resolution must be better than f)-%Touboul et al, 1999).In the
science reference frame (SiREhe most dominant forces along the flight pi ) are the SRP

and the atmospheric draghe latter can fluctuate significantly based on the intensity of solar
activity, either increasing or decreasing accordingfythe transverse (cros$sack or lateral)
direction ¢> ) the most dominant forces are the S&tfel TRP whereas in the radial direction

(& ) both SRP and ERP are dominant.

2. 1Saall ar Radi a$RBn Pressur e

The SRP accelerations arise from the-nonservative force exerted on the satellite by the sunlight
photons impacting on its surface. Modelling the SRétusial since it constitutes one of the two
dominant norgravitational 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 sathite, and the satellite mass.

The investigation of SRP effects on actual satellites was pioneefdddnn(1960) andSehnal
(1970)proving its impact osatellite orbits and on orbital velocity over time. An important element
in the SRP studies i1 s Sehmall®0)aderessed thé challdngesiEar t h

8Science Reference Frame (SRF) will be discussed in Tab
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https://www.sciencedirect.com/science/article/abs/pii/S0273117712001123?casa_token=2yRZRGqegfUAAAAA:vOlD_bLF64hro2Bc66Wth68xjgKc9gCveqWmmGctvAVk1Nqjfr3qH0_hWGIYddXN8vG6wEbTTg
https://www.sciencedirect.com/science/article/pii/S0094576599001320?casa_token=Cv5HR_-d6zMAAAAA:_XCS6Jnxb4jT3QOOBvs0rT6IAAihYKfGCO7LJPYIUipN7Rm40yKkybZw4aVeTgPmWBrtOPoTjA
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/JZ065i005p01391?casa_token=uPXuD8qOyp8AAAAA%3AEzs7LqLmtAorBKZbCtNueT5kgrsycZ_jpuWeiMn1Mhi3TEjgUGG-jSyUSW-_GK6eh5XnthGj3uyTtyen
https://link.springer.com/book/10.1007/978-3-642-99966-6#page=269
https://link.springer.com/book/10.1007/978-3-642-99966-6#page=269

modelling the radiation pressure and introduced a specialized shadow function to account for
effects when the satellite moves in and out of Earth's shadow, namely during the transitions
through the penumbrdJello (1972) conducted a study on the Earth's shadowing effects on
satellite orbitsThe author introduced the concept of the shadow function, denol 'dvdsch

acts as an eoff 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, Eantidl the satellite, and the shape of the conical
shadow surfaceMo n t e n &t al u2015;lkari et al, 2016).

2. 1At2mospheric Drag

The atmospheric drag force acts in a direction opposite to the satellite motion atidesicwith

it. It 1 s the r esi s tatmoespheré anthe satelitexas it moeed through itt h e
producing both shofperiodic and slow perturbations. It originates from collisions between the
satellite and neutral and charged particles in the atmosphere, leading to deceleration of the satellites
andreducing their lifetime. The magnitude of the atmospheric drag depends on various factors,
including the speed of the satellite, altitude, cresstional area, shape and the density of the
atmosphere, which even if it decreases with altitude, can \gmifisantly due to solar activity or

other atmospheric condition&i(kpatrick et al, 1999;Vallado & McClain 2001).Jastrow&
Pearsg1957) 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 1969:

o —"w W (2.1)

where” is the atmospheric densi®is the crossectional area is the aerodynamic coefficient,
m is the satellite masand« is the satellite velocity with respect to the atmosphénethis

equation

°l'n a rotating atmosphere the velocity of rotation of t
satelddgrl g63) .
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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

T T 1 (2.2)

where is the velocity of the satellite relative to Ear '\jis Earth rotation and is satellite
radiusvector. 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 velatotyg the satellite orbit

remains relatively constar®{an & Solomon2012;Emmerf 2015).The aerodynamic coefficient

can be categorized as fixéd uses a constant value that remains unchanged throughout the
analysi$, fitted (it is derived through a fitting or filtering process and is typically updated over
time, such as every few hours or orpite physical(it is calculated by modeling the interaction
between the satellite and the fldigld particles, factoring in the momentum and energy
exchangg 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 physicam®odithe
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 calculafed
GRACE, CHAMP and GOCE missiongp 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(#18htaet 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 Caponet al, 2019). However, this assumption is not entirely valid at laE@udes due to

the presence of neutral winds, which can exhibit high velocities and significantly impact drag
estimation Suttonet al, 2007).
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https://www.sciencedirect.com/science/article/pii/S0273117722004458
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2. 1Ea3rt h Radi 8aERBn Pressur e

ERP comprises the Earth's reflected and emitted radiation, with the reflected sunlight acting on the
satellites and causing ERP acceleratiétisockeet 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 behavesKe a Lambertian sphéfe 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 neaimfrared spectrumifiomon & 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 cycleuface albedo, reaching a maximum in boreal
spring due to increased reflectivity of snoawered 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 publishediéperg& Kusche(2020).

2. 1T Mer maddiraet i omRPressur e

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 Hesaret al, 2017). This absorbed radiation leads to temperature variations throughout the

spacecraft due to heat transfer mechanisms. According to the-Btdfamann law?, the thermal

L, ambertian sphere is an idealized sphere that descri be
uni formly, regar dl e SR beefretttshpesl 2a0nlghl)e of i nci dence (
1T h gtefanBoltzmannland e sct hbebnt etntsdrtmgalofr achieati on emitted by ma

matter's % A4,,whe@h uvgex mo X T TePwi s StefarBoltzmannc o n s(Kaaamt
1998)
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energy emitted by the satellite contributes to its acceleration. This acceleration depends on the
absorbed radiation, the internal and external geometry of the satellite, and the-dp&oalo
properties of its materialZiebartet 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 (WVoskeet al, 2019).

2. 1Cheal | eefn glecsc el er omet er Measur ements

The accelerometer on board LEO missions measures the totgtanotational accelerations due

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

important requirements:

)] the accelerometer must be precisely and frequently calibrated (scale and bias)
throughout the mission operation§hese calibration parameters can vary a lot
depending on the calibration method and the context of data,usag

1)) the use of the accelerometer measurements for the studies of the thermosphere must
have acontinuous and precise knowledge of the atmosphericaaithe SRPot just

the total norgravitational accelerations.

To resolve the above two challenges, the stétbe-art approach is to develop theoretical models
for t he Eart hods gravity f 1 e-gravitatiamaldaccelenatdon v i d u a
componentl e z d N R CHelet al, 2016).

For the calibration of the acceleromet@erCHAMP, GRACE and GRACEO missionsthere are
two similar approaches: Conceptually, a gravity field model is subtracted from the total
accelerations determined by the GPS POD to provide the totajrasitational accelerations to
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https://link.springer.com/article/10.1007/s00190-016-0889-6

be compared (correlated) directly with the accelerometer measurements to deduce the
accelerometer scale fact@alabia & Jin2015K | i nge r -G& r M2 WAeBnatively, all

nongravitational accelerations are modelled and compared with the accelerometer measurements

to provide the scale of the acceleroméf&emeset 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 solufieliry et al, 2008 Be h z aepojat

2 0 2 Ho) 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 acceleromet@gmest al, 2012;Visser &ljsse) 2016) To extract
thermospheric densities, atmospheric drag must be isolated from othegravitational
accelerations. This is achieved by subtracting theoreticaldrexm models from the total
accelerations observed by the acceleromé&grifisma & Biancalg2003;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 aata driven modejausing only thd?OD and the accelerometer measurements to
calibrate the accelerometéChapter 4)and isolate the atmospheric drag from the total- non

gravitational accelerometer measurements without the use of any physical Gtoajgkr 6)

2. Rccel ePoimediepHi s ¢ ovied ali ew

An accelerometer operates based on the princi

formed by six pairs of electrodes. Thi s conce

mass is very suitable for isgphcree saplpdtiican i @fnsa

measurements or dr ag Tlorudetud,ahl 996 ) -of Wi fea ts@nd re
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high voltage | evitati oW sssceBr@ iné) pr Bp o s eadxeibsy i OS8l1
gradi ometer comprising Si x el ectrostatic acec
accel erometers aligned al ong each axis), de
devel opment of grioadbed Is q@arnadv i d g/e pfeinelndg owur con
gravitatToowmbsedtu lfail 8 8 h(kevta.t,@Ir2 0 0 3V e i veatine ,adl €TOhle5 ) .

gradi ometer was 100 times more sensitive than
mi ssion before. These measurements hel ped est
shewatvel ength features of thdvdgpoathi oubnpceadet g
the physics ofuzBAlrltHhos6 aentdt earl iR@urinhietl. al2011) . DI

to the | ow altitude of its orbit, t he success

Accelerometers

4 electrodes X' \

Proof mass

Electrodes Y, Z

Fi g@2@®@OCE gradiometer (left), GRADI O accelerometer ass
accelerometers (right). The difference of the accelera
gravitat i ofMdad p tgeridar dii seohon2d12(2 )

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

November 2013 to study the Earth's magnetic fislddmillan & Olsen2013;v an dee@at | | ss e

al, 2Thd Swvarm mission, which, at the time of writing, is still in operation, comprises three
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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

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 536 km (i s
Christenseret 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 dendityiad,

offering essential measurements for scientific investigationse(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 &asen 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 anticipatedSiemeset al, 2016). Swarm C is the only one of the three satellites with the
highest signato-noise ratio. As a result, acceleration measurements from Swarne &vailable
throughout the entire operational period of the mission, while data from the other two satellites are
only available for certain monthg(fida et al, 2023). The secondary goal of Swarm mission was

to bridge the gap in gravity field recovery between GRACE and GRRCHy an deet | Jsse
al., 2015;Texeiraet al, 2020).The third goal of the mission is the estimation of the thermospheric
densitiesy a n  d e et al]2028)Deelto the low signaio-noise ratio, temperature sensitivity

and gaps in accelerometer measuremémsaccelerometeneasurements are usually replaoed

correctedby the nongravitational measurements derived from POD.

Overall, e 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 véry sma
accelerations to map Earth's gravity field with unprecedented detail, particularly-adtimde

orbits where atmospheric drag is more pronounced. CHAMP, an earlier mission, featured a less
sensitive accelerometer primarily focused on capgulargerscale gravity field variations and
atmospheric density, which laid the groundwork for future missiGiRACE and GRACH-O
employed highly sensitive electrostatic accelerometers, crucial for detdetimgn-gravitational

forces affecting twin satellitesnd operatingvith exceptional stability over long periods, given

the mission's focus on temporal changes in the gravity fielcontrast, Swarm's accelerometers

are designed with a focus on measuring thegranitational forces that could impact the accuracy
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https://link.springer.com/article/10.1186/s40623-016-0474-5
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022EA002458
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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 magpanth's magnetic field.

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

by each mission.

¢) GRACE accelerometer d) SWARM accelerometer

Fi g@3@ompari son of electrostatic accelerometers used in
f or -phriegchi si on gravity gradient field measurements. (b)

gravity field aerwel deasitlhe (ber BRALE accel erometer:
the Earth's gravity field from other forces. (d) SWARM
densimage. courtesy of ONERA 66G6OCBer CHAMPI aald BRAEC&)CchH
Prague (SWARM).
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2. BRACE and-FAGWASGH ons

The Gravity Recovery and Climate ExperO@ment (
( GRAED) , are pioneering satellite missions de
Earth's gravitational TdpktyalaZ2nC®4eits . adydr2aocn) ¢ Tl
primary objective of the GRACE missions was
observations initiated by CHAMP and GOCE mi s
resolution monthly gl obal Bméd deihwablFd Dh;et Ear t h
al, Z@abeéeryakl019). The GRACHiIiasd oGRACEaunched i
respectivel vy, are coll aborative efforts betwe

These missions have significantly advanced ou
ice mass changes, and the movement o f water
approxi matkFell egc BBtO2a0ti @y ; d teeta ya | BG2 hetu da B)2.0 2

Both GRACE mi ssi-oatselclointse storoldi ttiwnag t he Earth
km apart (2 degrees), precisely measuring Va
caused by shift oirmémadb2 @i®)Xt.ribhuitd omedar ati ot
to capture spherical har monics within the des
bet ween the two satellites, we can track va
under gr ound caeq usihfeecertss, and even change&® niimg t he
et. al2003) .

The alti-boadekmfcHBdOden for both missiwomasiabs eor
gravity field over an extended perioe,olagsent

inclin@aagd on @frovided gl obal coverage while ac
covering allpbpapns$sMdiimteasi ninng a | ow orbital e
t hat both satellites shared similar eccentric

orbits and mafitmi ati tnigt spacaed] usttmentits ,ald® Orma&i; nt
Frappart ,& RB®INB).I 1 en
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2. 3llntstrumentati on

GRACE and-FOGRACEsi ons compiBi sae;’lf v@r espactei Vet egs

wi t h highly sensitive instruments designed t
gravitational field. Each satalnlddrtewaivne tRhaen gGF
System (KBR)-axiaalpracdesleertometer and i s equi pj
receiGuoerwsemi. al 2018) . Building upon thiF®O techi
incorporates a similar instrumentati oA Osetup
i ncludesenermaxton accelerometer, the Super STAR
senstyiand stability compared tFOO iftesatpurreedse cae s
Ranging Interferometer (LRI) system, which fu

by accurately tracking tAbe ethi ai ZCthb® ;abkett. Weele n t
2 022 .

2. 3Pr2oducts and Reference Fr ames

I n GRACE a#d @RAGEons there are three differ
presented in Table 2.1. In thisustéhdesDespemdiyndg e
the product | evel, each measurement might be

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 ax#we€&€haccelerometer

axes define thAccelerometer Reference Fraifo Y)Y hi ch i sf iaxesdtreéflenence
The origin oetn?A\fRFt hes @adcéelher ometer proof mass,
cenafermass of "™Med isgairttirg ltolvards éhe #8and antenna of the other

satellite in the pair, th¢® is nadir pointing and th& ( c r-torsasc k) f éhramdea r i

Sy st e fCadeat al,a2dL0). Level 1A accelerometer data (raw observed accelerometer data)

YAl'l the data from both missiongot¢asmndame deccessed from |
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are sampled every 0.09997s, meaning that they have a sampling frequency cOdu@34hey

are given in the ARF. In Fi@.4 the ARF is shown with respect to the two satellites.

Anot her commonl y us eSdc ireenfceer ernecfeeSriRefFnecnee LFirlsaenteth ke e
SRF is -Aigsaederkefteeence ¢eadfermastsh oofr it& n saat el
is pointing along the satellite tract @ ),& isinthe radial (nadir) directioii™

¢ )and¢> (¢ & ) is in the crossrack direction forming a righhand triad. The
o is the least sensitive axim this study, all results and figures refer to SRF, unless stated

otherwise.

Thd nternational Ter r(elsTtRF)a |li-SR eafened r EfarcdeneF rwa meh |
t he EKeaerntdhe'rsnaswsepl ame of the | TRF aligns with t
Bureau I nternational de | 6Heure (BIH) referen:
arcsecondraxi antdst pbewedp & addeefciunlianrg ttohe | ERS Ref er
This i-Bamdedgheference fr ame.

Finally, a reference frame thadaertesksi ARFI faa

ReferenceTlfRem@&mPet i t, v. 1.3.0., 2019). The
GeoceQdlrast i al Rieifnetreernnteed iFartaeme( GCRF) i n the | af
(Petit & Luzum, 2010). Other currently wused n
Earctehnt ered I nertial (ECI) frame. I n lgerertiaal,
Framei s the TIRF. el eqitoioasle R@ER&)Meomod end Fhicd mé u r
this research to be in harmony with the ter mir

and relevantoepliabnter GRtFeri&ki nEmati cally very <c¢l os
of J20daOxi sThkei nematically fixed to the mean eg
vernal equinox, i.e., the intersection of <cel
the Celestial Intemrmeidsaner adpgbne¢{ B OJi x&Het
Conventional iTRRP.erTelnec eCRPROlies neardaxi aaghed t o
f orms thhlmendreidghtri ad.

From the avail able measur &g@emti $ sofontshe wWeRAGE .
data sets throughout thi sTheheacsel earso nperteesre npt

extensively di s FEoummoseaatails ontheSeference rameszand4he products of
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GRACE missions, readers are referret® ACE L ev el 1 b Clssedr. ,aHla2n0d1b0o) o. k

Most of the products in Level 1B are given in

/ | /\ I\ Xarr

Fi g@4Tehe Accel erometer Reference Frame (ARF) of GRACE n

Tab2l&sRACE and-FOGRACBcessing |l evel s.

Level of Produ Description

The result of receivi
Level O decommi ssioning telem

provides two of these

The result from notlestructive processing

applied to Level 0 measurements. It comprises
Level 1A sensor calibration, timeagging, quality control,

and reformatting. Ancillary data needed for

further processing are also included.

The result from processing Level 1A and Level

data. It involves tim¢agging and reduction of th
Level 1B _ _ _ _

data sampling rate. This processing collectively

constituted_evel 1

Includes precissatellite orbits and estimates of
Level 2 the spherical harmonic coefficientsfor the

Earthdéds gravitational

Includes monthly ocean and land mass anomal
Level 3
datasets.
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Tabl22eDescri ption of measurements on GRACE missions

Measur ement

Reference F Satel lite Descripti

ACCl1A ( ARF) GRACE C 3D linear and
accel erations.
frequency of |
i Q pfOd The ACC
provided to us
GRACKEO mi ssi on

ACC1B ( SRF) GRACE A 3D linear and
GRACE B accel erations.

frequéne®Pai The

ACC1B is provi

GRACE mi ssi on

ACT1B ( SRF) GRACE C 3D linear and
accel erations.
froame ACT1A. T
frequéne®Pai s

SCA1B (I RF to GRACE A Rotation quate
GRACE B l nertial Refer
GRACE C to SRF. The sa
i ' 1] Oq
GNV1IB (I TRF) GRACE A 3D position co
GRACE B -Fi xed Fr ame.

frequénopiPai s

GNVI 1B (I RF) GRACE C 3D position co
l nertial Fr ame
frequénopiPai ghe
GNI 1B dataset
for GRMAOCHEI ssi o
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2. Accel erGmetr @lr GNRASCSEE o n s

Il n both GRACEOamd ¢@Red@ccel erometer i s placed
of the satellite in a thermad llyi ctoarntratcdcelderea
preci pitomfi @3fOGf or & hreldc andpmm aFi MO or t he | east s
a x ¢ (Bandikovaet al, 2019).

In Figure 2.5 we present the ACC1A measurem¢p O along the three axes of to Y ;@nd
their Power Spectral Densities (PSDs), while in Fig. 2.6 the ACT1B measureip’Ogs @long

the three axes of tf&RFand their PSDs are shown. Both figures correspond to GR@ &&ellite

of GRACEFO mission. The GRACB accelerometer was turned off in 2016 due to a battery
issue Bandikoveet al, 2019). Meanwhile, the GRACE accelerometer experienced a significant

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

Level 1B accelerometer data (sampling frequep'Qg are derived from Level 1A data by
applying a 35mHz lowpass Butterworth filter and a time correction from on board time to GPS
time (Caseet al, 2010). This process is slightly different in the GRAE® mission compared to

the GRACE mission due to the presence of spurious spikes in the accelerometer measurements.
Consequently, the dataset provided to users for GRROEs referred to as ACT1B insteatl o
ACCI1B. The distinct methodology employed to eliminate these spikes is detailéehiat al,

(2019).

As highlighted i n Chapter 1, t he pri mary c |
accelerometer s-owubiescahicbudei ctheobnthe instr
caused by thruster activatiogsframdt émpespuur e
i n t he satellite orbital environgmeavi t atdida
accelerations is acuaoel af orfreattreiceavliinbgr att h enrgmot shpeh
val i dat i-goga v ihtaactoiedhnearlat i ons ddewi ded yf uesmdGh8t |
accelerometer performance falls short of exp

chall enges are presented in detail in the fol
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2. 4Call i bRPaataimernt er s

Due to the reliance of the accelerometers on t
i s the continuous cal i bration oldeftohree atchceel :at
|l aunch is Iimpossible due to the strong gravit
The calibration equation is

1t 10 1 !

whe:ﬁ%q:;epresents tbeacval abraned aoocel erations
SREs, represents t-geawiewnauir edalln e@tamealt e at i(ounssu,a

di agonal ) represeimi sooqmatthrei xs coafl et hfea catcocre | aenrdo me

axéelh.e fully popahbaeds Sdimagonal el ements that
di agonal el emeeat s, thwe tao eminmor andsar mmem@al i gm
bet ween t he ARWFatanrdestunlet SRiIF mut ual i nterferenc
The initial mi salignment arises from inaccur a
spacelesruaafltl.y, in t-teagohafraeubemenbhse afé& negl ec

Numerous studies underscore the importance of accelerometer calibration in enhancing the
accuracy of gravity field measuremenBefizadpouet al, 2021) and estimates of thermospheric
densities $iemeset al, 2023).Zhenget al (2011) emphasized the efficacy of calibrating-non
conservative force measurements from GRACE accelerometers, demonstrating advancements in
calibration techniques for satellite missiofisenet 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 redtiktberg & Kusche(2020)

validated SRP extensions using calibrated GRACE accelerometer measurements, illustrating the

significant impact of calibration on enhancing model fits.
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2. 4Er2r oAcsc eilne rMemestuare ment s

The accelerometer sensitivity allows for the observation and analysis of various effects induced

by satellite instruments and onboard electronic devitlesvever, challenges related to the
performance and reliability of the accelerometers have impacted the quality of measurements
collected for gravity field recovery and scientific reseaktheSet al, 2019).Si gnal s t hat d.
the quality of the measur emerfgs dartea,t yapsi cmaalnlyy
undergo attenuation through f il ter i nTghrduusrtienrg
firings may be triggered during cent-iemrducfe dnas
effects occur during the activatiohnndondededrct |
in the accelerometerst muah beadohei thesatli ghme
and introduce errors i nMdGiertre2att2 2ma.t i Aonno tohfe rmads
effect, particularly in the radial direction,
oscillation t hamp laictcuwoddp ahp ieXeE2dPia@gh |l 'y, spi kes ¢
during changes within the magnetic torquers,
attitude oPethedtsamn2014) es (

As mentioned in the previous sectiomeoof the most significant issues observed with the
accelerometers of GRACE is battery problems leading to accelerometer shutdowns, as
documented by the accelerometer aboard GRBG&ward the end of the missioAdditionally,
degradation in accelerometer measurements on one of the GRAgaEellites has been noted,
resulting in higher noise levels and bias jumps, particularly duhingster firings Koch et al,

2021). To address decreased performance in both GRB\G&wards the end of its operational
years) and GRACIE (from the beginning of the mission), new accelerometer data have been
generated using the-salled transplant metho@&#éndikovaet al, 2019;B e h z a ét@lp2021,

Ni et . ,a l)20Chdpter 5, a comprehensive review of the literature will be presented, focusing

on the impact of accelerometer errors.
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2. 4Mo3d e INoirGn @ v i t Actcieolnearlat i ons

Numerous physical models have been proposed for modelingthgravitational 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 feedeterminatiorup to 5% in higher harmonig¢gnabeet al,

2022). Solar radiation pressure (SRP) models developed for GRACE midsioosistrate 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 Yielberg & Kusche 2020).

A common method for modeling naravitational accelerations is the satellite acceleration
approachi{ | o k oel tn,28KB). 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 centienatéprecision. Modeled
gravitational accelerations are subsequently subtracted from the total accelerations to estimate non
gravitational accelerations. Another highecision model e been introduced for the GRACE
mission, serving as a valuable tool for instrument calibration. This model employs a finite element
approach to calculatihe TRP acting on the satellifé¢/oskeet al, 2019). These higprecision

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
(Forootanet al, 2022). Inaccurate modelling of the rgravitational forces could significantly

affect the extraction of the thermospheric densities from accelerometer measurements, which are
crucial for orbit prediction, reducing uncertainties in satellite positioamgjcollision avoidance
maneuvers Jutton et al, 2007;Bruinsmaet al, 2023). Chapter 6 will feature an extensive

literature review on the modeling of ngnavitational accelerations.
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2. 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 nomravitational accelerations impacting satellites.

¢) 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 nongravitational 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 discusseid thesis, equipping the reader

with the essential background needed to thoroughly comprehend the advancements and findings
in each specific area
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(power ) owlerpg esent and | ower magni t uidoei swher e
easier when the instantaneous power in the fi

of the noise ioe.irsaewihen( $MR) siign@maxi mum.

Wheinohas a known form, its detectieon si rlGatulses i ma
white ndidses, usieldlce¢ o formul ate the i mpulse res
Il n addi tiicoars, owhdnYnitthe |iemmpulhse r elsup,d nis%6 00)f t h
Qi thm T 7Y
Qf (3.2)
Th I EAOxEOA

whekies an arbitrary scale (g&i & fhetoampliondet

The maximization of SNR is possible in the fr
i 0 ando, forming the SNR and maximizing-it by
Schwarz inequality. This | eads to a special t
that i s used for the detection idY ftthh e derme 9 en
measur edo s @nawliernes Gaussian white noise. As i

maxi msmachi eved by cross coi fYet wt tobg méanit mgne
that the SNR at the output of the matched f il f

point of reception of the signal

wo . iY two tQF _ i7Y tego t0Of (3.3)
The fildewi outptutai n a nmaxXY wmher gat he kihtown meay
is present in theowoi.npglhte (mMmpadsreed)espiogprsal of 2
the following equation:

M gotsQt Q. d osQp
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wheWies t he s{Tamall dJen@®)r.igmpul se response produce

wh ey M, meaniimg st h alte toiafti efdiFmMemm t heSc@avaalzy

inequality it turns out that the outMput tadfmet h:

o
fi
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an
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ma
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mp

“Yand for gamy wéM hver Theory shows that no fildt

er can produVcaet abni Mehepefoas [ &ar ggaxami zes

|l i ngDuast@anthe convol uti onQfbaent dvetehne tihnep utmg

the shape of the output i's constr a(iTuerdi nby |

60 he matched filter, as convolution between

t

ty
it

i gu

an

t

he original sicpmaleliag i eoqu iovaltehret ttwoo csri ogsnsa

cross correlation only differ by a time r

pical example demonstrating the matched f

square ponjseseted IintoofGaumisngnt whiditea sl &€

o £08 (3.5)

re 3.1 illustrates a typical example of a
bration met hod, detailed in Chapter 4, t h

sitions) closely resembles a sigmoi d.

his figure, a) is the traonemi uhed @Puwlpsetu

rati pinThi s pulse serves as the reference si

pr
ct

ce

t c
ak

esents a signabfdooatyabini ngl nwhtihties nsoiigsrea |
angul ar por3se (weideeprctedtheée position of
i ved signal by a black |ine, bleewaa@lsenoits e
SNR of the-20ea®t h & ¢grtdei veeergsneadl piusl se i s shown,
hed filtefQoidmpalye wihg xphonse obtained by f|l
e in the Qi me odbv&&iimce .tehe sel ected pul se
angul-aeyentded tpunlese i s; idegnmiacalhetdoft hee
hes (6correl atesod) tihtewittblime rreesvuelrtsiendg rienc t

that indicates the presence ofwb.heTlhirs gi

47


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

peak is highlighted in the plot with a red mal

the signal despite the presence oof edi@nifican

Anot her example is presenteed, iwhderng.tIBe lplrs g
exhibits characteristics similar to the pul se
to the penumbra transitions.iolins tgheinserex anp |ues,
sigmoid function, which provides a smoot h, c
function used i s defined as

io ——, (3.6)

whedies t he “Y ipmes tamael dur ati on of the sigmoid p
shaped cur Vi, cwintera@& dstaeep transition controll
sigmoid pulse Iis advantageous in signal proce
reduce -ftrheeguheingchy components and make (it heheswg na

the received signaf doivau.i oninrg twhii 4 es ingn &le t h

pul se i stiebhbefldeddanote the position of the s
bl ack | ine, as it is notl ewiesi mloe s@ge f{Thet BANRf
signal-20dBtales pteavmeer sed sigmoi d gopdl sal s® &Khown
matched filtefQOoidmpalyee wihg cxthonse obtained by f|l
pulse in theQbi meodbp;Rain®l|is(hcows the matched f
mat ches (O6correlateso) tihctewittiwlmel ur emgr st veliag
resulting in a distinct peak that indicates

recei ved.siTohmnasl peak is highlighted in the plc
pealk atodis
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The above two examples illustrate the robustn
embedded in a noisy signal. To retrieve the s
degree to which the amplitiwderdfedt hem acddai triewces
introduce a normalization factor. This adjust|
out put accurately represents the distortion (
Zhaetg(21021), the ener ®ys noalmauli zta¢ d ofnr dmctt e
the known (iaddoed)hesitgontaalloomeasumdedi $iad Dddor m, ¢
given by

O B

(3.7)

whebes the number of sanpl €lshiecf stchae ef if mict®r s

working with signals of different power | evel
energy | evel of the other signal

I n Figure 3.2 we present an example illustrat
to detect the amplitude of the known sigmoi d
are as follows (the | etteirns Fiog.r e3s.p2)n:d t o t he

a)Generate a sigmoidopul sg Ciatllc ud m@aemp.ltist weder
b)Embed the sigmoid pulse into the received si
this time, the embedded pulse hae been mul ti
Tt Calculate the en®r gy. ofAptphley reenceerigvye dn osringa
received signal t hat contai ns the embeddeod

normalization factor. ITAEQAWL®@asl iczoendp urteecde i avse

I QOQQ AN QOQQL e—

I n this ®xampbe)p bbhders of m@&gni.tude | arger
c)Ti areever se the origi mpal pul se with
d)Convol ver ¢her 46 dne piu®@E@Quatn@T htehepeak of the m
output @ccodianadt its amplitud@ iBhis value in
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that the origicmal spischnoauil d pouel sneu lafi pl i ed by

to match the amplituae of ttnmhe embedded pul sc¢
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I n the case of the accel eromet @0 i caltihler gpteinamyk

transition signal thaisi s$shepoctatabrhtaetdegenwmbé

in the -detiaved®dO®dccel erations and needs to be
totaldeRO¥ed accelerations must be multiplied
facQoa match the energy | evel of the penumbr ¢
retrieve the scale factor have the same | eng:
met hod is identical to the power normalizatio
Contrasihagtya2/0a1l1), in this study thewaytuat.
propagation of electromagnetic waves in a com

reciprocity of the two signal emifobored atsh-eép nradn o
gravitational accel é@droatrido s crad 23 w@d Ele yoavthh & ie g
comprises the gr agvriavaittiaotniadn apll uasc ctehleermadn ons
kinematic positions. The accelerometer signal
calibration pul ses we needgtoheseenoainedylt t ha
reg) onser eacfatleirbrcaali loed vsaweepfleojromBnass ed on t he r ¢
pr opcfrttyhe signals, the calibration factor of
t he sedaatmietrteedd si gnal ratio in the focal regio
t hegmanvi tational SRPv ewraspssdo paadgdabté@ecdk i tme f-ocus o0
derived accel er attii-nmenv asb eenaati s. e Thha tsh Twa v esf or ms d
di ssipative medium, amdnkBQ66)s robust and ef

To cali brate the accelerometers on board GRAC
absolute dtoandeaxradmpl e an injected waveform or
metrologically in a | aboratory. For this, we

estimated from the GPS POD positionsTUWeGrazd If
since they aabrsedliuntyeevient g o6f wusing the speed

therefore devel opodolncecgw chad s ebd agoloenl ynedrmh t wo

tot al accelerations derived from the GPS POD
measurements (Level 1B). These two fundament al
with tdheofr etshiild new cali bration approach.
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3.8ummary

I n this chapter, we provided a comprehensi v
approaches foll owed for the <calibration of t
met hods. To the best of our knfoiwll teedrgemettthad h
employed to derive the scale factor of accele
necessary to provide the concepts of our meth
this method. | n stuhlet sn eaxxft tchhea pe eal, e tfhaectreer r et

satellitesdwill be presente
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4 OnROr bi t Cali brati on o
GRACE Mi s s

I n Chapter 3 we introduced the theory of the
detection of a known signal hidden in a rece

introduced the ene@Qughyi cnhorwiallli zlnd i loey fiamtbhe s

Chapt eapptlhyewet heory of the matched filter in
GRACE mi ssions. We show that the calibration g
signal procesidng owistuthdutactt hemoe | gravitati or
total acceleratigomayvinati noaél atlcel eomati ons.

4. Descri pdati anetod

The diagonal accefm(ecrfometkEeq. s(ci.l k) maitg i keri ved
datasets from which we calculate the total ac:
preci sdeet@®P i ned odrabtiatsse.t TchoempAROBsetsosi ti ons of
kinematically c aecwrlnatnedG biyr RT@W 6GRsaczrh hetr galr .

2022). The kinematic orbit determination from
a satellite position accuracy of wup to a few
set of parameters, includiomg,tlkcéosé&aterlriors, or

To accommodate the varying accuracy of the me

The second datasedypamvcdde®ODt poesredaooedprovi
GRACKEO Level 1 products ( GNdWwlnBa nd act aPBs@0O ) p o sTihteis
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obtained through orbit integKabegnabkBeédizgaeg
et ,aR020). These models encompass gravitation
anel astic solid-gEawntihati deal hBodcexon(at mosph
at mospheric drag model w aMso nct eel nédBlivactke 20 @G, rec@

whil e the SRP model i ncorporated a shadow mod:¢
t he at mospher e avhodn tEanrbtrhy' csk & GRi.tleni ng (

I n the third dat asdeytn,a nd aampPrQDs epso stihtel ornesd uocfe dt h
TU Graz. Fodymhnami o edafcepl, ppotcevds was empl oye
model i ng gofavikid it #d s h 8)0,2 tDiedsens2 W02 sétawal 2017) ,
SRR e(moetn.eal 2013) and Badwmoestp haelr2i0d 8dr aagno(ng ot he
squares fit of the dynamic®brbis$si mpothantbse
abbreviations corresponding to the datasets f |
for the sake of rea#ldlabithtge apdsicoimpmetanasen
ofapproxi mately 2ramk, nd4dtbehrab&padandr 6ssm in

component s.

Given that the quaternions in LRQenmi slsipgrod u(c3CG
datasets) are presented asntetrmeddmactquiaganira
or Celestial-CReFf)lenneondéd eFrSame RéE¢ , Reveeo@nhc & oFr &
dat aset for the \Waeettr,iaxR 6 6r6ainasdf polvén@att ,i aothG1l 9 ) . Thi
choice is made because the quaternions provid
guaternions provided by SCA1B. To ensure that
di fferent datasets mai hi aieniateseampl ahgomat e ¢
necessary. Il n Fi g. 4.1 all the datasets wused
rotation matrix used to transform t(keePG@ctoto
2. 3t.02)t he SRF Wuet.aasl 2f000l6l)o:ws (

more information about the processRemnmhdbethgalf or ce 1

56


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

ACQneasur émODt po sfirtg ACOneasur ¢mODt posi

fromdudemami ¢ abpprd

ki nenmapgrcobayc lGr az U
 p reony (GN \IB)

nn (4.

ACGneasur ¢ mODt posi
fromdudyena mper obayc
Graz Universi

GRACE GRACE B GRACE GRACE B

GRACE GRACE B

SCMB:four quaternion elle

Science Ref(®R)ETnhcee sFarmgpme

r atO5HEZ S GNVB:3D satellite posi
GGNIB GRAZ i nenkitniemat i ¢ f ' nternational Ter(rERg
coordinates in the Cqlel The samplbHzg rate is
(CRFThe sampllhzg rate|is

[

ACEB:3D linear accelehd ACGB:The sampllHrg rate

samplinldHzrate is

—_

transformation from thel SC2:The samplbhg rateg
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GFGNB GRAZ eduRedi tion
coordinates and the
reduced dynami.dher bat
ratG®lHzs
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Fi gdtlkescri ption of the datasets

used in this st

We note thaO,f otirheGRAACCCELB dat aset i s not

to the usemscehewbmehet hemeasurements ar

accel erations, and high frequency signa

readeic<utl sedugaH 20 @t ai |l ed des elrBi pdtaftoais eGRACE e

1)

udy .

provi d

e corr

| s.

Fo
L

NXGRACE and-FGRAGEe€lata are avail ablhitet @ad:/ INASHNA,scaPjab IDARALS :
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https://podaac-tools.jpl.nasa.gov/drive/files/allData/gracefo/docs/

and GHFACEM ssion<Lakrkdg . ilyewWwdoat .aald20EOr a det a
description®bdt @ heet sST,U vBe ae ¢ KReathther paefi @628 )t o

4 . 1IPelnunmbamsi ti ons

The key principle of our cal-gbmattabhi maetahodi g

form of i denti fiable and suitabl e-detaeemdonmsd
accelerations and in the acfced ®Iromamelboy,aetals e
penumbra transitions. I n our quest for such w;
we identifi-ddrabhabontheceseheration offsets (jum

eclipse transitpongosarkeec aveamr | heey papp aary wr
satellite enters ambdeexghbtbl ehgeEanst hé6sophadaWw
transitionseriinvetdheackR@Der ati ons, without subtr

estimated from model s.

Wh efn x 184 statel | ite orbit 1s diivlilduendi niantteod tohrr e
where the satellitambgs aehagres etdh & os & theel ISiutng it sh
in the inner most region operthmbvweaeaderdtsh es hsaatoe
is in the partial shadow between the umbra
model ing is of significant i mportancedFiinl srat el

19 6R40;b e retts arl 2V0alr5)o.us penumbr améd tr doakset ibere nmed @lpi

but to the best of our knowledge, none of the
fast, acctwroanpd examwhynomhe appearance of the p
ba highly wvaluable parameter for visualizing
proportion of time during which the satellite
is defined as the small er vaencgtloer boeft weheen Suhre a

pl ane of the spacecraftQ0A,t amd tvhae ys ibgen wies nc

AN | avail able datasets of the TU Graz can be found in

https:// www.tugraz. at/-onpirfodwtce /si f g/ downl oads/ satell it

of the obit of the sa:

2t is the angle between th e
bit relative to the Sun

e pl
orientation of the saRMI RO0L®O)
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direction in which the satelm,itteheorsbattesl liittse

maxi mum possible amoun(Dueeft. tail@@®@ 16 Eart hds sh

Bot h GRACE afm@ eGRMNAICHE t anal ogous characteris
transitions, wherein these transitions foll ow
constantly i1l 1 uminat edx 16/l tdhay sS ufng.lA mbhe tchth e mis scuie
i nvestigation of btahned rtehlea ta cocneslheirpo nbeetiear® ednrri f t
et (&1022). The magnitudes of the penumbra tran
approaches its full Sun orbit, during which it
this, we have considered@ntihtedgersadwsalt htkee csrae aed d
full Sun orbit since the retrieval of the pen

dalyyday basis from accel erometer measurement s,

=) N[ [ r-mBwsd [ wBN
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penumbra transitions (red) are depicted as sudden jump.

umbra arc (green) of the orbit. The accelerometer meas.|
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Il n Figure 4.2, we show the three distinct acc

three different orbital arcs for two orbital |
GRACE C satel-FOteni eabi GRACEhe cfced &Ir opmeit et acfl
met hodol ogy | ies in wutilizing the measured pe
serve as the reference signals allowing for p

4 . 1T.0o2t aAc c3ed e bartiivwved from Precise Orbit

For the double numerical differentiation of Pt
as t he GNegbowg interpol ation, pothenoimtadrspol an
interpol ati on (R°slidnvgs82ey0Bnp coespl meebodol ogy, we |
of degree 7 with a window | ength of 9 points
using the three different position datasets pl
t he Itntoemrana Terrestri al Ref er en cien tFerammeed-i(d tTeR F()
l nerti al Frame or ©CERF)stiisalaprelfieed nce fFu marei o1
the 2010 | ERBetComv@nRddbapm. (This process is co

measurements used to determine the Earthoés val

through this rotation have been compROedomwi th
vali datiesen phepootatioenntbheertnveededmttehe nldCRFIT RF u
algorithms is Hestpidp20Y8ppn d@® 48) . i hnterpol at i
on the positions afottah e #gpatted |GiRIEALI east ei nr etf heer emaocne
stability. |l nterpolation in the SRF is not f

accelerations.

Subsequentl vy, using the SCA1B dataset,- the a
intermedi ate to tgheavbRERt Wwbenét Bbheehenati ons :;

matrix gédvéamDidy eEge.nt polynomials have been us

comparable results. However, i ncreasing the o
di ffer eniclisn utphe ovel ocity vectors. Consequent |
for the | ower degree polynomial. I n Fig. 4.3,

SRF from the three distinct dat adetdse,nsaltanegs i(
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and their di fferences for GRACE C. The resul t
axes the odidf fehemdcesare | epsmsafit Baeft column) w

comparable to oOtbe diwf erentre didfofer ence

SYAIA is nearly zero, with itsuv@®8PromdiktatP8D:
high frequency art i fOachtast aarpep ecabrs etrov ebde abvoew e oOn.
of the satellite. These artifacts are beyond I
are of | ower frequency phenomena.

The solar radiation pressure (SRP) is embedde

(POD), whereas it is-bdardcatgeimensmetedr byHo We'

measurements, the SRP is blrendedtwiyth actgleer oa
| arger in magnitude than the SRP, particul ar |
signal or the atmospheric drag in the accele

Considering tlheadt ctorea exRHA yi si nsctahe POD ki nemat.

it has an inherent scale defect in the accel e
waveform onto its reciprocal in the PODpbegnal
POD accel er gtriaovn st agand nrmadn accel erations wil | k
one provision: The focusing must be 6l ocal 6 wh

the penumbra transitiosent TheseherBOPi acoaken:
they are invisible due to their significant

accelerations.

Now that the total accelerawiravs tderonmald &cc
measured by the accelerometer are both in the
foll owing sections we wil/| prioedetdi latserf omé tohva
accel eromatebrasebh method), we wil/ demonstr
transition in the POD i's successful and appl
di fferent POD datalseteometaed doatas dtreef aam GRAC
GRACE C (FB®WACEThe accelerometer on GRACE D i s
excluded from this calibration procelysmamilke t
orbits ar enpdgledsifwel f« he purposes of compari s

ki nematic approach in which the measurements ¢
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factors are calculated for different periods

of the accel er onbéatnegrl emeiass uirnevneesnttisg attoe d .
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along with their respective PSDs ¢alconghnd lehe hraeree ax e s
presented wi tdidAnf oorf fwsietuaolfi zati on purposes. Bottom t w
datasets afdthet déeif HeoBBEDskEds® (bl ack) have z&é&od offset wt
AYAYA) (yel |l oconyd andd®d®d (l'ight blue) are pp&spemidled with a
for viswuali.zation purposes
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4 . DetectCabnbwatvebarSdChdndr ati on

I n the context of neahtacl hl eedn gfei Iktneorwsn, aas stihgen iffailcs

arise, where the fil-marchincgrsieghaly aseat maie
arise from various factors, Il ncluding the pre
i mmpl itude, frequency, or phase. To address

preprocessing techni gtuersi nig kfei Intoeirs ep afria nieetre rnsg
threshol ds and statistical met pbdBEdniiblrt omnmal & c
Tompki 1€8&pety, akbD20ecett.e,al 2022) . Since in our

penumbra transitions are known, we can proact
preprocessing steps. However, to ensure that
transi tn otnhkse wti dtha l accelerations obtained fro
outlined in Sections 4.2.1 and 4. 2. 2.

4. 2Delt ect $ed@r lanbd atACO@IGRACEWEsiI Omge
Cali bwavebaor m

| n mat ched filter applications, spect ieicr det
advantageous properties. Examples include rec
pul ses. Due to their structure, the series | er
when detected succegsfsihlalpye, i me dthlet man ca etdr ifan
the penumbra transitions do not share simila
described i n the l iterature. Ou r-l ipkuel sf 8 n c(tciaa
monotonoushyg oncdea@seasing in time within th
monopul ses, an effective technique used i n ra
target particularly in scenarDeweeérttesgauiOr2iln)g aAcs
noted in Chapter 3, the matcledcsadsirleleat,i ars ome
by a time revers&loaki e 08Bfg | €Chhea pstiegn al)s t(hus
negative correlations when the calibration wa
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esu

valuate the accuracy of detecting a known
by wutilizing a full obay ascf tAEGC emma & 4 lerde e r
accelerometer sigBalpéblumbkal inansnt Fogs

day. For testing purposes, we isolate one
tedntsyt heamsicthi emrresponds to the transi
| ael gct wanset her transition marking the sa
of the orkit, tmrafmBdttke denntor wmsand exit tran
red |lines in Fig. 4. 4) . |t I's very import
ewiandl hhe the entry transitions consistent
transitions decrease monotonously. Thi s
ma observed in ®ha&nd al IWhwinn g htee stng ro/n ttrhae
he calibration waveform, the matched filt
mum, whereas during exit transitions, it

re introducing t h%@ heante rwgiyl In obremaul siezda tiino nt hfe
or , the objective of this test, namely cocC
rsed and nor mal i zedalsiibgrnaatli o(nt) huiss tthoe dneatm
cted(swaveyoom exit transition) coul d be
en entry or exit transition, having a zerc
i me revensaly asodveslubsdqgqweéeth the one day A
i g. 4. 4, the matched filter output (bl ue
ectly aligned with i1tself. Il t i sdealesca eedy,i
do not yield a value of exactly 1 in the
itudes compared to the selected penumbr a

ts, the scale &aceéemaYiKahwléwh eree kt) h e2 xhn dii & ¢
ance (power) of the high frequenc& output

l'ts i n numerous false detections in the n
ng of the penumbra transitions, these fal
be disregarded.
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atched filter in Xgpp
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Through a series of comprehensive tests, we V.
factor estimat es of unity for both types of
corresponding transitions in Itshoe eAXCCelssi ginml ef
di stinguishing the disparate magnitudes of t|
significant chal IRohegd 20M 59RP model i ng (

In Fig. 4.5, we show the relative sca®hes as r
The has been selected for this example becaus
monotonously, therefore we expect the output

top two figures on Fig. 4.04) .J aWeu asreyl elc,t 2t0Oh2e0 ,f
0O X¢gioc After the removal of the mean, energy nc¢
with one year of accelerometer measurements.

of the matched filter was exatcttagsioneonsthitlle
the matched filter changleasdngignivhircaniloy. wwhe
readhemd) the amplitude of the penumbr ds®was t wo
xmnJ This figure aims to demonstrate the advant
di fferences and amplitude changes during penu
the modeling of Sol ar Radi a&t inins mdrdeed s inrge o(f SR

transitions.

GRACE C, 2020: Retrieval of the relative scales
3

D

o

Relative scales
—
SO WD = N WD

2000 4000 6000 8000
# of penumbra transitions

Fi gd5GRACE C: Scale factors that show the changing rel af
to the ent dwntulpap2s0i2t0i,o0 nc hooicsaelni bf roatt @ tohni) B(esseel &ff at i ve scal e

(selalt i bration) .
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4 . 2De2t ectCalonbwav e bor mToitdcl®P®OIDer at i ons

Before we introduce t hk&neéntehgyaonoe mal o nat € ons d
given the substanti al variance (power) i n t he
verify the detection of penumbra transitions
magni tudentliIsy ssmgallfercacompared to the total ac
this approach, due to the substanti al di ffere
Fig. 4.6 anodutFpiugt. o4f. 7t)h,e tnmaet ched f il ter serves:s

t han for the retrieval of the scale factor.

I n Figures 4.6 and 4HhatVf webptaeasenmnevohetaond oh

C respectively, Il lustrating the total accel e
(green linehogrmawvwngaiidendlheaccel erations fror
ACT1B dataset (black I ine) of GRACE C. From t
evident that the accelerompt® nmeasmpaemsonst al
accelerations of the satellite.

So, the question i s: Can the penumbra transi
magni tude | arger? The answer is yes. The key
mat ched filter methods wuti Itihzee de xianc tr asdhaarp es yasntc

time of occurrence of the penumbra transition

The detection analysis can be carried out eit

mul tiplicati gn diomai he fdequewncs contribution
filtering due to the easier and more efficierl
Fourier transfor ms. 't is Iimportant ta@imqgte t
due to the significant difference in the power
proper alignment, the capaddaditom mvatvelh otrhme slhe
accelerations. The folhl awinghtreet Sadreéli meglsem
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However, since the results from all three sat

presented here.
f I°Detection test

Il n the first test, we select the secomd penur
CoclbTC seconds .POmBher isved de ctt cetda | accelerations f
provided bpamb ©Gheaezint eR0atbo Dleareumbrey IBridck,t ,20 2

foll owed ar e:

a) Removal of the mean from both time series
b) #sHerdadi ng of the penumbra transition (calibr
the same | engt h.

c) Trieweer sal of the calibration waveform,

d) Fast Fourier Transform (FFT) of both ti me

e) Multiplication of the conjugate part of th
selected PODhits met spreesures that the multipl
frequency domain effecoivel gtcondéesponhds tomé
correlationd means the cross power spectr al

corelation function or coherency of the two s

pip .

f) I nverse Fourier Transform (IFFT) to derive
In Fig. 4.8,paddsdowat hbraeron waveform, the
the matched filter output. The matched filter
as wel | as two additionawi tfhalsspei kpeesa kpsr, e swehni tc hi r
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accelerations derived from POD from December 31st, 2019

penumbr=a 2t3r2a3n ssietcioonnd,s wWhriocmh 0i0Os: 0Oa0t othn Januar.y
cates the peak where
ng in the PO

ti me of t he
matched filter. The red arrow indi
peaks that coincide with two spikes existi

f 22Detection test

Il n the second detection test, we use the sam

artificially the POD time series. Speci ficall

segments of the POD ser i estrtahnasti tcioonnt afirno mt hlea nsu

This random padding shifts the position of th
series, ensuring that detection using FFT <can

(a) throughd (ifn) tahse ogutelviimus t est
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Figure 4.9 shopwsideldde caambraeron waveform, t he

series (indicating with red arrows the times v

waveform we are trying to degaeicnt,) ,i nantdhe hma tnt

out put, we see peaks at the times where the ¢

fal se peaks correspond to spikes existing in
a)
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Mat ched f il ter onudtipcuatt.e Tthhee rseudc caersrsofwsl idet ecti on of the
yell ow arrows show the false peaks that were created di
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T ¥Pet ectiiAln ttehsrtee axes of the accel eromet el

Figure 4.10 shows the results of the matched f

using one <calibration waveform (left Tlé umn)
matched filter output (blue Iine) has a maxi mt
cali bration waveform, and it is confirmed bot
of the acceleromet-eal i bmeattchooodt, r anshte nt owet huet id & |zf
transition as the calibration waveform, the d

due to much higher-dpoweerdl|l acvekl efathen®ODnoi s
Thereforer wkhataachnéeing detection in the POI
the timing and the characteristics of the sig
during the illuminédtaandat hedheslkee fat Biet piemaksh
or minima) suggest the presence of a signal [
calibration waveform of the penumbra transitd.i

penumbra tramxirtdi drhe,sewd adiser @geaks.

To further validate the detection in the POD
involving data preprocessi aghi teme cidgdaioteael hl &d i (1
Wagnen908¢co0200WhitPneng is widely used in sigr
i mpact of noise on the matched filter output
enhancing certain characteristios.ofSinke $ihegn:
obtained ‘whiomenhhegpsecceed in the detection b
filter output from the previously described a

emphasi ze -whiatte ntihnegs pmeet tilowWsi vely wused to enha

cali bration waveforms in the POD acceleration
in order to prevent any potenti al di stortion
Due t o t he substanti al di fference bet ween t
accelerometer measur ement s, scal e factor esti
cali bration waveform and the 'skbatéebgdusigng

nor mal i z akt(iChrapftact 3, Eq. (3.7)) that removes
(Kammoeutn, aP@15ee¢t, @aP018) of the two signal s. Th
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https://arxiv.org/abs/1501.06027
https://ieeexplore.ieee.org/abstract/document/8599836/?casa_token=Hyi1mcY0eDkAAAAA:RfRH-Oh8__d-rOcfDLs0QbAaR5fpVj0hRt-24gYf32frS9NSlzR0NtD6dIsVgR7Z9ZlbjxMSyQ

t he -iSlRdPuc ed penumbr a transitions undergo vVa

Consequentl vy, t he <cal i bduartiinogn tnhues t o cbceu rpreernfcoer r
transitions by selecting all measured penumbr
each waveform aligns with itderciouaedkspaoodi ega
comprehensiveisexpracassoosaof behfound in Sect.i
Fi gdt ®RACE C (January 1, 2020): Left column: Detection
POD total accelerations derived from the kinematic orbi
of the penumbhe tthramesiaXxexnsofi nt te POD tot al accel erati |
all the entry transitions arkPObeaeceétkdr asi ohe améi dhawi
filvateds (output ofet hBhenatedeldi fied tiemdi ¢ amt &dltuhe ti mes
match exactly the | ocal maxi ma or minima of the matche:
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