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Abstract

For nearly two decaded)ea GravityRecovery and Climate Experiment (GRACE) and GRACE
Follow On(GRACEFO) missions have been widely used to quantify mass transfers within the
Earth

We perform analysis on the dmoard measurements, and we find an interesting correlation
between space weathdynamics and disturbancefsthe orboard measurements. An innovative
idea for bringing the two GRACE spacecraft into a differential mode is introduced to fully capture
the impact of charged particles on the instrumentation. The idea of differentialisnadvanced

to a method name@radiometer modithatleads tadheestimation of gravitational gradients using
GRACE Level 1B measurements. GRACE gradiometer maglshown to be able to capture

geophysical signalat multiscale resolutiobvetween [8, 1ZBspherical harmonics

BothGRACEandGRACEHOs uf fer from a disturbing artifact
stripeso, wh o sdeterminedThe presence ofysteptes in GRAMGEegravity models
conceals geophysical signals and degradesapability of the mission to quantify smaller scale

mass transfer& 200 km) In an effort tadiscovet he ori gin of stripes, we
instrumentation, twirspacecraft configuration and orbital characteristics, to concludeth®at

GRACE spatial sampling pattern is responsible for the stripe artifacts.

GRACE sampling characteristiase quantifiecandusedto prove that the stripes are shgquist
(pseudemoiré) artifacts. Wshowthat the stripes are the result of oversampling the low frequency

geoid along the eastest (latitudinal) direction. The lowfrequency geoid modulates the total

sampled gravitatioal signal with a frequency nearQ whereQis the sampling frequency of the

GRACE ground track 6bunntahdeaémutallypnnge integees, wtha r a | |
cd  &.GRACE effective latitudinal sampling frequency is shown t&be p® t8We generate

synthetic stripes using moiré theory and by means of rigorous spectral analgssfiownthat

their spectral and spatial characteristics are very similar to the observed ones.
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characteristics. Note that these are synthetic stripes and therefore unitless................. 124
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Introduction

1.1 Moti vation and Problem Statement

The Earth is a dynamic system, constantly changing and shiftireg.the centuries, observing
and modeling the Eartho6s parameters was usual |
various geoscience disciplind3iscussions for interdisciplinaryath science research are well
underway, and the need for new approaches for perceiving the Earth as a dynamidagstem

emerged.

Earth observation satellites can have a substantial contribution in connecting different
geoscience disciplines, leading ettglly to a deeper understanding of the Earth system. These
satellites carry different sensors and instruments and usually fly in Low Earth Orbit (bEO),

orderto study different areas of the geosciences.

The dynamicbehaviourof the Earth system is mié@stedby manyphenomenahat occur
within the Earth, one of them being the processass redistributiorMass transfer events of the
Earth refer to mass movemsritom one location and the subsequent deposition to another
location. Detecting and moniting mass transfers of hydrosphere, atmosphere, cryosphere and
solid Earthcreatedthe need for a continuous measuring approach with a global covatage.
beginning ofthe twenty first centurythe first generation odledicated satellite gravity missie
was realizednamely the Challenging Minisatellite Payload (CHAMP) mission launched in 2000
and the Gravity Recovery and Climate Experiment (GRACE) mission launched in 2002 that
mappedteEar t hés dynamic gravitati odbytheGfavitefield . The s
and steadystate Ocean Circulation Explorer (GOCE) mission, launched in Z6g8@re 1.1
displays schematically thttree missionsEach missiorfollowed different principles to recover
the Earthoés gravi t aydferer doalsiThe €EHAMP missthn (brlaitcat mar k e
~450 km) was a single spacecraft mission, used to recover the first derofdhieestatic part of

thegravity potentiali.e., the gravitational force vectdhe dynamic part of the grayitfield was



captured by the twhspacecraft mission GRACE (orbit at ~500 km), while GOCE (orbit at ~250
km) was yet another single spacecraft mission that measured the second derivativgsavityhe
field, i.e., the gravitational gradient tensArdetailed descripon of the three LEO satellite gravity
missions is presented in Section 2.1.

GRACE
= p 500 km
f'_q__ = 7
P 450 km
/o | cHAMP
GOCE |50 km

Figurel.1l: Schematic representation of the three LEO satellite gravity missions: CHAMP,
GRACE and GOCE

In this research, we tois on the GRACE missiowhichwas the only mission designedmap
botht he Eart hdés sqgrasitationalfiel (Tepley et al. a2004 The success ahe
GRACE mission20022017)led to the launch of its followan (GRACEFO) on May 22, 2018,

with a primary goal to continugacking the Earth'siassn motion(Flecthner et al., 2036

TheGRACE mission has been extensively studied over the last two decades, resulting in nearly
200 monthly and 60 static global gravity field modend leading to thousands of original

research articles thhbve movedustoet t er under st anding of the Ea

1 A global gravity field model, also known as global geopotential model, is a mathematical function that describes
the Earthos gravi t aBarthelenaes2018).iNeté that in manytrdsearctBabicles thedele  (
are called gravity field models for simplicity, however when the centrifugal is not considered the right term to
describe them is gravitational field modeBafthelemes, 2034
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However, there are still longstanding questions that need to be answered and new data processing
met hodol ogi es that can be f ol | toawiderspeotrureofp an d

geoscience applications.

Since the release of the fiIGRACE monthly modelsn 2002,a dominat systematic artifact,
appearing amegative to positivpatchescontaminated all gravity field solutionsuch as gravity
anomalies (see Figure 1.2)his systematic errgrusuallyreferredto asil ongi t udi nal S
(Swenson and Wahr, 2008 predominantly structured in thmrth-south directionjt extends
globally and is observed in the shorter wavelenggindof the gravity field spectrum. GRACE
monthly models were initialljnade avadbleup todegree and orded/o) 120spherical harmonic
expansiof (translates approximately to 165 km spatial resolution aEtheato), howeverthe
impact of the stripes on these solutions was so darhthatthey obscuredgeophysical signal
(Swenson and Wahr, 20P@ hough the impact of the longitudinal stripes is hitje maincaug

of their presences yet to be discovered.

The primary goal of this research is rooted in the improvenfehe@erformance of GRACE
gravity field models. Hence, it is necessary to discover the origin of stripes on GRACE models
and open new avenues for strijpee models, that will eventually allow mapping of geophysical
processes in higher spatial resolutaomd expanding the number of geoscience applications that
can benefit from GRACE data.

GRACE stripes have always been considered as aliasing artifacts, partially eliminated by means
of filtering either in space or frequency domain (see, e.g., Seo 20@8; Kusche et al., 2009).
To fully capture the mechanism that drives the stnipggires a thorough analysis of all GRACE
mission characteristics, from its orbit parameters and payload to datgrposssing

methodologies.

While investigating the pesfmance of the instrumentation, preliminary findings revealed an
interesting correlation between perturbations of GRACEb@ard measurements and space

weather dynamics.

2The Eart hos igusaalyiexpnessar thynuenber dfsphlerical harmonics. That is the degieand the
orderd , define the number and the geometry (zonal, tesseral and sectorial) of the spherical harmonics that describe
the Earthds potential.
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(b)

Figurel.2: a) Gravity anomalies estimatécbm GRACE modelGGMO03sup tod/o 180 (Tapley
et al., 2007. Note the negative to positive linear interchanges acrodatitueles; b) Stripes on
GGMO03s gravity anomalies are estimated using spdddrarmonic expansion betweéfo 100

and 180.



LEO satellites are subject to dynamics occurring in the vicinity of the spacecraft environment,
and recent studies of the GOCE mission reveal a strong connection between instrumentation
disturbances and spaweather dynamics (Ince and Pagiatakid,6 2017). The space weather
environment of the spacecraft has also been studied in thewbase focus was placeah
extracting thermospheric density nedsland neutral wind speeds using all three dedicated satellite
gravity mission measurement®dornbos and Klinkrad, 20Q0@8ruinsma et al., 20Q6and
employing accelerometer disturbances by means of data inverfloorigbos et al., 2008
Although GRACE is also a LEO mission and is subject to intense ionospheric dynamics due to its
orbit andthe lack of dragcompensation in the @hg axis(x-axisi.e., follows a direction from

south to north)the response of GRACE to various ionospheric conditions hgetizden studied.

To fill this gap, we undertookanalysis of GRACE.evel 1B measurements response to
geomagnetic storms. Réts indicate a strong match between disturbant&RACE onrboard
instrumentation and magnetic field disturbances. Though disturbances in satellite motion are
expected due to kinetic energy exchange between neutral particles and the spacecratft,tthe impac
of charged particles (plasma flux) on GRACE accelerometers is yet to be assessed. To decipher
the origin of the perturbations (i.e., neutral or charged particles), a new approach of processing
Level 1B data was required. Interestingly, an elegant contioimaf Level 1B data from both
GRACE satellites that putsthetwop acecr af t i n \&as éahted. This new datai a |
processing methodology revealed for the first time the impact of plasma flow on the accelerometer

measurements.

The possibiliy of deriving differential accelerations using GRAC&vel 1Bdata, opened new
avenues to explore a totally innovative data processing concept: derive gravitational gradients
from nongravitational acceleration measurements and spacecraft precise atbéttande

determination using GRACE. The GRACE mission was designed to provide the firstidesvat

of t he Earthos gravit at i esatdllite adcalemiiods, thebtgtal me a s

acceleration from precise orbit determination and thegramwitational accelerations. The only

3 Level 1B: The Level 1B data consist of: SuperSTAR accelerometer, Global Positional System (GPS) Receiver
Assembly, StaCamera Assembly, 8and Ranging System (KBR), Laser Retro Reflector (LRR); and provide all

the measurements required to derive monthly solutions
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mission ever designed to measure gravitational gradients was GOCE, a single spacecraft mission
that orbited thécarth(at almost half the GRACE altitujlat ~250km and carried a gradiometer.
GOCB> mear polar orbitdicmot al |l ow for covering the Earth©o!
solutions of the gravitational field for nearly five years. the postGOCE era deriving
gravitational gradients from GRACE opens a wide spectrum for new geoscience applications.
Keller and Sharif{2005 attempted to estimate the gravitational gradient along the GRACE orbit
however the distanc®f 220 kmbetween the two spacecraftovednot very usefufor practical
applications Cassotto and Fantino, 2003%neeuw et al., 2008 The ideaintroduced in this
research is conceptually different from any other suggested metmasultsin the estimation

of the full gravitatonal gradient tensor (GGT) using purélgvel 1B data. The methodcalled
"GRACE Gradiometer Mode" or GRAGEM (Peidou and Pagiatakis, 2Q1Bas beetested over

regions with known geophysical signatures anslieeenvalidatel employingthe GOCE mission
gradiometric measuremen@ome of thecontributions ofGRACE-GM includethe detection of

geophysical signals, such as the Indian depletion basin and the Juan de Fuca ridge.

Finally, focus is placed on the artifactsifipeson GRACE geopotential models. This artifact
conceals geophysical signals that extend less than approximately 400 kmavalength and
deteriorate the accuracy of the final products. GRACE accuracy was originally targeted to reach

up to ~2 cm on the geoid, but the presence of stripes did not allow for such a high accuracy

With the main aim of this research being to understand theereatd the origin of disturbances
that deteriorate the performance of GRACE products, we were abtplonthe mechanism that
drives stripes inGRACEbased models. By applying thorough analyses orbétaviourof
GRACE on-board instrumentation measmmte nt s and by <c¢creating the
met hodo <concept, we were provided with insig
particles) on GRACE accelerometer measurements. Advancing the idea of differential mode to
GRACEGM, led to theestimationof gravitational gradients that surprisingly did not suffer from
stripes. Additionally, we noticed that stripes are present in models from other LEO missions such
as Swarm and CHAMP. On the other hahé,GOCE mission provided strideee gradients and
gravitational models. Combining GOGEslifferent orbit characteristics (i.e., sggnchronous
orbits), along with extensive studies of GRACE orbit resonarcésq k oet ah,2008and the

structure of stripes that reserablmoiré fringes similar timterferometric synthetic aperture radar
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(INSAR) fringes, it was evident that the cause of stripes was some sort of artifact arising from the
combination of orbital geometry and the way that GRACE sampled the low frequency geoid
Employing advanced sampling and moiré theoriiewas shownfor the first time in GRACE
literature,that the stripe effect is in facta subBNy qui st arti fact that res

samplingcharacteristicsReidouand Pagiataki2020.
1.2 Research Objectives

The core idea of this research is to attain better performance for GRACE mission products.
This idea dictates the direction of our research, that is understanding the naturebamehvir
of disturbances on GRACE mission products. To achieve this gedirst need to address the
disturbances of GRACE dmoard measurements and final products that have not been fully
understood up till now. Additionally, theoncepts created to assess the disturbances of GRACE
mission products can be further advanceprtwide for the first time, the raw second derivatives
of the gravitational field (i.e., gravitational gradient#) more detail, the individual tasks
undertaken in this research deal with a) wunr a:
on GRACEbased gravity field models; b) understanding perturbations of GRACE
instrumentation induced by dynamics occurring on the spacecraft environment and c) creating new
ideas and concepts to assess perturbations of the instrumentationesmtich&degravitational
gradiens. These three tasks shape the resealbgictives asollows:

1) Assess the impact of space weather dynamics on GRACE mission instrumentation.
2) Estimate gravitational gradients using GRACE missievel 1Bdata.

3) Investigatethe origin oflongitudinal stripes on GRACE mission gravity models.
1.3 Ori gi nal Research Contributions

This research resulted in a number of original contributions to the field of geodesy, with
emphasis on satellite gravimetry. Tolgjectivesanswer longstanding questiomsthe GRACE
literature. In particular, the presence of the longitudinal stripes and thespatteer related
disturbances on GRACE products are stddied a new concept that leads to the estimation of

gravitational gradients using GRACE-bonard meas@ments is created.



Questions emergingom this research are summarized as follows:

1) What is the impact addpace weather dynamios the instrumentation dhe GRACE mission?
2) Can GRACE mission measurements provide us with @failitational gradient tensor?
3) What drives the presence of stripe$sRACE gravity field models?

Answers to research questiomemprise the original contributions of this research. These

guestions are briefly answered as follows:

1) Dynamics in the upper i@spheric layers (space weather dynamics) result in disturbahces
GRACE onboard instrumentation close to the auroral and polar regions. Findings suggest that
GRACE accelerometers are affected not only by the kinetic energy exchange between the
uncharge@articles and the spacectdftit also by the interaction of charged particles with the
electrostatic structure of the accelerometer.

2) GRACE mission can be used as a fAgr addMomet er
This concept allows us to derive muiéisolution gravitational gradients froirevel 1B
measurements.

3) The stripeson GRACE modelsare subNyquist (pseudemoiré) artifacts driven by the
amplitude modulation between the geoid and the sampled signal. ®BRAG E groundtracks
samplethevery low frequency geoith afi d a n g esamplingne@ghbourhoodeading to the

stripe artifact.

14 Thesi s Outline

In Chapter 2 the GRACE satellite gravity mission is introdut&® space gravity missions
are briefly presentedvhile focus is placed on GRAEpayload and orbital characteristics. The
basic principles for recovering the Earthos ¢

explained. Finally, data processing applied to all measurements used for this research are shown.

In Chapter 3, the imgt of space weather on GRACEboard instrumentation is assessed. An
introduction to the fundamentals of space weather dynamics is followed by GR&&E 1B
measurements response during days of high space weather activity. To validate that the



perturbaions on GRACE accelerometers are induced by space weather dynamics, geomagnetic

activity data provided by external sources are employed.

The GRACE mi ssi on was designed to estimate
gravitationalpotential via a comimation of precise orbit determination and rgravitational
acceleration measurements. A new innovative methatlallows for the estimation of the full
gravitational gradient tensor using GRAC&vel 1Bmeasuremenis presented in Chapter®he
methodcalled "GRACE Gradiometer Mode" or GRAGHM, is tested over regions with known
geophysical signal signatures aisl validated by employing GOCE missiongradiometer
measurementsChapter 4 heavily reflects the content publishedJonrnal of Geophysical
ResearchSolid Earth(Peidou and Pagiatakis, 2019

In Chapter 5the origin of GRACE stripes isdescribed A thorough analysis on the stripe
spatiotemporal structurées performed and their spectral and geospatial characteriaties
estimatedA combination of GRACE sampling characteristics with moiré and sampling theories
shows thathe stripes are sublyquist artifacts, driven by oversampling the low frequency geoid
in the critical neighbarhood—"Q with & and¢ being integers and2being GRACE spatial
sampling frequencyChapter 5 heavily reflectthe content from the manuscripublished in
Geophysical Research Letters (Peidou and Pagiatéd§).2

Finally, Chapter 6 discusses the results of this research and sugjgestir future work.
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Exploring GRACE Mission

21 LEO satellite gravity missions

TheChallenging Minisatellite Paylog@CHAMP) mission(20032010) was the firsledicated
satellite missiondme asur e t he Ear t(Rdgbere a.a20Q2CHAMP wasa |l f i e
single spacecraft mission that followed a near polar orbit at approximately 450 km altitude and its
payload includedarious instruments some of théeinga magnetometer instrument assembly
a 3-D accelerometera stellar compassa GPS receiver and a laser retro reflector. CHAMP
measurements were particularly wuseful for map
and for ionosphere modeling. In particular, the mission has been proven exceptionalljousefu
extracting thermospheric density models and neytahsisted of uncharged particles)nd
speedsoornbos and Klinkrad, 2006

Along with the CHAMP missionthe Gravity Recovery and Climate Experimg@RACE)
dualspacecrafmission (2002017) was specifically designed to monitor the time variability of
the Eartlds gravitational field Tapley et al., 2004 Throughout its mission ktime, Precise Orbit
Determination (POD), intesatellite range measurements and -goavitational accelerations
observed by GRACETpuboul et al.,, 2000 have been used to model t
field and detect anchonitor timevarying mass changeSRACE has contributed to the detection
and monitoring of various mass transfer events of the cryosphere, hydrosphtbiesatid Earth
with applications such as monitoring of ice mass lv&di¢ogna and Wahr, 20Q5monitoring of

hydrological cycles and detection of megmthquakesMatsuo and Heki, 20)1to name a few

The Gravity field and steadgtate Ocean Circulation Explor@8OCE mission (20092013)
on the other hand, was a single spacethmnaforbited the Earth in a nearpyolar sursynchronous

duskdawnorbit (Rummel et al., 2002 designed to cross th&uatorat 18:00 hours(ascending
10



nodg and at 080 hours (lescending nodeGOCE was the first missido measure the gradients

of the Eatotalhdoel dravhe missionbs wultimate goal
gravity field with 1 cm accuracy in geoid height and 1 mGal in gravity anos@all€®0 km spatial
resolution. The core scientific instrument was 3D gradiometer thameasuredt he Eart hods
gravitational gradient tensor (GGTR@mmel et al., 20L1Stummer et al., 20)2A large number

of geoscience applications solid Earth, oceanography, seismology, glaciology and aeronomy

have benefited from GOCHE(as et al., 2013Knudsen et al., 20)1The GOCE gradiometer

was designed and mounted on the payload such that itmealsurgravitational signaldirectly.

To eliminate the nogravitational forces acting on the spacecraft the mission was equipped with

an along the orbifragcompensatiosysten.

All three LEO satellite gravity missions had different aims and consequestiymentation
and principles akin to each mission were designed appropriately to theftHAMP, GRACE
and GOCE objectiveshe only missiorof the threethat resulted ira follow-on mission was
GRACE, as the nearly 15 ysaof continuous mass transfer information it provided was
considered critical for monitoring the Earth
climate.Discussios for the upcoming era of gdlite gravity missions have been initiatédew
missions, such as theass variation observing system by higlv inter-satellite links have been
suggested and new configurations and conceptsdbraccuracygravity field maps ge currently
beingexamired(see e.g.Hauk and Pail, 20)9Some of the configurations suggested include the
in-line formation, pendulum, cartwheel and bender format{sas e.g.Wiese, 201} A good
discussion on the viamus configurations, payloads and concepts suggested so far can be found on
Cesareet al.(2016.

A brief overview ¢ the GRACE mission follows, where the orbital characteristics and the
mi s s i o-loéréd insbumentation are briefly addressed. Note that description and

characteristics c06RACE appy alsoto GRACE-FO, asthe two missions are nearly identical.
22 Recovéehenggrahdsati onal field using

The GRACE missionwas a joinpartnership betweathe US National Aeronautics and Space
Administration(NASA) and the GermaAerospaceCentre(Deutsche Forschungsanstalt fur Luft
und Raumfahrt (DLR))The twin GRACE satellites were launched on 17 March 2002, to an initial
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altitudeof approximately 485 km. The spacecraft orbit decdyedpproximately 30 m/day. The
mission followed a neguolar, nonsunsynchronous orbit (nerepeat ground track) with
inclination d 89°+0.03 and realized a fullevolutionaround the Earth within approximately 94.5
minutes. The two spacecraft were separated byk@250 km along orbit and oveéhe GRACE

lifetime, several orbit maneuvers (switch between heading and trailing spaceenagpplied

Recovering t he Eart hods oraaty measutementcanl be f i el d
accomplishedy two different approaches i.e., spacewas®l timewise Spacewise appaches
model thegravitatioral field by projecting theneasurements along teea t e lorbititota @néas
orbital sphere. Timewise approaches follow a totally different concept that perceives the
measurements along the orbit as timeseries and requiresicainmgegration of the equatisiof
motion of the spacecraft (semg.,Darbeheshti et al., 20L.8oth approaches are applicale
modeling the gravitational field using GRACE mission measuremargeod descriptiorof the

two approaches can be found in Naeimi and FIROLD).

Spacewise gravitational field models use ramge range rate measurements at various
altitudes and they project them on a mean orbital spl8pacewise approaches are usually
realized by means of the energy balance approach (range) and the acceleration approach (range
rate). On the other hand, timewiggproaches employ the equasaf motion for both GRACE
spacecraft and the intersatellite range measurements. Several timewise approaches have been
developed over the course thie GRACE lifetime, such as the classical approach, the celestial
mechanics gmroach and the short arc approadsually, recovery of the gravitational field by
means oftimewise approaches computationally demanding. Of note is that the different
strategies and the tuning of par anmetsadllie t o r
measurements may result in significant variations in the final soluiard¢heshti et al., 2018
In their work Darbeheshti et a[2018) provide a detailed discussion on the formulatiothef

GRACELevel 1Bdata to derive spherical haomic coefficients using an observation equation.

#he core concept dhe GRACE mission can be described as folloWse two spacecraft are
in freefall motion, they both measure the totatceleratiorof each spacecraftia GPS precise
orbit determinatior(POD) and the nosgravitationalaccelerationge.g., atmospheric drag, solar
radiation pressureetc) acting on each spacecrgftee Equation(2.1)) via the onboard 3D

accelerometersAdditionally, the distance between the two spacecraft is continuously measured
12



and considered taoecovert h e  E @nrevahiable component of thegravitational field.
Combining the rage changebetween two spacecraft and the POD solutioasovery ofthe

Earthoés gravitational field is achieved.

POD is used testimatet he t ot al acceleration induced by
gravitational acceleration&lobal Positioning Syster8atellite to Satellite TrackinGPSSST)
has been proven to germ the besbver other techniques due to the continudwkmensional
tracking by LEO satellites(Kang et al., 2008 Orbit determinationcan be achieved by: a)
kinematic orbit determinationwhich employs only the geometrimformation of GPS
observations; b) dynamic orbit determination which requires the use of force models along with
the geometric informatignand c) reduced dynamic orbit determination that weights the force

model and the geometric information in an optiseise.

The accelerations measuredthg 3D accelerometers mounted at the center of mass (CoM) of
eachspacecraft are free from the rotational accelerationscangpriseall the nongravitational
accelerationacting of the spacecraft, due to the spaafexfreefall motion HofmannWellenhof
and Moritz, 200h

Overall, the acceleratiosstimatedby each GRACE POD is given in Equati@l). Note that

the equationsf motion of eaclspacecraft are identical.
p ® ®h (2.2)
where b denots the total acceleratiorestimatedby POD; ™ denotes the gravitational

accelerations and® stands for the nogravitational accelerations measured by the
accelerometar The first releases of gravitfield solutions (RLO1-RLO4) also required an
additional term, thempirically modeled forcego account for deficiencies in the force models.
Release 5 (R05) solutions did not require the use of any empirical force modelkl¢ et al.,
2013.

Of note is that the removal of the higher frr
field, wasrequired as theundessamging introduces aliasingHan et al., 2004 Aliasing occurs
as the spacecraft passes over nearly the same location every few days, and every time it passes it

gets very different estimates of the gravity field, due @nges that occur in short persithigh
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frequency). These high frequencies foler the lower frequencies and introduce artifacts in the
recovered gravity field. Mass transfers that have a period of less than a month might be induced
by a variety of reasts, such as tidebydrology andatmosphereA good discussion on the impact

of these sho#periodsignals on GRACE models can be found in Thomspon @G04); however,

their elimination still poses challengeSheard et al., 20}2nd a residual aliasing may still exist

(Han et al., 2004 In Chapter 5we examine the sampling artifacts inducedubgersampling or
oversampling of gravitational signadésd adetaileddiscussion on aliasingpn GRACE models

takes place.

The mi csbgdtivetn® smap the Earthos gravi(asawéeflomnal f i
the spacecraiquationf motion), themeasuementof the intersatellite range change (between
the leading and the trailing spacecraft, hereafederred to asGRACEA and GRACEB,
respectively). The range change was measured bypank microwave tracking systefiBR)
onboardGRACE, whileon-boardGRACE-FO, a laser ranging interferometer (LRI) 3% was
added to the existingBR to increase the accuracy of the measured distance. The orbits of the two
spacecraft were subject to diff easaeasofl@argerr act i
mass concentration would result in a slightly sgemgravitational acceleration and would pull
the leading satellite away from the trailing satelliteus increasing the intersatellite distance.
Accordingly, as the satellites continue along the orbit, the trailing satellite is pulled toward the
lead satllite when itpasses over the gravity anomahus reducing the intersatellite distantke
differential of the range estimatemmplifies the high frequency part of the gravitational
information leading to higher resolutiogravitational mapsKim, 2000. Figure 2.1 displaythe
GRACE mission concept.

Overall, a typical 3@lay span of nomepeating orbits was required to creataonthly map of
t he Earthdés gr avi t aibhwhicimthel orbif cordiguditn reguited meonre ¢ a s €
ground geometry and consequently in ground track resonance have been reported thileeighout
GRACE lifetime and their effect led to significant accuracy degradation of the gravity models
(K1 o k oel d, 2008 Gooding et al., 2097
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Figure2l: Mapping the Earthés gravitational field

Of note is that the maximum spherical harmonic degree and atf@rekpansion of the
monthly models depends on the ground track resonafded k odt al2 R008 An ideal
geopotential resolution requires that the maxinaim (O of the model is less than half the
nodal revolutios of the satellitef (seeEquation(2.2)), as indicatedirK | ok ol n(20KWg et al
and Wagner et al(2006. In theory, GRACE d$ongrepeat periodsover a month lead to
negligible changes of the ground track density for ¢ v and therefore the maximum resolution
can bed p ¢ (Bettadpur et al., 2004). However, in practice it was shown that the optimal
maximum resolution should not excegd w ¢(Dahle et al., 204and therefore GRACE s
latest releases (RLO5, RLO6) are given ug/t96.

5 [ 2.2)
C

23 GRACEensomps ocoamnuadt s

To recover the Ea spedfiéssiencerinatuments dra required to beiare | d
essential part of the payload. GRACE Science Data System (SDS) products consist of Level 0;
Level 1A;Level 1B andLevel 2data Ca® et al., 2010 Recently Level 3 products have been
available Science Data System, GFZ; 2019

“longr epeat periods occur when tshoen asnateeslol.i tle aorelpietn desx penr
condition (mean motions of perigee, node and mean anomaly). The interested reader is referred to Wagner et al.
(2006
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Table2.1: GRACE Science Data System products

Products Description

The Mission Operation System (MO#)ceives and collects the raw data ¢

stores them in the Level 0 archives. Two tracking antennas are used by th

Level O
to receive the science instrument and housekeeping data, twice per day f
spacecratft.
Science instrument binamgncoded data are converted to engineering unit
Level 1A

applying the sensor calibration factors.

Level 1A data are corrected for glitches in the tiagging of the file and th
Level 1B | sampling rate of various higiate instruments is reduced to allow thegéa

datasets to be manageable.

Spherical har monic coefficients o
Level 2 Level 2product s. Recentl vy, an alterrt

gravitational field namely themass concentration solutions (mascons) has

decided to be part of theevel 2products \Watkins et al., 20155ave et al., 2026

Spherical harmonic coefficients amgsed to calculate gridded geopotenti
Level 3 functionals (e.g., gravity anomalies, geoid, etc.). Ancillary data, such as

series of geocentre motion are also part of Leveld8lymsts, to allow for bette

geophysical interpretation of thevel 2products.

So far onlyLevel 1B Level 2and Level 3 products have been available to the pulimong
themlLevellBcarri es all the i nformation required to
GRACE measurementkevel 1B datacomprisethe main output of the science instrumentation

andhave the following two characteristif@ase etl., 2010:

1) All the various instrumenmneasurements are tiAnegistered in GPS tim@lefined as seconds
past January 1, 2000, 12:00y@mhd are provided as daily filegth the following format:
PRDID_YYYY_MM_DD_S RL
PRDID: product identification labdj.e., what instrument was used for this file)

YYYY = year

5 GRACEFO products available to the users include Level 1A measurements.
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MM = month
DD= day of month
S= GRACE satellite identifierX or B)
RL= data product version number

2) GRACE initial data products are referenced in various coordinatensystAll Level 1B
measurements are referenced in the Satellite Reference FramewW8RR)sthelocal (body)
reference frame fahe GRACE spacecraf(See the Appendixfor the full description of the
reference frame)The othereferencdrames useth Level 0 and Level 1A include: the satellite
frame (SF) and the accelerometer frame (AF) as defin€dse et al.2010. The SRF is used

herein and its definition igivenin Table2.2.

Table2.2: GRACE Satellite Reference Frame

AXis Name Description
y Alona axis Points to the other spacecraft towarc
Mane 9 KBR phase center
- : Forms a righthanded triad withid
Ny g ¢ Cross axis "
andw
H e Radial axis Nadir

* The origin of the SRF is within 0.1 mm from the CoM

The two GRACE spacecraft were identjdadving length of 3.122 m and a trapezoidal cross
section feight = 0.72 m; bottom width = 1.942 m and top width = 0.693 m). The outside material
of the spacecraft was Carbon Fiber Reinforced Plastic (CFRP), a material that exlohits
coefficient of thermal expansion and therefore provithedimensional stabty necessary for
precise range rate measurements between the two spacecraft. To stabilize the spacecraft, an
Attitude and Orbit Control System (AOCS) of necience sensors and actuators was used. The
sensors of the AOCS included: a)8ar CameraAssenbly, b) a Coarse Earth Sun Sensor,ac)
Magnetometer and) an Inertial Measurement Unit (IMU)and the actuators comprisa cold
gas system and three magnetorquers. The key ir
were the GPS receivers, thellidnd microwave tracking system and the accelerometers that each
spacecraft carried. A more detailed description ofiieFumentation and theevel 1Bproducts
follows. TheGRACELevel 1Bproductsaregiven in SRF coordinates and consist of the following
Sensors:
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Supea STAR Accelerometer

The ultrasensitive GRACEaccelerometersvere located at the center of mass of each
spacecraft to measure all the ngravitationalacceleration$® ) that the spacecraft experienced.
The accelerometer systaganerallyconsists o) a proof mass; kg position detection mechanism
that detects changes in the positiohthe proof massral ¢) a servomechanism that drives the
proof mass back to itsominal position Frommknecht et al., 2003 The SuperSTAR
accelerometergonsisted of a Sensor Unit, an Electromagnetic Bttort Unit, an Interface
Control Unit and a harnes¥dubod et al., 2003 The sensor unit consisted of a metallic proof
mass thatvas servacontrolled using capacitive sensors, suspended inside an electrode cage of
gold-coated dica. GRACE was not equipped with dragcompensatiorsystemresulting in
intense perturbations induced by rgravitational forces (especially airag)along thex-axis
Each of theGRACE accelerometarhad an unknown scale and bias in each direcfidrerefore,

calibration was applied to the measured accelerationcdlii@ationequation is afollows:

4 |fomt v 1 (2.3)

where=w 1 genotes the calibrated ngmavitational accelerations along the three axes of SRF;
'II'+
=|=D =+ denotes theon-gravitational acceleratiomaeasuredcan be found in the ACC1B filesy

isac o scale factor and-thec  p bias vector.

The bias and scalevere estimated simultaneously with thespherical harmonicsThe
accelerometermeasured the 3D accelerations watBensitivity ofp ™1 & 7i Odalong thex

andz axes and the least sensitiaeceleration was alorthe crossaxis (0 ) (Touboul et al.,

2009. GRACE accelerometers were designed to behave linearly within the frequency band of
p1m x p1 ( UTouboul et al., 1999 In this studyall the accelerometemeasurementssed
were subject to Gaussiarbandpass filtérwhose bandwidth matched that of the accelerometers.

More details on the characteristics of (aussiarfilter are given in Section 2.4.

GRACE accelerometer measurements suffered spikes (also refertetoas 6t wamn g s 0)
effectinitially observed on CHAMP missicaccelerometer measuremerpikes were attributed

to heateron-off switchng (see e.g.Bock et al.,, 200D occurring every few seconds, and

5 Gaussian filter prevents the Gibbs phenomena at the edges of the signal due to the absence of side lobes
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appropriate measures (i.eise of a very stiff material for GRACE platform) were taken to
overcome this effean GRACEFO. Several studies suggest that GRACE spikdsch were
particularly strongon the radial componénare attributed to vibrations in the mtiayer
insulation (MLI) of the satelliteTouboul et al., 2004Frommknecht, 2007 Thefrequency of
spikesis therefore higland a lowpass filte can be used to eliminate theihe impact okpikes,
especially in case they leak lower frequencies is expected be negligible for GRACE-FO
spacecraftas the bottom of the GRACEO spacecrafts made ofigid materialsinstead of foils
(Flechtner et al., 2036 Level 1B accelerometedata provide the linear and angular non
gravitational accelerations along the three axes; and the 3D linear acceleration realidoals

each day, at 1 Hz rate. We note ttetacceerometeimeasurements are availableadi0 Hz rate

in Level 1A products. Additionally, within the process of converting Level 1Retwel 1Bdata,

data gaps shorter than 10 s are filled with quadratic interpolation when at least 2 points per side
are known. Finally, the accelerometer data were accompanied by the AHK1B accelerometer house

keeping data.
GPS Flight and Navigation Data Format

The GPS observationsvere a significant component of GRACE final gravitational field
solutions.The GPS receivers hika capacity of 16 channels, ®2whichwereused for POD and
the remainindour for occultation measurementsgnget al., 200%. TheGPS highlow SSTdata
werestored inGPS1Bdata files that collect all the measurements from GRACE GPS receivers.
These files include the carrier phases, the pseud@atiye receiver channels and all the
parameters required to derii?OD information. GNV1B files provide the final coordinates and
their errors in the International Terrestrial Reference Frame (ITRF) derived from the processed
GPS1B dataandthe 3D velocity vector and the errors associated with it are also provided.

K-band Ranging System (KBR)

TheKBR was key instrumemt GRACE mission and provided continuous ur&cise (within
10 um) measurements of the distance between the two satellites measuring therefore the variations
in gravity (Kim and Lee, 2009Kroes et al., 200p
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The acceleration measured by the KBR is subject to corrections to account for the light time

rate and the antenna offset ratgiven inEquation(2.4).
i i a WO WE O0QE & W (2.4)
wherel s the corrected range acceleration; is therange acceleratio Q s the light

time acceleration correction; anale 0 ‘Q ¢ ¢€isodthe antenna offset acceleration correctih.

the parameters dquation(2.4) can be found in RR1B files.

The KBR consisted of an ultratable oscillator, a microwave assembly, a hampstrument
processing unifused for sampling both the-Band carrier phase signal and the GPS antenna and
the star cameras meaaments)and ameasuremenprocessing unitThe KBR measurements
requiredboth spacecrafb transmitacarrier signal ancheasurel the phase of the caer generated
by the other spacecraft. The sum of the phassssureds proportional to the range between the
satellites and the phase variations are cancelled out due totérnginstability in each clock
(Dunn et al., 2008 The GRACE K-band had a radio frequency of approximately 24 GHzaand

Ka-band frequency nearly 32 GHz generated by an-staile oscillator. lonospheric corrections

were also applied through measurement of the phase changes at the two frequenciks. Overa

KBR1B files provide both the range rate and the range acceleration between GRACE Atand B

a0.2 Hz rate (every 5 seconds)
Laser Range Interferometer (LRI)

One of the most notable differences between the nearly identical GRACE and GRAGE
the use of LRIin GRACEFO as an additional instrument to improve #exuracy of the&sST
measurements$-(echtner et al., 20)6The LRI system was designed by the MRlanck Institute
for Gravitational Physics. Tachieve the highest possible accuramy optimal laser beam path

had to be foundwhich for GRACEFO was challengingpecausehe LRI instrumentation was

added to the existing platform. The LRI was not added to replace the KBR, but rather its purpose

wasto supplement the existing range measurements.

" More information on the KBR structure can be fourttdtps://earth.esa.int/web/eoportal/sateltitéssions/g/grace
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Star Camera Assembly(SCA)

Each GRACE spacecraft carri¢gdo-star cameras mountedloseto the accelerometeo
provide theattitudeof the spacecrafBoth star cameras had a 45° angle sky view with respect
the zenith, on the port and starboard sid®ggh the main goal being to reach an accuracy of
| O Athe SCA determinedhe spacecraft attitude with an accuracy@ i O A Fo derive
Level 1Bquaternions, a reference quaternion was computed using thed-kinght (LOS) between
the two spacecraft and the data were corrected for time glitSt@scamera Level 1A products
comprised the data obtained by the{star camerasiamelytheone camea provided th@rimary
(1 Hz) data and the other camdbe secondary0.2 H2 data If the primary star camera
experienced gaps shorter than 1@hen a quadratic interpolation was applied to fill the gap,
provided that at least 2 points per sadéhegapwereavailable Data gaps longer than 10 s were
not filled. No interpolation was applied to the secondary star caquexgernions Finally, by
combining the primary and the secondary quaternions employing weighted summation, the final
guaternions werderived and provided in the SCA1B files in 0.2 Hz. The information of SCA1B
files is particularly useful for determination of the attitude angles (roll, pitch and yaw) aihe for
transformation of allLevel 1B measurements fronthe SRF to the Internatioral Celestial
Reference Framd2000.QICRF).

Laser Retro Reflector (LRR)

The LRRwas mounted on the bottom of each spacecaafi consisted dfour prisms and
servel as an external calibration instrument for tmeboardGPS receiveand asan independent
measuremerfor more accurat®OD solutions The LRRconstraired the estimationof the orbit
solutionof the spacecraft by measuring the distarfdbe spacecraftom terrestrial laser tracking

networks with an accuracy of 1~2 cm.

Tables 2.3 and 2.4 sumnarize the science and nsnience instruments, respectively.
Additionally, the vector offset files for GPS Backup Navigation Antenna (VGB1B); Center of
Mass solution from calibration maneuvers (VCM1B); GPS main antenna (VGN1B); GPS
Occultation Antenna (VGOB); KBR phase centers (VKB1B); SLR Corner cube reflector
(VSL1B), are available ihevel 1Bdata products.
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Table2.3: Science Instrumentation Description

Science
Instrumentation

Accelerometer

GPS

K-band ranging
system

Laser Range
Interferometer

Star Camera
Assembly

Level 1B
data file

ACC1B

GPS1B

GNV1B

KBR1B

LRI1B

SCA1B

Description

Providesthe nongravitational accelerations along
the 3axes

GPS flight datdcodeand phase) consisted of thre
range and three phase measurements (CA, L1,

Navigation solution (ITRF)

Providesthe distancérange)rateof changei and
therangeaccelerationi between the two
spacecraft

Supplement KBR in distance rate and distance
accelerationi measurement®wards higher
intersatellite distance measurement performanc

Spacecraft attitude determination

Table2.4: Non-Science Instrumentation Description

Non-Science
Instrumentation

Magnetometer

Thruster

Star Cameras

Level 1Bdata file Description

Magnetictorquerod

MAG1B activation dataand
magnetometer data
THR1B Thruster activation data

Quaternion used on board t
QKS1B point theKBR phase center
of thetrailing spacecraft

AlignmentQuatenion from

QSA1B Star Camera Frame into SR
Quaterniorfrom Satellite
QSB1B Body Frame into SREot

used
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24 GRACE data processing

In this section, the filtering and the transformation parameters employed in the data processing are

discussed.

2.4.1Filtering

In Section 2.2.2the sensors and the data prodyste Table?.3 and 24) of GRACE were
introduced. In many casethe dataarrangedin daily files in Level 1B require additional
processing to provide the highest accuracy and the best overall performance. GRACE
accelerometers measdrthe non-gravitationalacceleration®f eachspacecraft, as opposed to
GOCE gradiometr that consisted of accelerometer pairs mounted off the CoM and measured

directly gravitational accelerationRymmel et al., 201).

The GRACEaccelerometemeasurement bandwidth wasrt * p 1 ( UWhat corresponds to
10-10000 secondghat iswider bandwidth thathe GOCE gradiometer bandwidth (i.eX p 1 1T
mHz). Within this bandwidtfthe instrument performed linearly, providing the highpestision
To isolate the useful signal from the Rlamear responsesa bandpas&aussiarfilter is applied.

The Gaussiarfilter is preferred among other filters to avoid the Gibbs phenomenon at the edges
becaus¢he Gaussiarwindow maintains its form in the frequency dom#@anuto et al., 208).

The Gaussiarfunction is given in Equation (&), and the Fourier transform of the function in
Equation(2.6).

co —a T (2.5)

v
oo T (2.6)

with, and, being the standard deviations in time and frequency domain, respectively and
being the distance from the origin. The size of @Gwussiarwindow in the time domain is

represented by,7 and, is a function of the cubff frequency.

The passband ofthe Gaussiarfilter is setto p t*x p 1 ( (based on théalf-amplitude
point principle (i.e., the frequency at which the output decseégehalf of its peak at

approximately-3 dB).
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Figure 2.2 displays themplitudespectal densityi (ASD), which is thesquare root of power
spectral densitpf GRACE A linear accelerations along the8s inthe SRF ¢ hid b for a
random day. All threeccelerometecomponents exhibit simildsehaviourwithin the interval
TP nx xPpmn ( Uand the orbital @& ™ m Hz) and sembrbital (©® Wp ™ Hz)
frequencies are displayed with purple dashed lines. The filtd&d of GRACE A linear
accelerations is shown in Figure 2I8.Figure 2.4 we show the ASD of the difference between
the origind and the filtered accelerations. Tlgeaxis appears to be the most affected by the
filtering process.
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Figure2.2: Amplitude SpectriaDensity (ASD) of the nongravitational accelerations as

measured on Mah 5" 2010. The orange area denotes the instrument bandwidth and the purple
dashed lines represent thebital (& 1P 11 Hz) and semorbital c® WP 11 HZ)

frequencies
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Figure2.3: Amplitude SpectrdDensity (ASD) of the filtered norgravitational accelerations as
measured on MarcH"2010. The orange area denotes the instrument bandwidth and the purple
dashed lines represent thebital (& TP 11 Hz) and semorbital c® U 11 HZ)
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Figure2.4: Amplitude Spectral Desity (ASD) of the difference between the filtered and the
original nongravitational accelerations as measured on Mafc04.0. The orange area denotes
the instrument bandwidth and the purple dashed lines represembita¢ (0& ™ 1 Hz) and
semtorbital (c® Up T Hz) frequencies
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2.4.2Transformations

An essential parof the GRACE measurememirocessingandvalidation forthis research, is
the transformatiorof measurements from one reference framerother GRACE onboard
instrumentation uses various reference frames, but theissrdhas access only tevel 1B
measurements, all referenced to the SRF. The definicadsthecoordinatesystems used in this

research aras follows

Satellite Reference Fame (SRF):The SRF is the coordinate system that all GRA®@kel 1B
products are referenceéd The SRF is a satellite bodfjxed framewith origin within 0.1 mmat
the accelerometer frame oridithat coincides with the CoMpPetails of the SRF can be fodi in
Table 2.2.

Accelerometer frame (AF): Theaccelerometer frame (AF) origimatthe center of magoM)

of the spacecraff’he AFcoordinate axes are directed as shown in Figde 2.

Figure2.5: Satellite bodyfixed frames; The AF is denoted with red asland the SRF with
black.

International Celestial Reference Frame (CRF): The inertial frame ICRHKs realized by the
J2000.0 equatorial coordinatesextragaladt radio sources measured from Very Long Baseline

Interferometry (VLBI) It is a modern referencgame and as such it incorporates in its very
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definition the fourth dimension, i.e., timéCRF is an equatorial system with origiat the
barycenter of the solar systeithexy-plane (i.e., the principal plane) is very close to the mean
Equatorof J2000.0; Thex-axis (reference direction for the right ascension) is fixed on the mean
Equatorand is pointing very close to the dynamieguinox of J2000.0The reference pole is
defined by the-axisthat is perpendicular to the principal plang-plane and they-axisdefines

the righthanded system. The time scale is the barycentric coordinateMione.details on the
ICRF definitioncan be foundn Petit and LuzumZ010 andin McCarthy (996.

International Terrestrial Reference Frame (ITRF): ITRF is anEarthFixed Reference Fraen
andrealizes the Internation@krrestrial Reference System (ITRS) by providing three dimensional
coordinates in a specific coordinate systéhRF is a geocentric frameayith the center of mass
defined for the whole EarthThe xy-plane coincides with the mean equatorial plane of BTS84
within about 0.0086 Thez-axisis perpendicular to the equatorial plamal thex andy-axes define

the terrestrial equatorial plangith y-axiscompleing theright-handed systergPetit and Luzum,
2010.

East North Up (ENU): ENU is alocal (topocentric)coordinate systeraligned to the direction of
the geodetic referencellipsoid normal at the measurement point. The origin of ENU is at the
measurement poirP). The Upaxis is directecbutwardsof the reference ellipsoid alortge
ellipsoid normal; the Nortaxis is perpendicular to the tixis and points towards the ellipsoidal
north (i.e., along the meridian of longitude) and the faa&t completes a rightanded Cartesian
system. Note that seeinstitutions and agenciese a lefthanded cartesian system, that is north
eastup (NEU) systems or nordbastdown (NED) systemglannsen, 2009

Geocentric Solar Ecliptic (GSE) GSE serves as coordinate systenfor various space
applications and is defined as follaw$he origin of this system is tlggocentreThex-axispoints

towards the Sugentre the z-axiscoincideswiththeEar t hds spin axthey- (t o t
axis completes aight-handedCartesan system (chosen to ben theecliptic plane pointing

towards dusk)A visual representation of the GSE reference frame can be seen in FigUiee2.6

transformation parameters applied in this research can be found in Appendix |.
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Figure2.6: GSE coordinate system definition. L1 resembles the Lagrange point 1

25 Summar y

In this chapterGRACE mission payload and data processing were presented. Overall, this
chapter introduced the reader to GRA mission by describing a) the concept of the mission; b)
the onboard instrumentation; c) tiataproducts of the mission; d) the filtering of the datiad
e)the reference frames used in this stuldye core GRACE instruments used in this studylaze t
accelerometersthe GPS receivers and the star camera assembly, that measure the non

gravitational acceleration, the position and the attitude angles, respectively.
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3

Space weather dynamics and
GRACE

Improving the accuracy of GRACE models requires eepd understanding of GRACE
instrumentation. While analyzing GRACE -board measurements, we found an interesting
correlation between disturbanagfdhe measurements and space weather affecting the spacecraft.
In Section 3.1we introduce the fundamentaircepts related to space weather and in Sectign 3.2
focusis placedon geomagnetic storms and discuss their impact on GRACE instrumentation.
Section 3.3 the concept of GRACE differential mode (Dé/presente@nd in Sections 3.4 and
3.5, the input datasets of electromagnetic energy, namely the ACE mission measurements, the
vertical and horizontal electric currents and Poynting flux estinaaieesxplainedWe present the
impact of various scale geomagnetic storms on GRACE DM estimateseafuther perform
coherence analysis between these estimates and ACE/Poynting flux estimates.

31 Space weather

Space weather i's a rather complex term that
surrounding spac&€@de and ChaPRark, 2015%. In this study we refer to space weather to describe
the dynamics occurringintiear t hés upper GademraCipaRaeki2018. THisay er s
correlationis not unknowrto LEO space gravity missions, as the GOCE mission experienced very
similar disturbancedr{ce and Pagiatakis, 20L&\t the first stages of this research, a thorough
analysisof the behaviour of GRACE instrumentation was comedc Although it iswell
establishedhat space weathdlynamics influence the performance and reliability of syeorae
and grounebased technological systemgldldwin, 2008 Ince, 2016, spaceweathefrelated
perturbations on GRACE have nggtbeen fully understood.o fill this knowledge gap, analysis

of GRACE Level 1B measurement response to geomagnetic stismmdertakenAfter all,
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although disturbances in satellite motion are expected due to kinetic energy exchange between
neutral particles and the spacecraft, the impact of charged particle flow on GRACE

instrumentatiornasyet to be assessed.

We now define the fundamental conceptsd terms that describe the spacecraft environment
(i.e., space weather). All the physical dynamics occurring in the upper ionospheric layers (>80
km) are called space weather, and in this research, fecpacedon phenomena such as
geomagnetic stormsather than other negravitational forces that also belong to space weather
(i .e., solar radiation etc.). O fupparatrhospharic t h a't

|l ayers (space weather) aiMoldwm20@or ti onal to th

The Earthés at mos ph e reach ofthenshawsndifierern properteesin ous |
the composition of thdayers andextendingto a different altitude above the Earth. The
atmospheric layers of the Earth and #ssociated temperatures and plasma density profiles
(Kelley, 2009 are shown irFigure 3.1. The temperature profile shows a smooth temperature
gradient between the troposphere and the mesos@rethe other hand, at approxately 90 km
altitude,radiation cooling sharply reduces temperatiNete therapid increase in the temperature
above the mesosphereduced by the high energy solar photoksliey, 2009.

LEO satellites orbit the Earth an altitude covered by the layer of ionosphere (ionosphere
altitude ranges between nearly-B000 km). The ionosphere consists mostly of ionized gas and
overlaps with the upper portion of the neutral atmosphere (consists of neutral gas). The ionosphere
is subdivided in different regions, namely the D-@Dkm), E (96120 km) and K>150 km), the
latter being further divided into F1 and F2. In each region the electriediizldn currents are
formed in different directios (Kelley, 2009. Generally, the electric currents in each region
depend on the local time, the latitude and the seddowever,in the F region(the region of
interest for LEO satellitgsthe currents show the weakest variapilitith respect to the time
(Kelley, 2009.
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Figure3.1: Profiles of neutral atmospheric temperature and ionospheric plasma density for the
various layers of the atmosphefédeprofiles are estimated for midtitudes(modified from
Kelley, 2009)

Solar wing can be described amgnetized plasm@onized gas consisting of nearly the same
amount of protonsand electronsthat move supersonically away from the Sun andyaaith it
the Sunods [Maldune2009.cT hfei elad t of the Sunds magnet
out of the heliosphere by the solar wind is called interplanetary magnetic field {The#=yelocity
of a solar wind highhd e pends on the Sunés activifron and t
which the winds are emittedR{chardson and Paularena, 1998 he Ear t hds magnet
supressed hensubject tosolar winds(see Figure8.2). Solar windsaffect themagnitude of the
velocity, and the density of neutral winds and plasma fi¥ken solar wind pressure decreases,
t he magnetosphere expands. The main component :
winds are plasma flu(consising of charged particles) and neutral winds (comsgsof neutral
particles). The interaction of plasma flux and neutral winds results in chémgjes satellite
environmentand consequently, itausegerturbationf the onboard instrumeation. These
perturbations are yet to be identified and quantified for GRACE and GRATRissions.
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Figure3.2: The Earth's Magnetic field and solar winB®&w shock is the boundary where solar
windsencont er t he Earthds magnetopause.

Il ntermittently, the energy input of the Sun
the phenomena behind this extensive energy transfer are corona mass ejectiogs $GISIE
flares, and slar energetic particl$SEFs). Thegeomagnetic stornisad to significant variations
of the currents, plasma, aedtectricfields intheEar t h 6 s maThe ruintesop dtoens e .
depends on the solar activity that typically changésw timesper month. Inthe case of solar
sunspotmaxima, both the number and the intensity of the storms increase rapidly. Solar winds
that result in geomagnetic storms per&ist a few to many hours with wavelengths usually
exceeding several hundred kilometefbdng et al., 2003and havehreephases: sudden storm
commencement (SSC), main phased recoverySome of the currents induced, called auroral
currents or auroral electrojets, produce large magnetic disturbances. Overadiggetic storms
impact the ionosphere and eventually cause extra drag in LEO satellites

The index measuring the overall variability
disturbance is callethe K, index. The Ky index isprovidedin a logarittmic scale and ranges
between @nd9 with the averagk, level being approximately 3. The index is givemhreehour
intervak in Universal Time (Rostoker, 197 Disturbance sources may be attributed to any
geophysical cuent system including magnetopause currents,-aétghed currents, and auroral
electrojets Gonzalez et al., 1994In case of geomagnetic storms, currents and energetic particles
amplify the energy in the form of heatdaconsequently the densitf the electronsn the

ionospheric layers increase
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32 Geomagnetic perturbations on GRACE i

In early November 2004, the Sun was very active and generagery strong interplanetary
and magnetospheric disturbancésrmolaev et al., 2008In that period, an intense geomagnetic
storm occurredresulting ina magnetosphar disturbancefrom 8-10 November, 2004The
response of GRACE instrumentation to these very intense space weather conditions
investigated

The GRACE accelerometers measdirthe nongravitational accelerationsacting on the
spacecraftTherefore, the impact of a geomagnetic storm on the acielecd the satellitewas
measured by the accelerometers. At the beginning of our analgsissh to quantify the response
of the accelerometer to extrergeomagnetic storm&/e compare the instrumentation response
during a day with very lovK, index aml during an intense geomagnetic storm, such as the one

that occurred on November 2004.

Non-gravitational accelerations along the track during a day of low space weather activity
(Figure3.3; left panéland during a day of intense geomagnetic stiig 3.3; right panel) show
the magnitude of disturbance that the spacecraft experienced as measured by the accelerometer.
Additionally, we notice that the measurements are highly disturbed (@@nalse ratio is
roughly 15 dB) near the auroral angblar regions (Fig 3.3bOf not is that the accelerometer
measurementat theNorth Pole tend to be more disturbed thlha South Pole Although this
behaviar is not fully explained, it might be associated withttiermospheric mass density, which
is denser closer to the North Pole and less dense closer to the SouthitPelea(., 2014. The
nontgravitational accelerationslong the trackmeasured during thdays of low geomagnetic

activity and high geomagnetic activityeashown in Figure 3.4a and Figure 3.dspectively

The GRACE attitude systenonsisted otold-gas thrustermounted symmetrically around its
centre of massand of the magnetic torquer rods. The main attitude actuator consisted of the
magnetic torquerand the thrusters that were used in pairs to rotate the spacecraft with respect to
the centre of mass. The tanks were loaded with ~16 kg of propellant. The GRACE attitude system
was activated approximateB00 times per dagFlury et al., 2008and could use up to 1 million
thruster actuation cyclesS¢helkle, 200D Enough fuel was stored in the tanks for GRACE to

reach almost triple its design lifetime without exhausting its 8ahflikova, 2016
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Figure3.3: a) Accelerations along theaxis (@ ) during November 52004 Ky <5); b)®
during November 1,004 when arintense geomagnetic stowisturbed the upper layers of the
ionospherel{, index ranged betweenahd9).

Due to dynamics occurring in the satellite environment, the attitude control system activated
the coldgas thrusters to maintain the satellite attitude and the pointing nexgunte of the K-
Band intersatellite ranging (KBR) syste(®chelkle, 2000Frommknecht, 2007
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Figure3.4: @ during Nov 57, 2004 K, <5); b) & during Nov 810, 2004 K, rangedbetweerB
and9).

Figure 3.5 displays the thruster activiig a day of low geomagnetic activity (left panel) and
on a day of very intense geomagnetic activity (right panel). Und#sirdisturbances in the
satellite environment caused by space weather trigger the activation of the attitude control system.
The firing of thrusterampacts the accelerometer as it creates residual linear accelerations in the
form of spikes(Bandikova, 2016 Although, improvements in the data processing have been
suggested and applied, there are still perturbations evident in the accelerometer measurements

(Klinger and MayeiGurr, 2016. In this study we assume that the impact of thrusters on the
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accelerometer is not the major cause of the perturbations shown in the signal and we further

proceed on characterizing the source of the disturbance.
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Figure3.5: (a) Thruster activity on Novembey 2004 Kp<5); (b) Thruster activity on
November 102004 Kprangedn [8, 9]). Red lines denote the ground tracks during the days of
interest; blue dots denote the regianerethe attitude controkystemwas activated

Our analysis of the attitude behaviour of the spacecraft showed tladtitilngde anglesypically
do not exceed &rad however in days of geomagnetic storrtfee magnitude of the roll, pitch

and yaw angles showedrapid increasby nearly 40 times
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33 The concept of GRACE Differenti al Mo d

From the analysis presented in Section, ¥2appears thathe spacecraft is subject to
disturbances due to space weather dynamics. Arguably, GRACE acceleromeztedicated
to measure these forces and eliminate their contribution from the final gravity field solution by
subtracting them from the POD solution (&quation(2.1). The question then arises: Are all the
instruments affected when subjected to geomagnetic stdfthg?accelerationderivedfrom the
GPS antennas are affected by the disturbance on the motion of the spacecratft, is this disturbance
proportional to the disturbance measured by the accelerometers? As discussed in Section 3.1, the
flow of geomagnetic terms consists of two main parts, the flow of uncharged and charged
particles, which when interacting with the spacecraft lead to kinetic and electromagnetic energy
exchange, respectivelyKlinger and MayeiGirr (2016) studythe impact of temperature
deviations on the accelerometer and discuss the need for parametrization of scale factors and biases
to calibrate the accelerometer measurements and impro¥&dli€zo spherical harmonjalso
known as Earth dynamic oblatens&xpresses theédtenning of the Earth) The driving force of
the deviations of temperature is attributed to the solar and geomagnetic astivige and
MayerGurr, 2016). Therefore, the electrostatic structure of the accelerometer is expected to
interact with charged particles (plasma flux) perhaps in alinear sense. This interaction has
also been implied in the work dhce and Pagiataki$2016) where GOCE gradiometer
measurements, although derived from differencing the accelerometer measurstiiesuffered
from unwanted signatures related to the plasma flinere is aneed tobetterunderstand the
magnitude of the accelerometertdibances on the final gravitational acceleration solutions
Additionally, we need tsshowt hat t hese accelerometer disturhb

geomagnetic acitivity.

Better understanding of the source of disturbance (i.e., kinetic energy ggclmn
electromagnetic energy exchange) would feasible if the GRACE mission carried the
appropriate instrumentation to derive differential measuremenigtlathe GOCE missionThe
idea is that diferential accelerations would cancel out any pertudoatelated to the motion of
the spacecraft, as in GOCE gradiometer measurements, and therefore any other perturbations not

related to the motion (such as plasma flux) would still be visible.
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TheGRACE mission did not carry a gradiometedno differentialaccelerations are available
Therefore,a new data processing methodology is required to allow for the estimation of
differential accelerations. T$ need led to a newdeathat is perceiving the twin GRACE
spacecraft as one fictitious satellite with two accelerometers in order to derive differential

accelerations.

To generatedifferential type dneasuremeniésfrom GRACE we use the original generic
accelerometemeasurementsom both satellites This can be achieved by computithg timeDt
the trailing satellite (hereafter Bakes to be as close as possible, posit@e, to where A was
Dt seconds earliewhich will essentially meatiat At) and B{+Dt) will be at a very shoistance
thatreachesup to maximunof afew kilometres This processsifollowed by atransfornation of
the accelerometer measurement8(#Dt) into the accelerometer frame A(t) via the attitude
angle differences that occur in the time intenii| according tdandikova and Flury2014. A
great discussion of the behaviour of the star cameras and the different transformations required to
process GRACE measurements, barfound in Bandikova2016).

The transformation o 6RACE B(¢+Dt) accelerations from SRF of B to ICR$ doneusing
guaternions derived from the star cameras of GRACEaBer, using the quaternions of the star
cameras mounted on GRACE A we transform the accelesdtidhe SRF of GRACE A. These
transformations are described in Equati($4) and(3.2).

n 9 : (3.1)

n 9 , (3.2)

wheren is theg o rotation matrix as given in Equati¢80) in the Appendix; and the subscripts

oa andgg denote the quaternions derived from GRACE A and B, respectively.

The concept of differential mode is schematically displayed in Figurd Besformulation of

the new method and further considerations are presented in Section 4.2.
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Sap =220 + 50 km

Figure3.6: GRACE Differential mode carept

The use of the attitude angles in the estimation of differential accelerations implies that the DM
accelerations include gravitational and +gravitational signals (see Section 4.2 for more details).
Additionally, as both spacecraft are nearlyhe same position within the 2 s time interval,
the nongravitational forces acting on each spacecraft are nearly the Zaarg(et al., 2003and
therefore the differential acceleration measurements should ideally camdbecgeomagnetic
stormrelated peaks of the accelerometers. If this cancellation is not observed, then the
instrumentation experiences disturbances that need to be further studied, similar to those that
perturbed GOCE measuremenkscé and Pagiatakis, 20116 We will perform an analysis in
which data from both missions (GRACE and GOCE) will be used to assess the impact of

geomagnetic perturbations on GRACE instrumentation.

We derive bngitudinalprofiles of DM linear accelerationalongthe xaxis ¢  for the two
days of interesti., 3" and10" of November)displayed inFigure3.7. It is evident thatvhen at
differential modethedisturbanceslo not cancel oytout rather they seein aggregateA similar
behaviourwas observed on GOCEGT measurementgince and Pagiatakis, 20[L6This
behavioumay be attributed to the interactionatfarged particlewith the electrostatic structure
of the accelerometers. Iflisturbances on the accelerometer measurements were driven by
perturbations on the motion of the spacecthinthe differential mode approaaetould have
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cancelled them ouinstead of aggregating therm this studythe errorsof the estimated DM
accelerationsare not consideredand conclusionsare drawn using only the estimated DM
accelerationsA more detailed analysis is needed in the future to account for the instrumentation

errors.

4l 107 GRACE DM x-axis accelerations Nov 5 2004

m/s?
|
S

-4 1 " L L L

-80 60 -40 -20 0 20 40 60 80
Latitude®©

(a)
. 107 GRACE DM x-axis accelerations Nov 10 2004

80 60 -40 20 0 20 40 60 80
Latitude©
(b)

Figure3.7: a) GRACEA and B& and their differencéd (DM) on November 8; b) GRACE
A and B& and their differencéd on November 10. Blue line denoteé derived from
GRACEA; green line® derived fromGRACE-B and red line thé)
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34 GRACE and Advanced Compebkdtion Expl or

In the previous sections we showed that the GRACE accelerometer measuegipeatso be
affected by the plasma flugimilar findings are drawn bilinger and MayetGurr (2016), who
analyzed theemperaturalependent behaviour of the accelerometer scale factors and ases
our study, we wish to make use of the GRAQIEerential Mode (DM) methodo investigate its
capability to assess thepact of charged particles on GRACE accelerometers by analyzing a wide
range of ionospheric conditions that the satellite experienced. Namelgokvat the DM signal
andwe compare it with the Bield measurementé\fterwardstheDM accelerationare conpared

with interplanetary magnetic field and plasma flux signatures to identify any similar behaviour.

Our analysisemploys more than 200 orbits during geomagnetic storms of varied intensity
characterized by thKp index. In this study, electromagnetic field estimates provided by both
satellite and terrestrial measurements are employed to assess any similar behaviour between
GRACE DM and magnetic field disturbances.

Similar analyses of the GOCE missionGravitationa Gradient Tensor (GGTlisturbances
showedhat the Laplacequation(that is thesum of thesecond derivativgeof the potential is zero
outside the,i€&btmidsotsatsfedMos n during geomagnetic storms
(Ince and Pagiatakis, 2018 he trace of the GGT (i.ey @  ® should be nominally zero,
however as the quantities are measured and therefore suffer from errors, this condition is violated.
In thar work, Ince and Pagiataki2@16 noticed that when GOCE was subject to geomagnetic
storms the magnitude of the tengmraled, which indicated that the gradiometer was highly

affected by space weather disturbances.

At the initial stage of our analysis, we employ the Advanced Composition Explorer (ACE) solar
mission interplanetary magnetic field (IMF) measuremértte ACE mission (1997preseny is
dedicatedo observingenergetic particles coming from the Sun anceotources§tone et al.,
1998. Interplanetary magnetiftux density (agneticinduction) B is retrieved from various
sensors oiboard ACE.Although ACE provides global coverage, the orbit of the mission (1.5
million km away fom the Earthfouldreducethe correlation between ACE and GRACGE00
km away from the EarthYhus initial focus is placed on théisturbance signatur@sthe GRACE

measurementsgatherthanthe actual values measuréelb assess the impact of the diking
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magnetic field oraccelerometerghe ACE B-field estimates are transformed irttee GRACE
satellite referencérame (SRF) i.e., the local frame to which all GRACEevel 1B data are
referencedThe process includes the transformation fromGhecetric Solar Ecliptic Coordinate
System (GSE)to the International Terrestrial Reference Frame (ITRF) and therth&
International Celestial Reference Frame (ICRfapgood, 199 Finally, theB-field valuesare
transformedo the SRFusing orientation angle®8éndikova and Flurry, 2034The formulation

of the transformations applied is presenteth@Appendix.

We analyze all the orbitef GRACE during November 10 and ressilindicate that the
measurements thaeremostly affected by the geomagnetic storm are located in the auroral region
of North America. GRACEaccelerometer measurements are processed according to Section 3.3
to generate differential acceleration ( estimates along the three axesd are subsequently
low-pass filteedand decimatéto 16 s sampling interval to match the spacing of the BGield
sampling rateFigure3.8a displays  and IMF estimates along theaxis.|  estimates follow
the ACEB-field measurements, especially in the auroral zone betwde@®0T his intense space
weather condition affected GRACE acceleration measurementsstatbedhem in the range |
400, 900] nm/<. Subsequentlythe| and Bx signalsare analyzedising continuous wavelet
transformation (CWT{Mallat, 199§. The CWT provides wavelet coefficients that are functions
of scale and position by multiplying the integral of the signal with a scaled and shifted wavelet

function, over the time/space domain. [@b be a signal. The CWT oK0 is given as follows

p 0 Q

where®is the scale of the wavelet functidfis the translation valué,s time and is the mother

wavelet that is a continuous functiohtime and frequency, and is the dual function df .

The cross wavelet applidd assess the similarity between two signalgndwis given as

follows:

® QO Yo Qo ¢hQ , (3.4)

where® ¢hQ andw ¢hQ are the CWT of the input signalsand chrespectively o * is the

complex conjugate ab and"Yis a smoothing operator in time and scale expressed as:
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Yo Y Y o QahQ (3.5

whereY is the smoothing along the wavelet scale axis™&nd the smoothing in tira. Note
all these transformations are valid under the condition that the input signals are continuous and
equally spaced. This is the reason theestimates need to be lguass filtered, so that thayatch

the timespacing of ACE mission measurements.

Finally, themagnitude of thevavelet coherence that quantifies the correlation oftoanput

series in the frequency domain is giver{(Mallat, 1998:

Yoo QcQo  ¢hQ

—= —= (36)
Y «hQs Y o ahQ

Figure 3.8bdemonstrates nearB5% coherence between tBM accelerations along the
axis | andBx for various levels of decomposition auroral and polar zone$his feature is
clearlyseen irthe[16, 64] s interval. The arrowsuperposd on thecoherencavavelet represent
the local phasalifferencebetween the series and exhibit various characteristics. The arrows
rotating from nortlto westand gradually towas southindicatea phasdead ofBx over GRACE

trace In our case the local phase delayhe area of interest epproximately2.7°.

In the sequel, we employ other external datasets that desfoeilynamics of the magnetic
field andwe analyzehe rdationship between the two datasets (i.e., GRACE DM accelerations

and magnetic field measurements).
35 GRACE and Poynting fl ux

A detailed analysis of the impact of the electromagnetic dynamics on GRACE is realized by
employing electromagnetic currentaptured by ground stations, distributed irregularly over
North America and Greenland. A technigue called spherical elementary currents systems (SECS)
(Amm, 1997 Amm and Viljanen, 1999 transforms maggtic disturbance observations to
equivalent ionospheric currents (EIC) provided \Wgygand et al(2011) EIC are electrical
current linear densities in the horizontal direction expressed in Ampere pek/km)(while
sphercal elementary currents (SEC) are electrical current surface densities in the vertical direction

expressed in Ampere per squared Kikm?).
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Figure3.8: a) Red line indicates tHengitudinalprofile (_ ¢ o) of GRACE|  on
November 18 2004 at [08:20 08:45] UTC. Blue line shows Balerived from ACE imT; b)
CWT coherence betweén andBy. The arrows indicate the phase angle between thairtweo

series. Theshaded areshows the cone of influence where edge effects become significant at
different frequencies (scales).
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The EIC and SEC values do not follow a regular spacing and are gaemlitude of 11&m
at 10s intervak, hence a spatiotemporal interpolation is required to refer them to GRACE
horizontal position (latitude and longitude). The choice of the interpolation technique is critical
since the error in the gridded values caach up to 15% in the vicinity of ground stationben
spacingis of more tharafew hundred km{Amm and Viljagen, 1999 To avoid poorly gridded
values, we examine the GRACE tracks over areas of dense ground station c(sezAgem
and Viljagen, 1999Ince and Pagiatakis, 201&-inally, we estimate the magnitude and direction
of the electromagnetic energy flow described by the Poynting v&}tovi{ich is thecross product
of SECS (@ and EIC(5y and is given by¥quation(3.7) (e.g.,Kelley, 2009.

{1 r =8 (3.7)

The Poynting vector is the result of ionospheric electgoalents (moving charged particles)
and not of neutral winds. Hence, in our analysis, we assess the impact of the electromagnetic
energy input to GRACE accelerometers and not the impact of neutral wind kinetic energy

exchange with the spacecraft.

Another bwer scale geomagnetic storti,£ 6) occurred on October 112008. GRACE
accelerometer measurements are used to create DM estimates. During this storm, the axis
demonstrating the highest disturbance is the atmak axis x-axis), whichmight bedue to the
direction of the currents (i.e., north to south direction), as illustrated in $ig B this casep
has a phase lag of approximately 30@nsthe time domain however thesignature of the

disturbance is not very similar to the signmataf thePoynting flux(seeFigure3.9c)

What follows is a case referring to a geomagnetic storm that began on M&rc201Q and
lasted for approximately one day. That day, the ionosphere was disturbed by a geomagnetic storm
of Ky= 6. Figure 3.10a sualizes GRACE differential accelerations along xkexis and the
Poynting flux. In this case, GRACE disturbances occur in the auroral and polar zones, which
agrees well with findings from GOCE GGT response to geomagnetic stogasnd Pagiatakis,

2017). Additionally, the signature of the disturbance is very similar to the Poynting flux signature.
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Figure3.9: a) SEC estimates and GRACE ground track during Octol&e2aa8 at 13:15 UTC;
b) EIC estimates and GRACE ground track during Octob®2008 at 13:15 UTC; ¢) GRACE
| on October 1% 2008 at 13:15 UTC and Poynting flux estimates

Finally, the magnitude of the disturbance ranges within ##06%. Notably, he wavelength
of the disturbance is roughly half of Poynting flux wavelength. A strong coherence that reaches
nearly 80%, between GRACGE and Poynting flux is observed at medium to high latitudes (see

Figure 3.10b).
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Figure3.10: a) GRACE|  and Poynting vector (fon March 11 2011; b) CWT Coherence
between GRACE and Poynting flux. The arroviperposd indicate the phase angle
between the twime series. Black eue shows the cone of influence where edge effects
become significant at different frequencies (scales)
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Considering the analysis done with GRACE and Poynting flux estimates, it seems that the
response of GRACE to geomagnetic storms islimaar, as for ach case phase (time lag) and
the signature of the disturbance seem to follow a rather random pattern. Further analysis is required
to validate the preliminary analysis conducted herein and in order to assess further the impulse

response relationship beteregeomagnetic storms and GRACE instrumentation.

Other orbits have been also been investigated and, in many cases, there is a very low correlation
between GRACE disturbances and the magnetic field disturbances. We therefore consider
necessary further analysis in the topic of space weather dynamics &@E3Rstrumentation

response to these dynamics, to better capture their relationship.

36 Summary

In this chapter we assessed the impact of geomagnetic storms on GRAR&ardn
instrumentation. A new method that uses GRACE accelerometer measurements tatestim
differential mode accelerationgas introducedn order to get a better picture of the impact of
neutral winds and charged particles onrthie s s instran@estationin Chapter 4we will show
that the idea of GRACE differential mode can be useshinnovative approaclthat is toderive

gravitational gradients using GRAQEvel 1Bdata.
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A

GRACE-FO In gradiometer mode

In Chapter 3 we introduced a new technique cdalhiedi GRACE Di fferenti al Mo
differential mode accelerations using GBR onboard instrumentation. We now expand the
concept of GRACE Differential Mode, aiming to derive gravitational gradients using GRACE.
This Chapter is an unabridged version of the original research @t@le avi t y Gr adi ome:
GRACE Space Missionstew opportuni t i e spubfished iniGR:8oliddcarths ci e n c
(Peidou and Pagiatakis, 2Q1@ith minor edits to account for the different numberingextions,

equations, figures and tabJesdwith theaddition of more results in Sections 4.2 and 4.3.
41 1 ntroducti on

In this Chapter we address the question of hGRACE andGRACE-FO mission objectives
may be enhanceoly looking at the data processing methodologies and mathematical modelling
from a differenfperspectiveNew methodologiesiay lead to discoveriesuch as the detection
of the Juan De Fuca ridgmd increase the chance of breakthroughs in climate research. To this
end,we attempt to develop a method that uses GRACE acceleroaigitede and?OD data as
proxy for GRACE to derive gravitational gradients, similar to those of GOCE via a series of
spatiotemporal transformations. Interestingly, an innovative, yet simple combinatienedflB
data from both GRACE satellitesamedd gr adi omet er rBdvd ene t chro dOGRACE
to produce common and differential mode accelerations (CM and DM, respectively) as well as

gravitational gradients that are directly comparable to those of GOCE.

The concept of satellite gradiometry usi@GRACE was initially suggested bigeller and
Sharifi (2005 . However, the suggested 0 gCasafto andnet er 0
Fantino, 200Y, as it consisted of two accelerometerg 1 uTtkm apart ibid, 2009 and only in

one direction, namely, along the orbit. This long baseline violates the definition of the gradient
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and hence the estimated gradient cannot provide useful geophysical information. &RACE
supasses this limitation by simply bringing the trailing spacecraft as close as possible to the
leading spacecraft, a process described in Section 4.2. Moreov&erlteeand Sharifi(2005

methodwas developed to estimatelprthe first gradient of the GGwhi | e GRACE GM ¢
estimate the full GGT. Ot her proof of concefg
Agradi ometero concept for the design of fl i gh

applied due to theong baseline restriction®&neeuw et al., 2008

GOCE DM accelerations and gravitational gradiebées/él 1B areused o val i dat e GR/
GM derived equi vwhenghe tweo missmms were gperatinig sichultaneously
namely, in 2010. Analysis of the DM accelerations and gravitational gradients reveals the strong
impact of the Earth's main magnetic field on both Low Earth Orbit missions. The two missions
are subject to disturbances from the Earth's magnetic fieldegsgd through the magnetic field

inclination and North and South Pole magnetic fluctuations.

In this contribution, emphasis is placed simowingthe effectiveness and potential thie

GRACE GM concept for estimating gravitationa

GOCE | i ke follow on missions currently being
alternative methodol ogy that will tabelusedvint he r
a dual mode perhaps without the need of a GOC

providea proof-of-concepiof this original, yet very simple methodology, with the anticipation of
improvements in the near futuiteat will advancehis methodto be fully operational

42 The concept of GRACE gradiometer mode

GRACE accelerometers measiitke nongravitational accelerations acting on the spacecratft.
The accelerometers were located at the center of mass of each spacecraft to eliminate angular
accelerations produced by attitude changes. In this sl 1B data, specifically found in
GNV1B, ACC1B and SCA1B data file€ase et al., 20)0are used to retrieve information about
POD, nongravitational accelerations, and spacecraft attitude. Acceleration measurements are
band pass filtered i nent{l0*el0'He)sithg@aussiafitear. of t he

The differencing of the accelerations at a particular point in space is achieved by computing

t h e tthenrailingmsatellite (hereafter B) takes toibéhe closest distance p o s i tta on wi ¢
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where Awa®tsecondsearliel. he mi ni mum di stance
that is the minimum distance on the ellipsoid. Lagglis calculated using the minimum distance
between the two spacecraft on the ellips@idis means that A( and B{+Dt) will be in a very
closeposition. Subsequently, we compute the separation vector betw8esnd(B¢+Dt) from

thePOD. We then transform the accelerometer measurements of Bjgmto the accelerometer

frame of Af) via the attitude angld i f f er ences

Section 3.30nce the accelerations oftB( t)gare in the reference frame oftph(they can be

differenced along all three directions; the transformation of the frame of B to that of thiealden
satellite A adds the gravitational difference betweet) Aod Bf +
equationgepresent, thgector common and differential modes, the gradient of the gravitational
potentialinthexd i r ect i on, and tdraeitatomalpstentialgn treydireetiont
respectively All quantities in the equations are referenced to the leading satellje A(

(accelerometer) reference frame (SRF):
> 06 -F 0 Yo F o,

» 0 -+ 0 Y 40,
o \EI, c‘)ﬁ

R T

o N S P
N L CT R T

where» 0 and» 0O denote the common and differential mode accelerations, respectively
=|= 0 F1=|= 0 Yo represent the linear accelerations observed byakd Bf+Dt), respectively,
andwhereDx andDy are thedistance between the two satellites along thaxis and they-axis,

respectively Other gradients are similarly defineg8tgmmer et al., 2032The full tensor is

definedas follows:

c al

t)pThe following four

(4.1)

4.2

(4.3)

4.4
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Theidea of GRACEGM is valid under the following realistic assumptions:

a) The distance between #\@nd B{+Dt) is very small, essentially approaching zero at the limit
compared with the sizef the orbit.The distance between GRAGkand GRACEB doesnot
exceed few km and therefore the assumptiasieiarly achievable and satisfies the definition

of the derivative of a functiorc{., Equation(4.3)).

b) Satellite B isDt 26 s on average behind A during which time the gravitational field does not
change. Thus, the principle Bfjuation(4.2) is not violated and differencing the acceleration
measurements betweentpgénd B( + Dt) at the position of A}, results in realisti differential
mode accelerations. The same assumption holds true when estimating common mode
accelerations (cfEquation(4.1)).

c) The dynamic regime in the thermosphere remassentiallyunchanged within the 280 s
interval between A and B and withinfew to several tens of metefdhe assumptions very
realisticsince an average spatiotemporal homogeneity of external atmospheric dynamics (i.e.,
neutral winds and plasma flux) is roughly 300 km in extent and lasts several mihaeg €t
al., 2003.

d The Earthoés r ot lagofDo26 s douwaspomdgto 11D@& kmt(dstimated at the

Equato). This spatial shift does not affect GRACEM gravitational signal as the spatial
resolution of GRACEGM is considerably lower.

Following the above assumptions, we are now in a position to describe the fundamental concept
of the GRACE GMwsrthe tetoeedy oftthie gravitanohal signals despite the fact

that each accelerometer measured oolygravitationalaccelerations.
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In order to understand the GM concepig two fundamental characteristics thie GRACE
constellatiorshould be taken under consideratioamely (a) the spacecraft were identical and (b)
they possessed an Attitude and Orbit Control
pointing attitude control through sensors, actuators, and soffitarsman et al., 2004

According to the GRAGQE t)GMbecverncose potA). Hosvevere | | 1t e
B(t+ t)quill have an attitude that will be different from that ott)Athat is, the three axes of the
accelerometers ofach spacecraft will not be aligned. Attitude changes of a spacecraft are
introduced by torques due primarily to gravity gradients, aerodynamic drag, electromagnetic
induction, and solar radiation pressueg., Gerlach, 185), among othercauses Due to
assumptions (b) (d) above, and the identical spacecraft,nafrgravitationaltorques will be
nearly equal, except the gravity gradients at the positions of A and B. Equal gravitational gradients
at each of A and B would introduce equal torques on each of the identical satellites; thus, we would
observe identical attitude anglesl(rpitch, yow). By reciprocity, when rotating the axes aof B(
ad) to be aligned with that of &, it means that we actually add to the measnogeyravitational
accelerations of B a small acceleration vector to equate the torques of A and B, leatimg
alignment of the accelerometer axes of A and B. At this point, taking the difference of the
accelerations along the aligned axes of t he
accelerations (DM), which when divided by their correspondingaées will provide the
gravitational gradients at the barycertetweenthe twin satellites. In other words, by aligning
the two satellite frames we create a system equivalent to GOCE in which the accelerometers are
all aligned. This alignment is the remsary and sufficient step for estimating gravitational

gradients.

One of course may wonder why we use only GPS precise orbits (POD) to determine the shortest
di stance (3 D component s) of t he t wo Sspacec
measurements & are more accurate. GRACE's core science instrument, namely, the KBR,
measures the instantaneous 3 D dibstt@amotbe bet we
used to provide gradients along each axis of the accelerometer frantg bf Addition according
to the differential met hod employed in this s

in time, while B continues to move toward A. In this fictitious scenario, there are no KBR
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measurements dur i mig whch satellitei Bnige appraachiag Alte lerroip
introduced from the precise GPS and all the instruments employed in this method is assessed in

Section 43.2, using the power spectrum density approach.

Figure 4.1 shows the procedure to derive gradients usingCERAevetlB data. The input
information comprises of the a) accelerometer (ACC); b) precise orbits (GNV) and c) star cameras
assembly (SCA) measurements for each spacecraft (A or B). Additionally, the KBR measurements
are used as a constraint for the miarmdistance criterion. All the data are subject to a cubic
spline interpolation that increases the sampling rate to 10 Hz. Of note is that GRAC&vel
1A data are given in 10 Hz intervals and therefore can be directly used without any interpolation
(Wen et al., 208). In order to find the minimum time lagd) required for B to be as close as
possible to Af), the threedimensional distance coming from GiBSused. Afterwards, all the
measurements of GRACE B are transformednfr’’Y "Qo “Y'Y "OFinally, the differential
accelerations and the gravitational gradients are estimated and transforméy ¥o@ ENU.

The mathematical formulation of this procedure is given in Equafibf)s(4.4).

Unli ke GOCE, the GRACE GM design does not i
accelerometers. Hence, the calculation of every gravitational gradient along the orbit uses a
different distance between the accelerometers. Inifa8gection 43.2, we argue that different
di stances constitute a powerful asset of GRACI
frequencies, provi diThegGOGHshElte wbiteal the Eagh inDangarlya d i e n
polar, sunsynchronousiuskdawnorbit (Rummel et al., 2002designed to cross the Equator at
18:00 hours (ascending node) or 06:00 hours (descending node). The ascending tracks of GOCE
were characterized as dusk tracks, and the descending tracks as dawn tracks. The GRACE mission
al so had a nearly polar orbit though, but as ¢c
ascending and descending tracks were independent of the locdlreelaro be able to compare
GOCE and GRACE GM estimates, we separate all
and we further classify them based on the local solar time of the spacecraft pass, in daytime and
nighttime tracks, respectively. To achgethis classification, 24 time zones each spannidg1L5
hr) are used. Subsequently, the GPS time and longitude of each measurement are employed to

calculate the local time of the spacecraft pass.
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GRACE-A GRACE-B

ACCy: ay,(t),ay, (1), a,, (t) ACCg: ayy(t), ay, (t),a,, (t)
GNVy: X (t), Ya(t), Za (D) GNVp: Xp(¢), Yp(t), Zp ()
SCAL(E) SCAg ()

l

SAOB(t+Ar) = MiN

___________________________________

SREg(t4ar) = SRE ey \ SRFp(t+at)> ICRF— SRFy (1)

ay(t),Ax(t), Ay(t), Az(t)

Von (), Vi (8), Ve (O,
OR ORI

4

SRFy¢— ENU | SRF(ty—~>ICRF—ITRF-ENU |

Figure4.1: GRACEGM methodology

To remove any nonlinear acceleromdtehaviour GRACE accelerationare filteredin the
passband of the instrument (0100 mHz) and the GOCE measurements in the gradiometer's
passband {BL00 mHz) Of noteis the overlap of the two instrument bandwidths that is very
advantageous in the inter comparisons. In both filtering processes, aGmugkariilter is used
Finally, to be able to compare results from the two missions, both GOCE and GRACE

acceerations should be referenced to the same reference frame.
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GOCELevel 1B measurements are referenced to the Local Orbital Reference fE&Ae
2006 and GRACH._evel 1Bmeasurements are in thealled Satellite Reference FranfSRF)
(Case et al.,, 2030 Consequently, we transform both mission measurements to a common
reference frame, namely, the East North Up sy

satellite track.

GRACEddifferential male (DM)accelerationsre calculatedsingmore than 5000 orbits over
the period of 1 yeaf2010. Initially, we filter Level 1B nongravitationalaccelerationsand
afterwardsve apply t he GRACE G NMectogd2land thenavsusealGOCE r i b e d
East Ndevel ABgthgiometer measurements for the same period to validate the newly

introduced method.

4.2.1 GRACE CM accelerations

Common mode accelerationgf.( Equation (4.1)) are derived by averaging the Ron
gravitational accelerations to provide valuable information orbéiaviourand the structure of
these accelerations. We calculate common mode accelerations for the year of interest and we
further investigate the negravitational sources that dominate the CM signal. GRACE CM
accelerations revedhe strong fluctuations of the magnetic field over the North and South poles
(seeFigure4.?). This finding agrees well with the results showed in Chapter 3, where the impact
of geomagnetic storms on GRACE accelerometers was investigated. GRACE CM accelerations
carry information on the negravitational forces acting on the GRACE system, as opposed to DM
accelerations that are free from rgravitational forces. To thisend, thber esence of t he
magnetic field on GRACE CM accelerations is expecRrévious studies addressed magnetic
fluctuations in GOCE CM accelerationsn¢e and Pagiatakis, 20l6These fluctuationgalso
known as magnetic mpes (Nakanishi et al., 203 are perpendicular to the geomagnetic field
and have a spatiotemporal variabiliipid, 2014. Perturbations of these fluctuations on LEO
satellites highly depend on the local timiethe satellite pasdN@kanishi et al., 2004 GRACE
CM accelerations demonstrate a strong presence of these fluctuations alongviiabkwe
attribute to the lack of drag compensation mechanism of GRACE. North and South Pole
geomagneticfluctuations Figure 4.2) result in stronger perturbations in GRACE CM
accelerations during daytime. The magnetic inclination is also evident in GRACsolutions,

especially in the ascending nighttime trackgg(re 4.2b). Additionally, thelatitudinal linear
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feature ah @ Ttthat we attribute to Birkeland currents, peaks during ascending nighttime tracks

as demonstrated Figure4.2b.Finally, theNorth and South Pole fluctuations evident in GRACE

CM are also present in the crasack measurements and mainly in the ascending GOCE CM
tracks. Of note is that GOCE CM accelerations do not demonstrate any signal induced by the
Eart hdos ma gon.€heiddferentmesdonsae af GOCE and GRACE CM accelerations

mi ght be attributed to technical specificatio

the different altitude of the two missions.
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Figure4.2: a) GRACE CM ascending daytimalongthe xaxisduring2010. Dashed circles
indicate the areas 1 and 2 with magnetic fluctuations; b) CM ascending nigdtimgethe x
axisduring 2010Data have not been low pass filtered.
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Figure4.3: a) GOCE CM along thg-axis from ascending tracks. Dashed circles indicate the
areas 1 and 2 with geomagnetic magnetic fluctuations; b) GOCE CM alonguxieefyom
descending tracks.

4.2.2 GRACE DM accelerations

Initially, we explore the ability to obtain differential gravitational accelerations (cf., Equation
4.2) from the nosgravitational accelerations measured by the two GRACE spacecraft during
2010.The currently available sampling rate of the data (1 Hz) is not adequate to determine the
actual shortest distance between the twin satellites due to the average satellite speed of 7.6 km/s.
To satisfy assumption (a), a higher sampling rate is requiredhEqurpose of this study, we
interpolate both the position of the satellites and the accelerometer measurements to 10 Hz using
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cubic splines that provide minimum energy pdthe same interpolatiois also appliedo all the
measurements required by t B8R ACE GM met hod (i . e. , GNV1B and
that the interpolation process simply increases the sampling rate for the sole purpose of finding
the mini mum 3 D tpandsB(a nghat diee riotnecessarilAdccur at integer
secondsThis interpolation does not add any physical information. However, as this study serves

as aproofof-conceptand f ocuses on validating GRACE GM
gradients, we apply interpolation teevel 1B measurements to find the minum distance

bet ween the two spacecraft. GRACE FO accel era:
in 10 Hz Cevel 1A) and there will not be any need for interpolafen et al., 2018 Analyses

of morethan 5,000 orbitsn di cat e t hat the typical shortest

is within few hundred meters.

Although the magnetic field disturbances on GRACE are outside the scope of this study, we
mention them briefly her e stuethagespaysitalsignalswer e t h
are trying to identify. Derived GRACE differential mode (GRACE DM) maps along #xés of
the SRF(Figure 4.3) show the strong presence of the magnetic inclination signal over the
equatorial region. Additionall\gigure4.3b showsanegative to positive trend nes ¢ 7t and
%o X t38This anomaly is present only in the ascending nighttime DM accelerations and appears
to be highly correlated with the Birkeland currents, which are induced by the interaction of the
Earth's magnetic field with solar wing@Briis-Christensen et al., 201.7The Birkeland currents
become more intense when the radial compodemwif the Interplanetary Magnetic FieldMF)
becomes strongly negativier{is-Christensen et al., 201Figure 11, demonstrahg high seasonal
dependenceAnderson et al.,, 20)8We argue that the negative to positive perturbation on
GRACE DM is induced by the Birkeland currents that reach their peak activity at localmaghtti
(Figure 4.41). In the GRACE DM map, the trend is smooth and continuous because it shows the

average annual perturbation of the currents.

As opposedo GRACE, GOCE followedassin synchronous dusk dawn or
for ascending nighttime msarements any time after 6:00 pm, ahereforethe Birkeland
currents afo @ Tt are not evident in GOCE DM accelerations. In addition, effects from the
Earth's magnetic field fluctuations are also evident in all GRACE DM ascending (Fagkse
4.49 at the North Pole and are similar to the one seen in GOCE CM and GGMIteeand
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Pagiatakis, 2016Figure 3. The above are new important discoveries arising solely from the
GRACE DM and the separation of GREGracks into ascending and descendasgwell as into
daytime and nighttime tracks. Their rigorous study is currently underway and beyond the scope of
this contribution.

GOCE DM accelerations also demonstrate a strong signal induced by the Earth'‘sicmagne
inclination. GOCE DM ac c e l(rRounsaheta.n28)bhdahue b e en
they appear much cleaner than their GRACE equivalehig-igure4.5).

The presence of the Earth's magnetic field domindteth GOCE and GRACE DM
accelerations, and as such, the geophysical S
has to be applieés addresed later. Interestingly, the magnetic inclination signal in GOCE
measurements shows a latitudinal disptaent between ascending and descending tracks,
whereas this is not observed in GRAGS. shown in Figure 4.5, the signature of the magnetic
inclination on® calculated from the ascending tracks is shifted neady®the north, and 30
to the souttor the descending tracks, with respect to the magi&efiatorof the International
Geomagnetic Reference Field model 2011 (IGRFOf)note is that the spatial shift of the
gradiometer measurements in ascending and descending tracks averagestt@thecation of
the magnetic inclinatigrto the best of our knowledge, the origin of this shift is unknown and has
not been studied. On the contrary, the magnetic inclination signature of GRAGIppears to
be consistent between the ascending destending trackand there is not a clear distinction
between positive and negative tilt of the magnetic field. Therefore, removing the magnetic
inclination signal using the ratio between differential accelerations and IGRF11 will still leave
minor leakagsin the estimated differential accelerationich will further contaminate the final

gradients.

Additionally, asthe GRACE-GM method implies the distance between the two spacecraft is
highly variable and considerably longer (~100 meters on average) th@ of GOCE
accelerometer separation (0r§. As a result, GRACE DM accelerations are expected to have
higher magnitude thathoseof GOCE, as well as possdsg a ratherarbitrary charactedue to

the various distances used during the differential nmoelnodology(see Figured.4and4.5).
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GRACE «q4, ascending daytime tracks GRACE a4, ascending nighttime tracks
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Figure4.4: GRACE DM accelerations along tkeaxisin 2010. Note the negative to positive

trend at nearlyo @ 7O (panel b) Polar plot of GRACE DM accelerations alathg xaxis

denotes the magnetic fluctuation disturbances (panel €). The negative to positive trend at nearly
% @ 10 (panel fresembles the average Birkeland currents in 2046 .xaxisdenotes the

alongtrad direction in the SRF.
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GOCE a4, ascending nighttime tracks
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GOCE a4, descending daytime tracks

T AT .
s o o ¢ _w i
60~ ".'f‘;t_ g K2 2 p ./;\ :
/ NLTIED \
30°/ /
‘ 1%
o L DL, o :“‘-""L'c‘ g
\ e |
\‘ P
\ . ,
-30" \, / 3
-60
~90~
[ — O nms?
-0.5 -04 -03 -0.2 -0.1 00 0.1

02 03 04 05

(b)
Figure4.5: GOCE DM accelerations along theaxisin 2010. Data used for these figures were
taken from EGG_NOM _1b solutions.

43 GRACE gravitational

gradients

Gravitational gradients peesent the spatial variability of gravitational accelerafitrey form
the six components (i.ey o fo o o hw

of the gravitational gradient tensor (GGT)
comprising the second derivatives of the gravitational potewtia the satellite (instrument)
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reference frame. Subscripts & indicate the axesThe GOCE mission measutteglobal

gravitational gradients at 2B 55 k m (Bdurnhan etwald 20)1which have been used for

regi onal knmswalergth)@eoBh9sical applications. With ¢éimelof the GOCE mission

in November 2013, wareexperiencing a gap of unknown duration inahailability of theglobal
gravitationalgr adi ent s. New missions, such as the mas
inter satellite |inks (MOBILE), have been suc

hi gh accur aapdelgheirmexantinedHaulkand Pail, 2019

The concept of GRACE GM can be used for esti
the acceleration vector , the attitude differences between the two spacecraft and the
corresponding nonstationary separation ve¥mbetween A{) and B{+Dt) (cf., Equation(4.3)).

For the year of interest, more than 350 million points that cover the entire Earth's sweface
generatedThe distribution of distances over the year 2010 resemidesissian | i ke di str i b
in the inteval [0.01, 7.5] km comprising about 70% of the distances whereas outside this interval,

the two tailsare nearly uniformandcomprise the rest of the distances. The mean value of the
distances throughout 2010 is 3.2 km and their standard deviation ikml.Should higher

sampling raté_evel 1B measurements be availalileh e fAshortest o6 di stances

The abundance of GRACE GM points | eads us to
GM variable distances is analogousnaltispectral imaging. In this respect, as a specific image
can be seen in different spectral bands, the
different multiwavelength bands. Specific results regarding these two concerns are presented in
Sectbn 43.2. We alsopresent, in a first step, a qualitative or visual assessment of the results. A
guantitative investigation is presented in Secti@i24.

One of the challenges of GRACE GM is esti ma
gradients. GRACHEevel 2solutions use the very accurate KBR system for measuring the distance
between the two spacecraft. However, deriving the full GGT requiresé¢haf GPS precise orbits
for the distance calculation while the accuracy of GPS is atmlevel (Kang et al., 2006
Additionally, the accumulatede r r or s from the key I nstrument s
accumulated to the finargdientsln Section 43.2, we present a realistic estimate of the expected

errors in the GRACE GM gradients wusing freque
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4.3.1 GRACE and GOCE GGT comparisonsi Qualitative Assessment

To validate GRACE gradients, we emplog ttorresponding GOCE gradients after we process
the gradiometer signal as described in Secti@ One may question the legitimacy of this
comparison when the two missions had markedly different nominal altitudes, namely, 500 km of
GRACE versus 250 km d&OCE. It is well known that the gravitational gradient diminishing
factor with altitude is counteracted by the differentiation factor, and thus, the gravitational
gradients possess a unique property compared to the other gravitational functionalgheythat,
are by far less attenuated with altituds shown in Equatiof.6) for the gravitational gradient
along the z axig¢see alsoESA, 1999 Equation(2.2.6).

w

w 00 E p €& ¢ Y
i

a v v U 'O OAQGENQO G Qh (46

with "Obeingthe gravitational constarii, the mass of the Eartt,beingt he Ear t hds mean
¢ the spherical harmonics degree @ndhe spherical harmonics oml® the truncation degree
(maximum degree)p  the series coefficients in the complex fof@ the inclination

functions, "Cbeing the orbit inclination,Q the difference in longitude between the Greenwich

meridian and the longitude of the ascending naaé6 beingthe argument of latitude of the

satellite in the orbit planeK@ula, 196¢. The term — describes the fieldtenuation with

respect to the altitude andthetertn p ¢ ¢ i s known as the fAdiffere
counteracts with the field attenuation fact®S@A, 1999. Quantitative assessment of the
attenuation of gradients is gented in Section 2.

Figure 4.6 shows the global maps of GRAGH gradients @ , w ho ) derived using
measurements during 2010. The estimated gradieaksghly noisy in thehigh frequencies, and
thereforea low-pass filteris applied tasupress the nois&his noise appears to be correlated with
the magnetic field disturbances on GRACE instrumentation as discussed in Chapter 2. However,
even after filtering th6&RACE-GM maps look fanoisierthan GOCEespecially in the zone along
the lattudes ranging between’ho 3.

64



In order to test the efficiency of GRAGEM to capture real signal locallyetl us zoom in
various areas known to have strong geophysical signals such as the Hirnffalgyes 4.7) the
Indonesian ridgérigure 4.8)and CanadéFigure 4.9)1t appears that GRAGEM performs well
in zoomin areas with known geophysical signalfyeit some regions are not very well mapped

by GRACEGM.
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Figure4.6: a) Globalmap of GRACEGM w component subject toGaussiarlow pass filter
with 400 km half wavelength cdff frequencyduring 2010 b) Global map of GRACEM w
component during 201€ubject to aaussiartow pass filter witrd00 km half wavelength cut
off frequency c) Global map of GRACEM w componensubject to &Saussiadow pass
filter with 400 kmhalf wavelength cubff frequency during 20L@RACE-GM gradients have

beeninterpolated every®’ using kriging interpolation.
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Thesignals from both missions are subjecGaussianow p aaslsong track filte
cutoff frequency corresponding to 48 halfwavel ength to eliminate t
magnetic inclination signal. We examine areas with characteristic geoghgsinals attributed
to active lithospheric regimes, namely, the Himalayan and Indonesian regions.

We juxtapose GOCE and GRACE gradients and we focus on identifying similar signatures.
The results have been derived from ascending tréddscending trackshowvery similar results
and are not discussed hdfegure4.7 displays the gradients from GOCE (left panels) and GRACE
(right panels) over Himalaya.

Figure4.7adisplays GOCKby ; the geophysical signal induced by the Himalayan formation
(Hetényi et al., 2016alternates from positive to negative patches and peaks beféseen

¢ Yo d. 8A similar trend is evident in GRACE> estimates shown iffigure 47b; the
positive to negative patches peak betw#en ¢rho 7. 8

Figures4.7c and4.7d display GOCE and GRAC® , respectively. The distinct geophysical
signal in GOCH(cf., Figure4.7¢) is evident in higher latitudes between x 7 fit%and the
positive to negative patches have a saaht orientation. GRACE demonstrates the same
behaviour shifted to lower latitudes between w ftp p’®@Of note is that GRACHb
geophysical signal has the same orientation (seasitjas GOCE. We attribute lhe spatial shift
of the signalsto GOCE characteristic spatial shift between ascending and descending tracks

discussed in Section22

Interestingly, a slightly different signature between componentss depictedn Figures4.7f
and 47e. GRACEGM depicts the underground water deficit over northern Ind@déll et al.,
2009 Chen et al., 20D4(Figure 47f), while GOCE does not (Figure#). This findingfurther
supports the capabilityo f GRACE GM in depicting gravitat
geophysical signalsA good agreement between GOCE and GRAECEIs also demonstrated in
Figures4.7g and4.7h, respectivelyGRACE positive to negative patch&sow the same signature
asGOCE Thesi gn al has a south east orientation 1in

wavelength.
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Figure4.7: Geophysical signals from GOCE and GRACE gradients derived from ascending
tracks over Himalayas. Purple dashed rectangles highlight the areas with the geophysical signal,
The Indian groundwater deficit area is depicted in Area 1 of Figu@Q@EE and GRCE-GM
gradients have beenterpolated every@”’ using kriging and have besuabject taGaussiarow
pass filtering with400 kmcut-off frequency.
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