
 

THE NEW CONCEPT OF GRACE GRADIOMETRY AND THE 

UNRAVELLING OF THE MYSTERY OF STRIPES  

 

 

ATHINA PEIDOU 

 

 

 

A DISSERTATION SUBMITTED TO 

THE FACULTY OF GRADUATE STUDIES 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF  

 

 

DOCTOR OF PHILOSOPHY  

 

 

GRADUATE PROGRAM IN EARTH AND SPACE SCIENCE 

YORK UNIVERSITY 

TORONTO, ONTARIO 

 

 

 

 

 

March 2020 

© Athina Peidou, 2020 



ii  

 

 

Abstract 

For nearly two decades, the Gravity Recovery and Climate Experiment (GRACE) and GRACE-

Follow On (GRACE-FO) missions have been widely used to quantify mass transfers within the 

Earth.  

We perform analysis on the on-board measurements, and we find an interesting correlation 

between space weather dynamics and disturbances of the on-board 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 differential mode is advanced 

to a method named ógradiometer modeô that leads to the estimation of gravitational gradients using 

GRACE Level 1B measurements. GRACE gradiometer mode is shown to be able to capture 

geophysical signals at multiscale resolution between [8, 128] spherical harmonics.  

Both GRACE and GRACE-FO suffer from a disturbing artifact, commonly known as ñlongitudinal 

stripesò, whose origin is yet to be determined. The presence of stripes in GRACE gravity models 

conceals geophysical signals and degrades the capability of the mission to quantify smaller scale 

mass transfers (< 200 km). In an effort to discover the origin of stripes, we scrutinize the missionôs 

instrumentation, twin-spacecraft configuration and orbital characteristics, to conclude that the 

GRACE spatial sampling pattern is responsible for the stripe artifacts.  

GRACE sampling characteristics are quantified and used to prove that the stripes are sub-Nyquist 

(pseudo-moiré) artifacts. We show that the stripes are the result of oversampling the low frequency 

geoid along the east-west (latitudinal) direction. The low-frequency geoid modulates the total 

sampled gravitational signal  with a frequency near Ὢ, where Ὢ is the sampling frequency of the 

GRACE ground track óbundlesô along the parallels, and m and n are mutually prime integers, with 

ςά ὲ. GRACE effective latitudinal sampling frequency is shown to be Ў ρȢρτЈȢ We generate 

synthetic stripes using moiré theory and by means of rigorous spectral analysis, it is shown that 

their spectral and spatial characteristics are very similar to the observed ones. 
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Dedication 

 

 

 

Űΐ ɗŬɡɛɎɕŮɘɜ: ɞᾭ ɔΉɟ ὧɚɚɖ ὣɟɢ̓͂ űɘɚɞůɞűɑŬɠ ᾃ ŬᾲŰɖ [é] 

ᾂ ɛ̓̀ɜ ɔΉɟ ŰɞɨŰɞɡ ɔɜəůɘɠ ůɞűɑŬ əŬῑ ὣɟŮŰ̓͂ ὣɚɖɗɘɜɐ, ᾂ ŭ̓̀ ὧɔɜɞɘŬ ὣɛŬɗɑŬ əŬῑ əŬəɑŬ έɜŬɟɔɐɠ 

ɆɤəɟɎŰɖɠ, ŪŮŬɑŰɖŰɞɠ, 369 ́ .ɉ. 

 

philosophy begins in wonder [é] 

For to know this is true wisdom and virtue, and ignorance of this is manifest folly and vice 

Socrates, Theatetus, ca 369 BC 

Translated by Benjamin Jowett (1871) 

 

 

 

ɆŰɐɜ ɔɘŬɔɘɎ ɛɞɡ ɄŮɟɘůŰɏɟŬ ɄŮȶŭɞɡ 

ůŰɧɜ ɗŮɞ ɛɞɡ ɄŬɚɞ ɀŬɜɞɡůŬɟɑŭɖ 

əŬɑ ůŰɐɜ ˊɟɞɔɘŬɔɘɎ ɛɞɡ ɀŬɟɑŬ (ɀɑəɟɖ) ɗŬɜŬůɘɎŭɞɡ-ɄŮȶŭɞɡ 
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Introduction  

1.1 Motivation and Problem Statement 

The Earth is a dynamic system, constantly changing and shifting. Over the centuries, observing 

and modeling the Earthôs parameters was usually done in a rather comprehensive way, employing 

various geoscience disciplines. Discussions for interdisciplinary Earth science research are well 

underway, and the need for new approaches for perceiving the Earth as a dynamic system has 

emerged. 

Earth observation satellites can have a substantial contribution in connecting different 

geoscience disciplines, leading eventually to a deeper understanding of the Earth system. These 

satellites carry different sensors and instruments and usually fly in Low Earth Orbit (LEO), in 

order to study different areas of the geosciences.  

The dynamic behaviour of the Earth system is manifested by many phenomena that occur 

within the Earth, one of them being the process of mass redistribution. Mass transfer events of the 

Earth refer to mass movements from one location and the subsequent deposition to another 

location. Detecting and monitoring mass transfers of hydrosphere, atmosphere, cryosphere and 

solid Earth created the need for a continuous measuring approach with a global coverage. At the 

beginning of the twenty first century, the first generation of dedicated satellite gravity missions 

was realized, namely the Challenging Minisatellite Payload (CHAMP) mission launched in 2000 

and the Gravity Recovery and Climate Experiment (GRACE) mission launched in 2002 that 

mapped the Earthôs dynamic gravitational field. These missions were followed by the Gravity field 

and steady-state Ocean Circulation Explorer (GOCE) mission, launched in 2009. Figure 1.1 

displays schematically the three missions. Each mission followed different principles to recover 

the Earthôs gravitational field and had markedly different goals. The CHAMP mission (orbit at 

~450 km)  was a single spacecraft mission, used to recover the first derivative of the static part of 

the gravity potential, i.e., the gravitational force vector; the dynamic part of the gravity  field was 
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captured by the twin-spacecraft mission GRACE (orbit at ~500 km), while GOCE (orbit at ~250 

km) was yet another single spacecraft mission that measured the second derivatives of the gravity 

field, i.e., the gravitational gradient tensor. A detailed description of the three LEO satellite gravity 

missions is presented in Section 2.1. 

 

Figure 1.1: Schematic representation of the three LEO satellite gravity missions: CHAMP, 

GRACE and GOCE. 

In this research, we focus on the GRACE mission, which was the only mission designed to map 

both the Earthôs static and dynamic gravitational field (Tapley et al., 2004). The success of the 

GRACE mission (2002-2017) led to the launch of its follow-on (GRACE-FO) on May 22, 2018, 

with a primary goal to continue tracking the Earth's mass in motion (Flecthner et al., 2016).   

The GRACE mission has been extensively studied over the last two decades, resulting in nearly 

200 monthly and 60 static global gravity field models1 and leading to thousands of original 

research articles that have moved us to better understanding of the Earthôs mass transfer dynamics. 

 
1 A global gravity field model, also known as global geopotential model, is a mathematical function that describes 

the Earthôs gravitational field in the 3D space (Barthelemes, 2014). Note that in many research articles the models 

are called gravity field models for simplicity, however when the centrifugal is not considered the right term to 

describe them is gravitational field models (Barthelemes, 2014).    
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However, there are still longstanding questions that need to be answered and new data processing 

methodologies that can be followed to expand the missionôs contributions to a wider spectrum of 

geoscience applications.  

Since the release of the first GRACE monthly models in 2002, a dominant systematic artifact, 

appearing as negative to positive patches, contaminated all gravity field solutions, such as gravity 

anomalies (see Figure 1.2). This systematic error, usually referred to as ñlongitudinal stripesò 

(Swenson and Wahr, 2006) is predominantly structured in the north-south direction, it extends 

globally and is observed in the shorter wavelength band of the gravity field spectrum. GRACE 

monthly models were initially made available up to degree and order (d/o) 120 spherical harmonic 

expansion2 (translates approximately to 165 km spatial resolution at the Equator), however the 

impact of the stripes on these solutions was so dominant that they obscured geophysical signals 

(Swenson and Wahr, 2006). Though the impact of the longitudinal stripes is high, the main cause 

of their presence is yet to be discovered.  

The primary goal of this research is rooted in the improvement of the performance of GRACE 

gravity field models. Hence, it is necessary to discover the origin of stripes on GRACE models 

and open new avenues for stripe-free models, that will eventually allow mapping of geophysical 

processes in higher spatial resolution and 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 et al., 2008; Kusche et al., 2009). 

To fully capture the mechanism that drives the stripes requires a thorough analysis of all GRACE 

mission characteristics, from its orbit parameters and payload to data post-processing 

methodologies.  

While investigating the performance of the instrumentation, preliminary findings revealed an 

interesting correlation between perturbations of GRACE on-board measurements and space 

weather dynamics.   

 
2 The Earthôs gravity potential is usually expressed by n number of spherical harmonics. That is the degree ὲ and the 

order ά, define the number and the geometry (zonal, tesseral and sectorial) of the spherical harmonics that describe 

the Earthôs potential.   
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Figure 1.2: a) Gravity anomalies estimated from GRACE model GGM03s up to d/o 180 (Tapley 

et al., 2007). Note the negative to positive linear interchanges across the latitudes; b) Stripes on 

GGM03s gravity anomalies are estimated using spherical harmonic expansion between d/o 100 

and 180. 
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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 space weather dynamics (Ince and Pagiatakis, 2016; 2017). The space weather 

environment of the spacecraft has also been studied in the past, where focus was placed on 

extracting thermospheric density models and neutral wind speeds using all three dedicated satellite 

gravity mission measurements (Doornbos and Klinkrad, 2006; Bruinsma et al., 2006) and 

employing accelerometer disturbances by means of data inversion (Doornbos et al., 2008). 

Although GRACE is also a LEO mission and is subject to intense ionospheric dynamics due to its 

orbit and the lack of drag-compensation in the along axis (x-axis i.e., follows a direction from 

south to north), the response of GRACE to various ionospheric conditions has not yet been studied.  

To fill this gap, we undertook analysis of GRACE Level 1B3 measurements response to 

geomagnetic storms. Results indicate a strong match between disturbances of GRACE on-board 

instrumentation and magnetic field disturbances. Though disturbances in satellite motion are 

expected due to kinetic energy exchange between neutral particles and the spacecraft, the impact 

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 combination of Level 1B data from both 

GRACE satellites that puts the two-spacecraft in a ódifferential modeô was created. This new data 

processing methodology revealed for the first time the impact of plasma flow on the accelerometer 

measurements.  

The possibility of deriving differential accelerations using GRACE Level 1B data, opened new 

avenues to explore a totally innovative data processing concept: derive gravitational gradients 

from non-gravitational acceleration measurements and spacecraft precise orbit and attitude 

determination using GRACE. The GRACE mission was designed to provide the first derivatives 

of the Earthôs gravitational field, by measuring the inter-satellite accelerations, the total 

acceleration from precise orbit determination and the non-gravitational accelerations. The only 

 
3 Level 1B: The Level 1B data consist of: SuperSTAR accelerometer, Global Positional System (GPS) Receiver 

Assembly, Star Camera Assembly, K-Band Ranging System (KBR), Laser Retro Reflector (LRR); and provide all 

the measurements required to derive monthly solutions of the Earthôs gravitational field.  
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mission ever designed to measure gravitational gradients was GOCE, a single spacecraft mission 

that orbited the Earth (at almost half the GRACE altitude) at ~250 km and carried a gradiometer. 

GOCEôs near polar orbit did not allow for covering the Earthôs polar regions and provided static 

solutions of the gravitational field for nearly five years. In the post-GOCE era, deriving 

gravitational gradients from GRACE opens a wide spectrum for new geoscience applications. 

Keller and Sharifi (2005) attempted to estimate the gravitational gradient along the GRACE orbit, 

however  the distance of 220 km between the two spacecraft proved not very useful for practical 

applications (Cassotto and Fantino, 2007; Sneeuw et al., 2008). The idea introduced in this 

research is conceptually different from any other suggested method, and results in the estimation 

of the full gravitational gradient tensor (GGT) using purely Level 1B data.  The method called 

"GRACE Gradiometer Mode" or GRACE-GM (Peidou and Pagiatakis, 2019), has been tested over 

regions with known geophysical signatures and has been validated employing the GOCE mission 

gradiometric measurements. Some of the contributions of GRACE-GM include the detection of 

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

Finally, focus is placed on the artifact of stripes on GRACE geopotential models. This artifact 

conceals geophysical signals that extend less than approximately 400 km full wavelength 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 the nature and the origin of disturbances 

that deteriorate the performance of GRACE products, we were able to explain the mechanism that 

drives stripes in GRACE-based models.  By applying thorough analyses on the behaviour of 

GRACE on-board instrumentation measurements and by creating the ñGRACE differential 

methodò concept, we were provided with insights into the impact of plasma flux (charged 

particles) on GRACE accelerometer measurements. Advancing the idea of differential mode to 

GRACE-GM, led to the estimation of 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 hand, the GOCE mission provided stripe-free gradients and 

gravitational models. Combining GOCEôs different orbit characteristics (i.e., sun-synchronous 

orbits), along with extensive studies of GRACE orbit resonances (Klokoļn²k et al., 2008) and the 

structure of stripes that resembles moiré fringes similar to interferometric 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 theories, it was shown for the first time in GRACE 

literature, that the stripe effect is in fact a sub-Nyquist artifact that resonates on the missionôs 

sampling characteristics (Peidou and Pagiatakis, 2020).  

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 nature and the behaviour 

of disturbances on GRACE mission products. To achieve this goal, we first need to address the 

disturbances of GRACE on-board measurements and final products that have not been fully 

understood up till now. Additionally, the concepts created to assess the disturbances of GRACE 

mission products can be further advanced to provide for the first time, the raw second derivatives 

of the gravitational field (i.e., gravitational gradients). In more detail, the individual tasks 

undertaken in this research deal with a) unravelling the origin of the ñlongitudinal stripesò artifact 

on GRACE-based 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 instrumentation and to estimate gravitational 

gradients. These three tasks shape the research objectives as follows: 

1) Assess the impact of space weather dynamics on GRACE mission instrumentation. 

2) Estimate gravitational gradients using GRACE mission Level 1B data. 

3) Investigate the origin of longitudinal stripes on GRACE mission gravity models.  

1.3 Original Research Contributions 

This research resulted in a number of original contributions to the field of geodesy, with 

emphasis on satellite gravimetry. The objectives answer longstanding questions in the GRACE 

literature. In particular, the presence of the longitudinal stripes and the space-weather related 

disturbances on GRACE products are studied and a new concept that leads to the estimation of 

gravitational gradients using GRACE on-board measurements is created. 
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Questions emerging from this research are summarized as follows: 

1) What is the impact of space weather dynamics on the instrumentation of the GRACE mission?  

2) Can GRACE mission measurements provide us with a full gravitational gradient tensor? 

3) What drives the presence of stripes in GRACE gravity field models? 

Answers to research questions comprise the original contributions of this research. These 

questions are briefly answered as follows: 

1) Dynamics in the upper ionospheric layers (space weather dynamics) result in disturbances of 

GRACE on-board instrumentation close to the auroral and polar regions. Findings suggest that 

GRACE accelerometers are affected not only by the kinetic energy exchange between the 

uncharged particles and the spacecraft, but also by the interaction of charged particles with the 

electrostatic structure of the accelerometer. 

2) GRACE mission can be used as a ñgradiometer missionò using the concept of GRACE-GM. 

This concept allows us to derive multi-resolution gravitational gradients from Level 1B 

measurements.  

3) The stripes on GRACE models are sub-Nyquist (pseudo-moiré) artifacts driven by the 

amplitude modulation between the geoid and the sampled signal. In fact GRACE ground tracks 

sample the very low frequency geoid in a ñdangerousò sampling neighbourhood leading to the 

stripe artifact.  

1.4 Thesis Outline 

In Chapter 2 the GRACE satellite gravity mission is introduced. LEO space gravity missions 

are briefly presented, while focus is placed on GRACE payload and orbital characteristics. The 

basic principles for recovering the Earthôs gravitational field using GRACE measurements are 

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

In Chapter 3, the impact of space weather on GRACE on-board instrumentation is assessed. An 

introduction to the fundamentals of space weather dynamics is followed by GRACE Level 1B 

measurements response during days of high space weather activity. To validate that the 
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perturbations on GRACE accelerometers are induced by space weather dynamics, geomagnetic 

activity data provided by external sources are employed.   

The GRACE mission was designed to estimate only the first derivates of the Earthôs 

gravitational potential via a combination of precise orbit determination and non-gravitational 

acceleration measurements. A new innovative method that allows for the estimation of the full 

gravitational gradient tensor using GRACE Level 1B measurements is presented in Chapter 4. The 

method called "GRACE Gradiometer Mode" or GRACE-GM, is tested over regions with known 

geophysical signal signatures and is validated by employing GOCE mission gradiometer 

measurements. Chapter 4 heavily reflects the content published in Journal of Geophysical 

Research: Solid Earth (Peidou and Pagiatakis, 2019).  

In Chapter 5, the origin of GRACE stripes is described. A thorough analysis on the stripe 

spatiotemporal structure is performed and their spectral and geospatial characteristics are 

estimated. A combination of GRACE sampling characteristics with moiré and sampling theories 

shows that the stripes are sub-Nyquist artifacts, driven by oversampling the low frequency geoid 

in the critical neighbourhood Ὢ, with  ά and ὲ being integers and Ὢ being GRACE spatial 

sampling frequency. Chapter 5 heavily reflects the content from the manuscript published in 

Geophysical Research Letters (Peidou and Pagiatakis, 2020). 

Finally, Chapter 6 discusses the results of this research and suggests plans for future work.  
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2  

Exploring GRACE Mission 

 

2.1 LEO satellite gravity missions 

The Challenging Minisatellite Payload (CHAMP) mission (2000-2010) was the first dedicated 

satellite mission to measure the Earthôs gravitational field (Reigber et al., 2002). CHAMP was a 

single spacecraft mission that followed a near polar orbit at approximately 450 km altitude and its 

payload included various instruments some of them being a magnetometer instrument assembly, 

a 3-D accelerometer, a stellar compass, a GPS receiver and a laser retro reflector. CHAMP 

measurements were particularly useful for mapping the Earthôs gravitational and magnetic fields 

and for ionosphere modeling. In particular, the mission has been proven exceptionally useful for 

extracting thermospheric density models and neutral (consisted of uncharged particles) wind 

speeds (Doornbos and Klinkrad, 2006).  

Along with the CHAMP mission, the Gravity Recovery and Climate Experiment (GRACE) 

dual-spacecraft mission (2002-2017) was specifically designed to monitor the time variability of 

the Earthôs gravitational field (Tapley et al., 2004). Throughout its mission lifetime, Precise Orbit 

Determination (POD), inter-satellite range measurements and non-gravitational accelerations 

observed by GRACE (Touboul et al., 2004) have been used to model the Earthôs gravitational 

field and detect and monitor time-varying mass changes. GRACE has contributed to the detection 

and monitoring of various mass transfer events of the cryosphere, hydrosphere and the solid Earth 

with applications such as monitoring of ice mass loss (Velicogna and Wahr, 2005); monitoring of 

hydrological cycles and  detection of mega-earthquakes (Matsuo and Heki, 2011), to name a few.  

The Gravity field and steady-state Ocean Circulation Explorer (GOCE) mission (2009-2013) 

on the other hand, was a single spacecraft that orbited the Earth in a nearly-polar sun-synchronous 

dusk-dawn orbit (Rummel et al., 2002), designed to cross the Equator at 18:00 hours (ascending 
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node) and at 06:00 hours (descending node). GOCE was the first mission to measure the gradients 

of the Earthôs gravitational field. The missionôs ultimate goal was to determine the Earthôs static 

gravity field with 1 cm accuracy in geoid height and 1 mGal in gravity anomalies at 100 km spatial 

resolution. The core scientific instrument was a 3D gradiometer that measured the Earthôs 

gravitational gradient tensor (GGT) (Rummel et al., 2011; Stummer et al., 2012). A large number 

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

have benefited from GOCE (Fuchs et al., 2013; Knudsen et al., 2011). The GOCE gradiometer 

was designed and mounted on the payload such that it could measure gravitational signals directly. 

To eliminate the non-gravitational forces acting on the spacecraft the mission was equipped with 

an along the orbit drag-compensation system. 

All three LEO satellite gravity missions had different aims and consequently instrumentation 

and principles akin to each mission were designed appropriately to fulfill the CHAMP, GRACE 

and GOCE objectives. The only mission of the three that resulted in a follow-on mission was 

GRACE, as the nearly 15 years of continuous mass transfer information it provided was 

considered critical for monitoring the Earth system processes and ultimately the Earthôs changing 

climate. Discussions for the upcoming era of satellite gravity missions have been initiated. New 

missions, such as the mass variation observing system by high-low inter-satellite links have been 

suggested and new configurations and concepts for high-accuracy gravity field maps are currently 

being examined (see e.g., Hauk and Pail, 2019). Some of the configurations suggested include the 

in-line formation, pendulum, cartwheel and bender formations (see e.g., Wiese, 2011). A good 

discussion on the various configurations, payloads and concepts suggested so far can be found on 

Cesare et al. (2016). 

A brief overview of the GRACE mission follows, where the orbital characteristics and the 

missionôs on-board instrumentation are briefly addressed. Note that the description and 

characteristics of GRACE apply also to GRACE-FO, as the two missions are nearly identical.  

2.2 Recovering the Earthôs gravitational field using GRACE 

The GRACE mission was a joint partnership between the US National Aeronautics and Space 

Administration (NASA) and the German Aerospace Centre (Deutsche Forschungsanstalt für Luft 

und Raumfahrt (DLR)). The twin GRACE satellites were launched on 17 March 2002, to an initial 
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altitude of approximately 485 km. The spacecraft orbit decayed by approximately 30 m/day. The 

mission followed a near-polar, non-sun-synchronous orbit (non-repeat ground track) with 

inclination of 89o±0.05o and realized a full revolution around the Earth within approximately 94.5 

minutes. The two spacecraft were separated by 220 km±50 km along orbit and over the GRACE 

lifetime, several orbit maneuvers (switch between heading and trailing spacecraft) were applied. 

Recovering the Earthôs gravitational field from space gravity measurements can be 

accomplished by two different approaches i.e., spacewise and timewise. Spacewise approaches 

model the gravitational field by projecting the measurements along the satelliteôs orbit to a mean 

orbital sphere. Timewise approaches follow a totally different concept that perceives the 

measurements along the orbit as timeseries and requires numerical integration of the equations of 

motion of the spacecraft (see, e.g., Darbeheshti et al., 2018). Both approaches are applicable to 

modeling the gravitational field using GRACE mission measurements. A good description of the 

two approaches can be found in Naeimi and Flury (2017). 

Spacewise gravitational field models use range and range rate measurements at various 

altitudes and they project them on a mean orbital sphere. Spacewise approaches are usually 

realized by means of the energy balance approach (range) and the acceleration approach (range 

rate). On the other hand, timewise approaches employ the equations of motion for both GRACE 

spacecraft and the intersatellite range measurements. Several timewise approaches have been 

developed over the course of the GRACE lifetime, such as the classical approach, the celestial 

mechanics approach and the short arc approach. Usually, recovery of the gravitational field by 

means of timewise approaches is computationally demanding. Of note is that the different 

strategies and the tuning of parameters to recover the Earthôs gravitational field from satellite 

measurements may result in significant variations in the final solutions (Darbeheshti et al., 2018). 

In their work, Darbeheshti et al. (2018) provide a detailed discussion on the formulation of the 

GRACE Level 1B data to derive spherical harmonic coefficients using an observation equation.  

ɇhe core concept of the GRACE mission can be described as follows: The two spacecraft are 

in free-fall motion, they both measure the total acceleration of each spacecraft via GPS precise 

orbit determination (POD) and the non-gravitational accelerations (e.g., atmospheric drag, solar 

radiation pressure, etc.) acting on each spacecraft (see Equation (2.1)) via the on-board 3-D 

accelerometers. Additionally, the distance between the two spacecraft is continuously measured 
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and considered to recover the Earthôs time-variable component of the gravitational field. 

Combining the range change between two spacecraft and the POD solutions, recovery of the 

Earthôs gravitational field is achieved.  

POD is used to estimate the total acceleration induced by the Earthôs gravitational and non-

gravitational accelerations. Global Positioning System-Satellite to Satellite Tracking (GPS-SST) 

has been proven to perform the best over other techniques due to the continuous 3-dimensional 

tracking by LEO satellites (Kang et al., 2003). Orbit determination can be achieved by: a) 

kinematic orbit determination, which employs only the geometric information of GPS 

observations; b) dynamic orbit determination which requires the use of force models along with 

the geometric information; and c) reduced dynamic orbit determination that weights the force 

model and the geometric information in an optimal sense.  

The accelerations measured by the 3D accelerometers mounted at the center of mass (CoM) of 

each spacecraft are free from the rotational accelerations and comprise all the non-gravitational 

accelerations acting of the spacecraft, due to the spacecrafts free-fall motion (Hofmann-Wellenhof 

and Moritz, 2006).  

Overall, the acceleration estimated by each GRACE POD is given in Equation (2.1). Note that 

the equations of motion of each spacecraft are identical.  

ὶᴆ Ὢᴆ Ὢᴆȟ (2.1) 

where ὶᴆ denotes the total acceleration estimated by POD;  Ὢᴆ denotes the gravitational 

accelerations and Ὢᴆ  stands for the non-gravitational accelerations measured by the 

accelerometers. The first releases of gravity field solutions (RL01-RL04) also required an 

additional term, the empirically modeled forces, to account for deficiencies in the force models. 

Release 5 (RL05) solutions did not require the use of any empirical force models (Dahle et al., 

2013). 

Of note is that the removal of the higher frequency temporal variations of the Earthôs gravity 

field, was required, as the undersampling introduces aliasing (Han 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 to changes that occur in short periods (high 
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frequency). These high frequencies fold-over 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 reasons, such as tides, hydrology and atmosphere. A good discussion on the impact 

of these short-period signals on GRACE models can be found in Thomspon et al. (2004); however, 

their elimination still poses challenges (Sheard et al., 2012) and a residual aliasing may still exist 

(Han et al., 2004). In Chapter 5, we examine the sampling artifacts induced by undersampling or 

oversampling of gravitational signals and a detailed discussion on aliasing in GRACE models 

takes place. 

The missionôs objective to map the Earthôs gravitational field every month required (aside from 

the spacecraft equations of motion), the measurement of the inter-satellite range change (between 

the leading and the trailing spacecraft, hereafter referred to as GRACE-A and GRACE-B, 

respectively). The range change was measured by a K-band microwave tracking system (KBR) 

on-board GRACE, while on-board GRACE-FO, a laser ranging interferometer (LRI) system was 

added to the existing KBR to increase the accuracy of the measured distance. The orbits of the two 

spacecraft were subject to different attraction induced by the Earthôs masses, as areas of larger 

mass concentration would result in a slightly stronger gravitational acceleration and would pull 

the leading satellite away from the trailing satellite, thus increasing the intersatellite distance. 

Accordingly, as the satellites continue along the orbit, the trailing satellite is pulled toward the 

lead satellite when it passes over the gravity anomaly, thus reducing the intersatellite distance. The 

differential of the range estimates amplifies the high frequency part of the gravitational 

information, leading to higher resolution gravitational maps (Kim, 2000). Figure 2.1 displays the 

GRACE mission concept.  

Overall, a typical 30-day span of non-repeating orbits was required to create a monthly map of 

the Earthôs gravitational field. Extreme cases in which the orbit configuration resulted in poor 

ground geometry and consequently in ground track resonance have been reported throughout the 

GRACE lifetime and their effect led to significant accuracy degradation of the gravity models 

(Klokoļn²k et al., 2008; Gooding et al., 2007).  
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Figure 2.1: Mapping the Earthôs gravitational field with GRACE mission. 

Of note is that the maximum spherical harmonic degree and order (d/o) expansion of the 

monthly models depends on the ground track resonance (Klokoļn²k et al., 2008). An ideal 

geopotential resolution requires that the maximum d/o  (ὒ  of the model is less than half the 

nodal revolutions of the satellite ‍ (see Equation (2.2)), as indicated in  Klokoļn²k et al. (2008) 

and  Wagner et al. (2006). In theory, GRACEôs long-repeat periods4 over a month lead to 

negligible changes of the ground track density for ‍ ςυπ and therefore the maximum resolution 

can be ὒ ρςπ (Bettadpur et al., 2004). However, in practice it was shown that the optimal 

maximum resolution should not exceed ὒ ωφ (Dahle et al., 2014) and therefore GRACEôs 

latest releases (RL05, RL06) are given up to d/o 96. 

ὒ
‍

ς
Ȣ  (2.2) 

2.3 GRACE sensors and products 

To recover the Earthôs gravitational field, specific science instruments are required to be an 

essential part of the payload. GRACE Science Data System (SDS) products consist of Level 0; 

Level 1A; Level 1B; and Level 2 data (Case et al., 2010). Recently, Level 3 products have been 

available (Science Data System, GFZ; 2019).  

 
4 Long-repeat periods occur when the satellite orbit experiences ñweak resonancesò. It depends on the orbit 

condition (mean motions of perigee, node and mean anomaly). The interested reader is referred to Wagner et al. 

(2006) 
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Table 2.1: GRACE Science Data System products 

Products Description 

Level 0 

The Mission Operation System (MOS) receives and collects the raw data and 

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

to receive the science instrument and housekeeping data, twice per day for each 

spacecraft. 

Level 1A 
Science instrument binary encoded data are converted to engineering units by 

applying the sensor calibration factors. 

Level 1B 

Level 1A data are corrected for glitches in the time-tagging of the file and the 

sampling rate of various high-rate instruments is reduced to allow the large 

datasets to be manageable. 

Level 2 

Spherical harmonic coefficients of the Earthôs gravity potential are included in 

Level 2 products. Recently, an alternative way of representing the Earthôs 

gravitational field, namely the mass concentration solutions (mascons) has been 

decided to be part of the Level 2 products (Watkins et al., 2015; Save et al., 2016). 

Level 3 

Spherical harmonic coefficients are used to calculate gridded geopotential 

functionals (e.g., gravity anomalies, geoid, etc.). Ancillary data, such as time-

series of geocentre motion are also part of Level 3 products, to allow for better 

geophysical interpretation of the Level 2 products. 

So far only Level 1B, Level 2 and Level 3 products have been available to the public5. Among 

them, Level 1B carries all the information required to recover the Earthôs gravitational field using 

GRACE measurements. Level 1B data comprise the main output of the science instrumentation 

and have the following two characteristics (Case et al., 2010): 

1) All the various instrument measurements are time-registered in GPS time (defined as seconds 

past January 1, 2000, 12:00:00) and are provided as daily files with the following format: 

PRDID_YYYY_MM_DD_S_RL 

PRDID: product identification label (i.e., what instrument was used for this file) 

YYYY = year 

 
5 GRACE-FO products available to the users include Level 1A measurements. 
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MM= month  

DD= day of month 

S= GRACE satellite identifier (A or B) 

RL= data product version number 

2) GRACE initial data products are referenced in various coordinate systems. All Level 1B 

measurements are referenced in the Satellite Reference Frame (SRF), which is the local (body) 

reference frame for the GRACE spacecraft. (See, the Appendix for the full description of the 

reference frame).  The other reference frames used in Level 0 and Level 1A include: the satellite 

frame (SF) and the accelerometer frame (AF) as defined in Case et al. (2010). The SRF is used 

herein and its definition is given in Table 2.2. 

Table 2.2: GRACE Satellite Reference Frame 

Axis Name Description 

ἦἡἠἐ Along axis 
Points to the other spacecraft towards 

KBR phase center 

ἧἡἠἐ Cross axis 
Forms a right-handed triad with ὢ  

and ὤ  

Ἠἡἠἐ Radial axis Nadir 

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

The two GRACE spacecraft were identical, having length of 3.122 m and a trapezoidal cross 

section (height = 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 exhibits a low 

coefficient of thermal expansion and therefore provided the dimensional stability necessary for 

precise range rate measurements between the two spacecraft. To stabilize the spacecraft, an 

Attitude and Orbit Control System (AOCS) of non-science sensors and actuators was used. The 

sensors of the AOCS included: a) a Star Camera Assembly, b) a Coarse Earth Sun Sensor, c) a 

Magnetometer and d) an Inertial Measurement Unit (IMU), and the actuators comprised a cold 

gas system and three magnetorquers. The key instruments to recover the Earthôs gravitational field 

were the GPS receivers, the K-band microwave tracking system and the accelerometers that each 

spacecraft carried. A more detailed description of the instrumentation and the Level 1B products 

follows. The GRACE Level 1B products are given in SRF coordinates and consist of the following 

sensors: 
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SuperSTAR Accelerometer 

The ultra-sensitive GRACE accelerometers were located at the center of mass of each 

spacecraft to measure all the non-gravitational accelerations (Ὢᴆ ) that the spacecraft experienced. 

The accelerometer system generally consists of a) a proof mass; b) a position detection mechanism 

that detects changes in the position of the proof mass and c) a servomechanism that drives the 

proof mass back to its nominal position (Frommknecht et al., 2003). The SuperSTAR 

accelerometers consisted of a Sensor Unit, an Electromagnetic Excitation Unit, an Interface 

Control Unit and a harness (Touboul et al., 2004). The sensor unit consisted of a metallic proof 

mass that was servo-controlled using capacitive sensors, suspended inside an electrode cage of 

gold-coated silica. GRACE was not equipped with a drag-compensation system resulting in 

intense perturbations induced by non-gravitational forces (especially air-drag) along the x-axis. 

Each of the GRACE accelerometers had an unknown scale and bias in each direction. Therefore, 

calibration was applied to the measured acceleration. The calibration equation is as follows: 

╪╬╪■╢╪□▄╪▼╫, (2.3) 

where ╪╬╪■ denotes the calibrated non-gravitational accelerations along the three axes of SRF; 

╪□▄╪▼ denotes the non-gravitational accelerations measured (can be found in the ACC1B files); S 

is a σ σ scale factor and ╫ the σ ρ bias vector. 

The bias and scale were estimated simultaneously with the spherical harmonics. The 

accelerometers measured the 3D accelerations with a sensitivity of ρπ άȾίЍὌᾀ along the x 

and z axes, and the least sensitive acceleration was along the cross-axis (ὥ ) (Touboul et al., 

2004). GRACE accelerometers were designed to behave linearly within the frequency band of 

ρπ  ͯ ρπ (Ú (Touboul et al., 1999). In this study, all the accelerometer measurements used 

were subject to a Gaussian bandpass filter6 whose bandwidth matched that of the accelerometers. 

More details on the characteristics of the Gaussian filter are given in Section 2.4.   

GRACE accelerometer measurements suffered from spikes (also referred to as ótwangsô); an 

effect initially observed on CHAMP mission accelerometer measurements. Spikes were attributed 

to heater on-off switching (see e.g., Bock et al., 2000) occurring every few seconds, and 

 
6 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.e., use of a very stiff material for GRACE platform) were taken to 

overcome this effect in GRACE-FO. Several studies suggest that GRACE spikes, which were 

particularly strong on the radial component, are attributed to vibrations in the multi-layer 

insulation (MLI) of the satellite (Touboul et al., 2004; Frommknecht, 2007). The frequency of 

spikes is therefore high and a low-pass filter can be used to eliminate them. The impact of spikes, 

especially in case they leak in lower frequencies is expected to be negligible for GRACE-FO 

spacecraft, as the bottom of the GRACE-FO spacecraft is made of rigid materials instead of foils 

(Flechtner et al., 2016). Level 1B accelerometer data provide the linear and angular non-

gravitational accelerations along the three axes; and the 3D linear acceleration residuals, all for 

each day, at 1 Hz rate. We note that the accelerometer measurements are available at a 10 Hz rate 

in Level 1A products. Additionally, within the process of converting Level 1A to Level 1B data, 

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 observations were a significant component of GRACE final gravitational field 

solutions. The GPS receivers had a capacity of 16 channels, 12 of which were used for POD and 

the remaining four for occultation measurements (Kang et al., 2006). The GPS high-low SST data 

were stored in GPS1B data files that collect all the measurements from GRACE GPS receivers. 

These files include the carrier phases, the pseudoranges, the receiver channels and all the 

parameters required to derive POD information. GNV1B files provide the final coordinates and 

their errors in the International Terrestrial Reference Frame (ITRF) derived from the processed 

GPS1B data, and the 3D velocity vector and the errors associated with it are also provided.  

K-band Ranging System (KBR) 

The KBR was key instrument in GRACE mission and provided continuous ultra-precise (within 

10 µm) measurements of the distance between the two satellites measuring therefore the variations 

in gravity (Kim and Lee, 2009; Kroes et al., 2005).  

 



20 

 

 

The acceleration measured by the KBR is subject to corrections to account for the light time 

rate and the antenna offset rate as given in Equation (2.4). 

ὶ ὶ ὰὭὫὬὸ ὥὲὸὩὲὲὥ, (2.4) 

where ὶ  is the corrected range acceleration; ὶ  is the range acceleration; ὰὭὫὬὸ  is the light 

time acceleration correction; and ὥὲὸὩὲὲὥ is the antenna offset acceleration correction. Al l 

the parameters of Equation (2.4) can be found in KBR1B files.  

The KBR consisted of an ultra-stable oscillator, a microwave assembly, a horn, an instrument 

processing unit (used for sampling both the K-Band carrier phase signal and the GPS antenna and 

the star cameras measurements) and a measurement processing unit. The KBR measurements 

required both spacecraft to transmit a carrier signal and measured the phase of the carrier generated 

by the other spacecraft. The sum of the phases measured is proportional to the range between the 

satellites, and the phase variations are cancelled out due to long-term instability in each clock 

(Dunn et al., 2003). The GRACE K-band had a radio frequency of approximately 24 GHz and a 

Ka-band frequency nearly 32 GHz generated by an ultra-stable oscillator. Ionospheric corrections 

were also applied through measurement of the phase changes at the two frequencies. Overall, 

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

a 0.2 Hz rate (every 5 seconds)7.  

Laser Range Interferometer (LRI) 

One of the most notable differences between the nearly identical GRACE and GRACE-FO is 

the use of LRI in GRACE-FO as an additional instrument to improve the accuracy of the SST 

measurements (Flechtner et al., 2016). The LRI system was designed by the Max-Planck Institute 

for Gravitational Physics. To achieve the highest possible accuracy, an optimal laser beam path 

had to be found, which for GRACE-FO was challenging because the LRI instrumentation was 

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

was to supplement the existing range measurements.  

 

 
7 More information on the KBR structure can be found a https://earth.esa.int/web/eoportal/satellite-missions/g/grace. 
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Star Camera Assembly (SCA) 

Each GRACE spacecraft carried two-star cameras mounted close to the accelerometer to 

provide the attitude of the spacecraft. Both star cameras had a 45º angle sky view with respect to 

the zenith, on the port and starboard sides. With the main goal being to reach an accuracy of 

πȢρ ÍÒÁÄ, the SCA determined the spacecraft attitude with an accuracy πȢσ ÍÒÁÄ. To derive 

Level 1B quaternions, a reference quaternion was computed using the line-of-sight (LOS) between 

the two spacecraft and the data were corrected for time glitches. Star camera Level 1A products 

comprised the data obtained by the two-star cameras, namely the one camera provided the primary 

(1 Hz) data and the other camera the secondary (0.2 Hz) data. If the primary star camera 

experienced gaps shorter than 10 s, then a quadratic interpolation was applied to fill the gap, 

provided that at least 2 points per side of the gap were available. Data gaps longer than 10 s were 

not filled. No interpolation was applied to the secondary star camera quaternions. Finally, by 

combining the primary and the secondary quaternions employing weighted summation, the final 

quaternions were derived 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) and for the 

transformation of all Level 1B measurements from the SRF to the International Celestial 

Reference Frame J2000.0 (ICRF). 

Laser Retro Reflector (LRR) 

The LRR was mounted on the bottom of each spacecraft and consisted of four prisms and 

served as an external calibration instrument for the on-board GPS receiver and as an independent 

measurement for more accurate POD solutions. The LRR constrained the estimation of the orbit 

solution of the spacecraft by measuring the distance of the spacecraft from terrestrial laser tracking 

networks with an accuracy of 1~2 cm. 

Tables 2.3 and 2.4 summarize the science and non-science 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 (VGO1B); KBR phase centers (VKB1B); SLR Corner cube reflector 

(VSL1B), are available in Level 1B data products. 
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 Table 2.3: Science Instrumentation Description 

Science 

Instrumentation 

Level 1B 

data file 
Description 

Accelerometer ACC1B 
Provides the non-gravitational accelerations along 

the 3-axes 

GPS 
GPS1B 

GPS flight data (code and phase) consisted of three 

range and three phase measurements (CA, L1, L2) 

GNV1B Navigation solution (ITRF) 

K-band ranging 

system 
KBR1B 

Provides the distance (range) rate of change ὶ and 

the range acceleration ὶ between the two 

spacecraft 

Laser Range 

Interferometer  
LRI1B 

Supplement KBR in distance rate ὶ and distance 

acceleration ὶ measurements towards higher 

intersatellite distance measurement performance 

Star Camera 

Assembly 
SCA1B Spacecraft attitude determination 

 

Table 2.4: Non-Science Instrumentation Description 

Non-Science 

Instrumentation 
Level 1B data file Description 

Magnetometer MAG1B 

Magnetic torque rod 

activation data and 

magnetometer data 

Thruster  THR1B Thruster activation data 

Star Cameras 

QKS1B 

Quaternion used on board to 

point the KBR phase center 

of the trailing spacecraft 

QSA1B 
Alignment Quaternion from 

Star Camera Frame into SRF 

QSB1B 

Quaternion from Satellite 

Body Frame into SRF (not 

used) 
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2.4 GRACE data processing 

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

discussed.  

2.4.1 Filtering  

In Section 2.2.2, the sensors and the data products (see Tables 2.3 and 2.4) of GRACE were 

introduced. In many cases, the data arranged in daily files in Level 1B require additional 

processing to provide the highest accuracy and the best overall performance. GRACE 

accelerometers measured the non-gravitational accelerations of each spacecraft, as opposed to 

GOCE gradiometer that consisted of accelerometer pairs mounted off the CoM and measured 

directly gravitational accelerations (Rummel et al., 2011).  

The GRACE accelerometer measurement bandwidth was ρπ  ͯ ρπ (Ú that corresponds to 

10-10000 seconds; that is wider bandwidth than the GOCE gradiometer bandwidth (i.e., υ ͯ ρππ 

mHz). Within this bandwidth, the instrument performed linearly, providing the highest precision. 

To isolate the useful signal from the non-linear responses, a bandpass Gaussian filter is applied. 

The Gaussian filter is preferred among other filters to avoid the Gibbs phenomenon at the edges, 

because the Gaussian window maintains its form in the frequency domain (Canuto et al., 2006). 

The Gaussian function is given in Equation (2.5), and the Fourier transform of the function in 

Equation (2.6).  

ÇØ
Ѝ
Ὡ Ⱦ , (2.5) 

'Ὢ Ὡ Ⱦ , (2.6) 

with „ and „ being the standard deviations in time and frequency domain, respectively and ὼ 

being the distance from the origin. The size of the Gaussian window in the time domain is 

represented by 7„ and „ is a function of the cut-off frequency.  

The pass-band of the Gaussian filter is set to ρπ  ͯρπ  (Ú based on the half-amplitude 

point principle (i.e., the frequency at which the output decreases by half of its peak at 

approximately -3 dB).  
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Figure 2.2 displays the amplitude spectral density ï (ASD), which is the square root of power 

spectral density of GRACE A linear accelerations along the 3-axes in the SRF (ὥȟὥȟὥ  for a 

random day. All three accelerometer components exhibit similar behaviour within the interval 

τϽρπ  ͯχϽρπ  (Ú and the orbital (ρȢχτϽρπ Hz) and semi-orbital (σȢυυϽρπ Hz) 

frequencies are displayed with purple dashed lines. The filtered ASD of GRACE A linear 

accelerations is shown in Figure 2.3. In Figure 2.4 we show the ASD of the difference between 

the original and the filtered accelerations. The y-axis appears to be the most affected by the 

filtering process.  

 

 

Figure 2.2: Amplitude Spectral Density (ASD) of the non-gravitational accelerations as 

measured on March 5th 2010. The orange area denotes the instrument bandwidth and the purple 

dashed lines represent the orbital (ρȢχτϽρπ  Hz) and semi-orbital (σȢυυϽρπ Hz) 

frequencies. 
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Figure 2.3: Amplitude Spectral Density (ASD) of the filtered non-gravitational accelerations as 

measured on March 5th 2010. The orange area denotes the instrument bandwidth and the purple 

dashed lines represent the orbital (ρȢχτϽρπ  Hz) and semi-orbital (σȢυυϽρπ Hz) 

frequencies. 

 

Figure 2.4: Amplitude Spectral Density (ASD) of the difference between the filtered and the 

original non-gravitational accelerations as measured on March 5th 2010. The orange area denotes 

the instrument bandwidth and the purple dashed lines represent the orbital (ρȢχτϽρπ  Hz) and 

semi-orbital (σȢυυϽρπ  Hz) frequencies. 
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2.4.2 Transformations  

An essential part of the GRACE measurement processing and validation for this research, is 

the transformation of measurements from one reference frame to another. GRACE on-board 

instrumentation uses various reference frames, but the end-user has access only to Level 1B 

measurements, all referenced to the SRF. The definitions of all the coordinate systems used in this 

research are as follows: 

Satellite Reference Frame (SRF): The SRF is the coordinate system that all GRACE Level 1B 

products are referenced to. The SRF is a satellite body-fixed frame with origin within 0.1 mm at 

the accelerometer frame origin (that coincides with the CoM). Details of the SRF can be found in 

Table 2.2.  

Accelerometer frame (AF): The accelerometer frame (AF) origin is at the center of mass (CoM) 

of the spacecraft. The AF coordinate axes are directed as shown in Figure 2.5. 

 

Figure 2.5: Satellite body-fixed frames; The AF is denoted with red colour and the SRF with 

black. 

International Celestial Reference Frame (ICRF): The inertial frame ICRF is realized by the 

J2000.0 equatorial coordinates of extragalactic radio sources measured from Very Long Baseline 

Interferometry (VLBI). It is a modern reference frame and as such it incorporates in its very 
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definition the fourth dimension, i.e., time. ICRF is an equatorial system with origin at the 

barycenter of the solar system. The xy-plane (i.e., the principal plane) is very close to the mean 

Equator of J2000.0; The x-axis (reference direction for the right ascension) is fixed on the mean 

Equator and is pointing very close to the dynamical equinox of J2000.0. The reference pole is 

defined by the z-axis that is perpendicular to the principal plane (xy-plane) and the y-axis defines 

the right-handed system. The time scale is the barycentric coordinate time. More details on the 

ICRF definition can be found in Petit and Luzum (2010) and in McCarthy (1996). 

International Terrestrial Reference Frame (ITRF): ITRF is an Earth-Fixed Reference Frame 

and realizes the International Terrestrial Reference System (ITRS) by providing three dimensional 

coordinates in a specific coordinate system. ITRF is a geocentric frame, with the center of mass 

defined for the whole Earth.  The xy-plane coincides with the mean equatorial plane of BTS84, 

within about 0.005ò.The z-axis is perpendicular to the equatorial plane and the x and y-axes define 

the terrestrial equatorial plane, with y-axis completing the right-handed system (Petit and Luzum, 

2010).  

East North Up (ENU): ENU is a local (topocentric) coordinate system aligned to the direction of 

the geodetic reference ellipsoid normal at the measurement point. The origin of ENU is at the 

measurement point (P). The Up-axis is directed outwards of the reference ellipsoid along the 

ellipsoid normal; the North-axis is perpendicular to the Up-axis and points towards the ellipsoidal 

north (i.e., along the meridian of longitude) and the East-axis completes a right-handed Cartesian 

system. Note that some institutions and agencies use a left-handed cartesian system, that is north-

east-up (NEU) systems or north-east-down (NED) systems (Jannsen, 2009). 

Geocentric Solar Ecliptic (GSE): GSE serves as a coordinate system for various space 

applications and is defined as follows: The origin of this system is the geocentre. The x-axis points 

towards the Sun centre, the z-axis coincides with the Earthôs spin axis (to the north), and the y-

axis completes a right-handed Cartesian system (chosen to be on the ecliptic plane pointing 

towards dusk). A visual representation of the GSE reference frame can be seen in Figure 2.6. The 

transformation parameters applied in this research can be found in Appendix I. 
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Figure 2.6: GSE coordinate system definition. L1 resembles the Lagrange point 1. 

 

2.5 Summary 

In this chapter, GRACE mission payload and data processing were presented. Overall, this 

chapter introduced the reader to GRACE mission, by describing a) the concept of the mission; b) 

the on-board instrumentation; c) the data products of the mission; d) the filtering of the data, and 

e) the reference frames used in this study. The core GRACE instruments used in this study are the 

accelerometers, the GPS receivers and the star camera assembly, that measure the non-

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



29 

 

 

3  

Space weather dynamics and 

GRACE  

Improving the accuracy of GRACE models requires a deep understanding of GRACE 

instrumentation. While analyzing GRACE on-board measurements, we found an interesting 

correlation between disturbances of the measurements and space weather affecting the spacecraft. 

In Section 3.1, we introduce the fundamental concepts related to space weather and in Section 3.2, 

focus is placed on geomagnetic storms and discuss their impact on GRACE instrumentation. In 

Section 3.3 the concept of GRACE differential mode (DM) is presented and 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 estimates are explained. We present the 

impact of various scale geomagnetic storms on GRACE DM estimates and we further perform 

coherence analysis between these estimates and ACE/Poynting flux estimates.  

3.1 Space weather 

Space weather is a rather complex term that describes various conditions of the Earthôs 

surrounding space (Cade and Chan-Park, 2015). In this study we refer to space weather to describe 

the dynamics occurring in the Earthôs upper ionospheric layers (Cade and Chan-Park, 2015). This 

correlation is not unknown to LEO space gravity missions, as the GOCE mission experienced very 

similar disturbances (Ince and Pagiatakis, 2016). At the first stages of this research, a thorough 

analysis of the behaviour of GRACE instrumentation was conducted. Although it is well 

established that space weather dynamics influence the performance and reliability of space-borne 

and ground-based technological systems (Moldwin, 2008; Ince, 2016), space weather-related 

perturbations on GRACE have not yet been fully understood. To fill this knowledge gap, analysis 

of GRACE Level 1B measurement response to geomagnetic storms is undertaken. After 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 

instrumentation has yet to be assessed. 

We now define the fundamental concepts and 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, focus is placed on phenomena such as 

geomagnetic storms, rather than other non-gravitational forces that also belong to space weather 

(i.e., solar radiation etc.). Of note is that the physical dynamics of the Earthôs upper atmospheric 

layers (space weather) are proportional to the Sunôs activity (Moldwin, 2008). 

The Earthôs atmosphere consists of various layers, each of them having different properties in 

the composition of the layers and extending to a different altitude above the Earth. The 

atmospheric layers of the Earth and the associated temperatures and plasma density profiles 

(Kelley, 2009) are shown in Figure 3.1. The temperature profile shows a smooth temperature 

gradient between the troposphere and the mesosphere. On the other hand, at approximately 90 km 

altitude, radiation cooling sharply reduces temperature.  Note the rapid increase in the temperature 

above the mesosphere, induced by the high energy solar photons (Kelley, 2009). 

LEO satellites orbit the Earth at an altitude covered by the layer of ionosphere (ionosphere 

altitude ranges between nearly 60-2000 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 (60-90 km), E (90-120 km) and F (>150 km), the 

latter being further divided into F1 and F2. In each region the electric field-driven currents are 

formed in different directions (Kelley, 2009). Generally, the electric currents in each region 

depend on the local time, the latitude and the season. However, in the F region (the region of 

interest for LEO satellites), the currents show the weakest variability with respect to the time 

(Kelley, 2009).  
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Figure 3.1: Profiles of neutral atmospheric temperature and ionospheric plasma density for the 

various layers of the atmosphere. The profiles are estimated for mid-latitudes (modified from 

Kelley, 2009). 

Solar winds can be described as magnetized plasma (ionized gas consisting of nearly the same 

amount of  protons and electrons) that move supersonically away from the Sun and carry with it 

the Sunôs magnetic field (Moldwin, 2008). The part of the Sunôs magnetic field that is propagated 

out of the heliosphere by the solar wind is called interplanetary magnetic field (IMF). The velocity 

of a solar wind highly depends on the Sunôs activity and the location of the solar source from 

which the winds are emitted (Richardson and Paularena, 1998).  The Earthôs magnetic field is 

supressed when subject to solar winds (see Figure 3.2). Solar winds affect the magnitude of the 

velocity, and the density of neutral winds and plasma flux. When solar wind pressure decreases, 

the magnetosphere expands. The main components of the Earthôs magnetosphere affected by solar 

winds are plasma flux (consisting of charged particles) and neutral winds (consisting of neutral 

particles). The interaction of plasma flux and neutral winds results in changes to the satellite 

environment, and, consequently, it causes perturbations of the on-board instrumentation. These 

perturbations are yet to be identified and quantified for GRACE and GRACE-FO missions.  
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Figure 3.2: The Earth's Magnetic field and solar winds. Bow shock is the boundary where solar 

winds encounter the Earthôs magnetopause. 

Intermittently, the energy input of the Sun to the Earthôs magnetosphere increases rapidly and 

the phenomena behind this extensive energy transfer are corona mass ejections (CMEs), solar 

flares, and solar energetic particles (SEPs). The geomagnetic storms lead to significant variations 

of the currents, plasma, and electric fields in the Earthôs magnetosphere. The number of storms 

depends on the solar activity that typically changes a few times per month. In the case of solar 

sunspot maxima, both the number and the intensity of the storms increase rapidly. Solar winds 

that result in geomagnetic storms persist from a few to many hours with wavelengths usually 

exceeding several hundred kilometers (Zhang et al., 2003) and have three phases: sudden storm 

commencement (SSC), main phase, and recovery. Some of the currents induced, called auroral 

currents or auroral electrojets, produce large magnetic disturbances. Overall, geomagnetic storms 

impact the ionosphere and eventually cause extra drag in LEO satellites. 

The index measuring the overall variability of the Earthôs magnetic field due to geomagnetic 

disturbance is called the Kp index. The Kp index is provided in a logarithmic scale and ranges 

between 0 and 9 with the average Kp level being approximately 3. The index is given in three-hour 

intervals in Universal Time (Rostoker, 1972). Disturbance sources may be attributed to any 

geophysical current system including magnetopause currents, field-aligned currents, and auroral 

electrojets (Gonzalez et al., 1994). In case of geomagnetic storms, currents and energetic particles 

amplify the energy in the form of heat and consequently the density of the electrons in the 

ionospheric layers increases.  
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3.2 Geomagnetic perturbations on GRACE instrumentation 

In early November 2004, the Sun was very active and generated many strong interplanetary 

and magnetospheric disturbances (Yermolaev et al., 2008). In that period, an intense geomagnetic 

storm occurred resulting in a magnetospheric disturbance from 8-10 November, 2004. The 

response of GRACE instrumentation to these very intense space weather conditions is 

investigated.  

The GRACE accelerometers measured the non-gravitational accelerations acting on the 

spacecraft. Therefore, the impact of a geomagnetic storm on the acceleration of the satellites was 

measured by the accelerometers. At the beginning of our analysis, we wish to quantify the response 

of the accelerometer to extreme geomagnetic storms. We compare the instrumentation response 

during a day with very low Kp index and during an intense geomagnetic storm, such as the one 

that occurred on November 2004.  

Non-gravitational accelerations along the track ὥ  during a day of low space weather activity 

(Figure 3.3; left panel) and during a day of intense geomagnetic storm (Fig 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 (signal-to-noise ratio is 

roughly 15 dB) near the auroral and polar regions (Fig 3.3b). Of note is that the accelerometer 

measurements at the North Pole tend to be more disturbed than the South Pole. Although this 

behaviour is not fully explained, it might be associated with the thermospheric mass density, which 

is denser closer to the North Pole and less dense closer to the South Pole (Liu et al., 2014). The 

non-gravitational accelerations along the track, measured during the days of low geomagnetic 

activity and high geomagnetic activity are shown in Figure 3.4a and Figure 3.4b, respectively.  

The GRACE attitude system consisted of cold-gas thrusters mounted symmetrically around its 

centre of mass and of the magnetic torquer rods. The main attitude actuator consisted of the 

magnetic torquers and 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 approximately 600 times per day (Flury et al., 2008) and could use up to 1 million 

thruster actuation cycles (Schelkle, 2000). Enough fuel was stored in the tanks for GRACE to 

reach almost triple its design lifetime without exhausting its fuel (Bandikova, 2016). 
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Figure 3.3: a) Accelerations along the x-axis (ὥ) during November 5, 2004 (Kp <5); b) ὥ 

during November 10, 2004, when an intense geomagnetic storm disturbed the upper layers of the 

ionosphere (Kp index ranged between 8 and 9). 

Due to dynamics occurring in the satellite environment, the attitude control system activated 

the cold-gas thrusters to maintain the satellite attitude and the pointing requirements of  the K-

Band inter-satellite ranging (KBR) system (Schelkle, 2000; Frommknecht, 2007). 
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Figure 3.4: ὥ during Nov 5-7, 2004 (Kp <5); b) ὥ during Nov 8-10, 2004 (Kp ranged between 8 

and 9).  

Figure 3.5 displays the thruster activity on a day of low geomagnetic activity (left panel) and 

on a day of very intense geomagnetic activity (right panel). Undesirable disturbances in the 

satellite environment caused by space weather trigger the activation of the attitude control system. 

The firing of thrusters impacts 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 Mayer-Gürr, 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.  

 

Figure 3.5: (a) Thruster activity on November 5, 2004 (Kp<5); (b) Thruster activity on 

November 10, 2004 (Kp ranged in [8, 9]). Red lines denote the ground tracks during the days of 

interest; blue dots denote the region where the attitude control system was activated. 

Our analysis of the attitude behaviour of the spacecraft showed that the attitude angles typically 

do not exceed 3 mrad, however, in days of geomagnetic storms the magnitude of the roll, pitch 

and yaw angles showed a rapid increase by nearly 40 times. 
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3.3 The concept of GRACE Differential Mode  

From the analysis presented in Section 3.2, it appears that the spacecraft is subject to 

disturbances due to space weather dynamics. Arguably, GRACE accelerometers were dedicated 

to measure these forces and eliminate their contribution from the final gravity field solution by 

subtracting them from the POD solution (cf., Equation (2.1). The question then arises: Are all the 

instruments affected when subjected to geomagnetic storms? If the accelerations derived from the 

GPS antennas are affected by the disturbance on the motion of the spacecraft, is this disturbance 

proportional to the disturbance measured by the accelerometers?  As discussed in Section 3.1, the 

flow of geomagnetic storms 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, respectively. Klinger and Mayer-Gürr (2016) study the impact of temperature 

deviations on the accelerometer and discuss the need for parametrization of scale factors and biases 

to calibrate the accelerometer measurements and improve the C20 (C20 spherical harmonic, also 

known as Earthôs dynamic oblatenss, expresses the flatenning of the Earth). The driving force of 

the deviations of temperature is attributed to the solar and geomagnetic activity (Klinger and 

Mayer-Gürr, 2016). Therefore, the electrostatic structure of the accelerometer is expected to 

interact with charged particles (plasma flux) perhaps in a non-linear sense. This interaction has 

also been implied in the work of Ince and Pagiatakis (2016), where GOCE gradiometer 

measurements, although derived from differencing the accelerometer measurements, still suffered 

from unwanted signatures related to the plasma flux. There is a need to better understand the 

magnitude of the accelerometer disturbances on the final gravitational acceleration solutions. 

Additionally, we need to show that these accelerometer disturbances are driven by the Earthôs 

geomagnetic acitivity. 

Better understanding of the source of disturbance (i.e., kinetic energy exchange or 

electromagnetic energy exchange) would be feasible if the GRACE mission carried the 

appropriate instrumentation to derive differential measurements, as with the GOCE mission. The 

idea is that differential accelerations would cancel out any perturbation related 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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The GRACE mission did not carry a gradiometer and no differential accelerations are available. 

Therefore, a new data processing methodology is required to allow for the estimation of 

differential accelerations. This need led to a new idea that is, perceiving the twin GRACE 

spacecraft as one fictitious satellite with two accelerometers in order to derive differential 

accelerations.  

To generate differential type ómeasurementsô from GRACE, we use the original generic 

accelerometer measurements from both satellites. This can be achieved by computing the time Dt 

the trailing satellite (hereafter B) takes to be as close as possible, position-wise, to where A was 

Dt seconds earlier, which will essentially mean that A(t) and B(t+Dt) will be at a very short distance 

that reaches up to maximum of a few kilometres. This process is followed by a transformation of 

the accelerometer measurements of B(t+Dt) into the accelerometer frame of A(t) via the attitude 

angle differences that occur in the time interval Dt, according to Bandikova and Flury (2014). A 

great discussion of the behaviour of the star cameras and the different transformations required to 

process GRACE measurements, can be found in Bandikova (2016). 

The transformation of GRACE B(t+Dt) accelerations from SRF of B to ICRF is done using 

quaternions derived from the star cameras of GRACE B. Later, using the quaternions of the star 

cameras mounted on GRACE A we transform the accelerations to the SRF of GRACE A.  These 

transformations are described in Equations (3.1) and (3.2). 
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where ἠ is the σ σ  rotation matrix as given in Equation (30) in the Appendix; and the subscripts 

QA and QB denote the quaternions derived from GRACE A and B, respectively. 

The concept of differential mode is schematically displayed in Figure 3.6. The formulation of 

the new method and further considerations are presented in Section 4.2.  
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Figure 3.6: GRACE Differential mode concept. 

 

The use of the attitude angles in the estimation of differential accelerations implies that the DM 

accelerations include gravitational and non-gravitational signals (see Section 4.2 for more details). 

Additionally, as both spacecraft are nearly in the same position within the 20-40 s time interval, 

the non-gravitational forces acting on each spacecraft are nearly the same (Zhang et al., 2003) and 

therefore the differential acceleration measurements should ideally cancel out the geomagnetic 

storm-related 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 measurements (Ince and Pagiatakis, 2016).  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 longitudinal profiles of DM linear accelerations along the x-axis ὥ  for the two 

days of interest (i.e., 5th and 10th of November), displayed in Figure 3.7. It is evident that when at 

differential mode, the disturbances do not cancel out, but rather they seem to aggregate. A similar 

behaviour was observed on GOCE GGT measurements (Ince and Pagiatakis, 2016). This 

behaviour may be attributed to the interaction of charged particles with the electrostatic structure 

of the accelerometers. If disturbances on the accelerometer measurements were driven by 

perturbations on the motion of the spacecraft, then the differential mode approach would have 
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cancelled them out, instead of aggregating them. In this study the errors of the estimated DM 

accelerations are not considered, and conclusions are drawn using only the estimated DM 

accelerations. A more detailed analysis is needed in the future to account for the instrumentation 

errors. 

 

Figure 3.7: a) GRACE-A and B ὥ and their difference ὥ  (DM) on November 5th; b) GRACE-

A and B ὥ and their difference ὥ  on November 10th. Blue line denotes ὥ derived from 

GRACE-A; green line ὥ derived from GRACE-B and red line the ὥ .  
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3.4 GRACE and Advanced Composition Explorer B-field 

In the previous sections we showed that the GRACE accelerometer measurements appear to be 

affected by the plasma flux. Similar findings are drawn by Klinger and Mayer-Gürr (2016), who 

analyzed the temperature-dependent behaviour of the accelerometer scale factors and biases. In 

our study, we wish to make use of the GRACE Differential Mode (DM) method to investigate its 

capability to assess the impact of charged particles on GRACE accelerometers by analyzing a wide 

range of ionospheric conditions that the satellite experienced. Namely, we look at the DM signal 

and we compare it with the B-field measurements. Afterwards, the DM accelerations are compared 

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

Our analysis employs more than 200 orbits during geomagnetic storms of varied intensity 

characterized by the Kp 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 mission Gravitational Gradient Tensor (GGT) disturbances 

showed that the Laplace equation (that is the sum of the second derivatives of the potential is zero 

outside the Earthôs masses, i.e., Ўὠ π) is not satisfied (Ўὠ π during geomagnetic storms 

(Ince and Pagiatakis, 2016). The trace of the GGT (i.e., ὠ ὠ ὠ  should be nominally zero, 

however as the quantities are measured and therefore suffer from errors, this condition is violated. 

In their work, Ince and Pagiatakis (2016) noticed that when GOCE was subject to geomagnetic 

storms the magnitude of the tensor peaked, 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) measurements. The ACE mission (1997~present) is 

dedicated to observing energetic particles coming from the Sun and other sources (Stone et al., 

1998). Interplanetary magnetic flux density (magnetic induction) B is retrieved from various 

sensors on-board ACE. Although ACE provides global coverage, the orbit of the mission (1.5 

million km away from the Earth) could reduce the correlation between ACE and GRACE (~500 

km away from the Earth). Thus, initial focus is placed on the disturbance signatures in the GRACE 

measurements rather than the actual values measured. To assess the impact of the disturbing 
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magnetic field on accelerometers, the ACE B-field estimates are transformed into the GRACE 

satellite reference frame (SRF), i.e., the local frame to which all GRACE Level 1B data are 

referenced. The process includes the transformation from the Geocentric Solar Ecliptic Coordinate 

System (GSE) to the International Terrestrial Reference Frame (ITRF) and then to the 

International Celestial Reference Frame (ICRF) (Hapgood, 1992). Finally, the B-field values are 

transformed to the SRF using orientation angles (Bandikova and Flurry, 2014). The formulation 

of the transformations applied is presented in the Appendix. 

We analyze all the orbits of GRACE during November 10 and results indicate that the 

measurements that were mostly affected by the geomagnetic storm are located in the auroral region 

of North America. GRACE accelerometer measurements are processed according to Section 3.3 

to generate differential acceleration (‌  estimates along the three axes, and are subsequently 

low-pass filtered and decimated to 16 s sampling interval to match the spacing of the ACE B-field 

sampling rate. Figure 3.8a displays ‌  and IMF estimates along the x-axis. ‌  estimates follow 

the ACE B-field measurements, especially in the auroral zone between 60Ј~75Ј. This intense space 

weather condition affected GRACE acceleration measurements and disturbed them in the range [-

400, 400] nm/s2. Subsequently, the ‌   and Bx signals are analyzed using continuous wavelet 

transformation (CWT) (Mallat, 1998). 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. Let Ὢὸ be a signal. The CWT of  Ὢὸ is given as follows: 

ὡ ὪὥȟὯ
ρ

ȿὥȿ
‪
ὸ Ὧ

ὥ
ὪὸὨὸȟ (3.3) 

where ὥ is the scale of the wavelet function, Ὧ is the translation value, ὸ is time and ‪ is the mother 

wavelet that is a continuous function of time and frequency, and ‪ is the dual function of ‪. 

The cross wavelet applied to assess the similarity between two signals, ὼ and ώ is given as 

follows: 

ὡ ὪὥȟὯ ὛὡᶻὪὥȟὯὡ ὥȟὯ , (3.4) 

where ὡ ὥȟὯ and ὡ ὥȟὯ are the CWT of the input signals ὼ and ώȟ respectively. ὡᶻ is the 

complex conjugate of ὡ  and Ὓ is a smoothing operator in time and scale expressed as: 



43 

 

 

Ὓὡ Ὓ Ὓ ὡ ὪὥȟὯ , (3.5) 

where Ὓ  is the smoothing along the wavelet scale axis and Ὓ  the smoothing in time. Note 

all these transformations are valid under the condition that the input signals are continuous and 

equally spaced. This is the reason the ‌  estimates need to be low-pass filtered, so that they match 

the time-spacing of ACE mission measurements.  

Finally, the magnitude of the wavelet coherence that quantifies the correlation of the two-input 

series in the frequency domain is given as (Mallat, 1998): 

ὅ
ὛὡᶻὪὥȟὯὡ ὥȟὯ

Ὓȿὡ ὥȟὯȿὛὡ ὥȟὯ
Ȣ (3.6) 

 Figure 3.8b demonstrates nearly 85% coherence between the DM accelerations along the x-

axis ‌  and Bx for various levels of decomposition in auroral and polar zones. This feature is 

clearly seen in the [16, 64] s interval. The arrows superposed on the coherence wavelet represent 

the local phase difference between the series and exhibit various characteristics. The arrows 

rotating from north to west and gradually towards south indicate a phase lead of Bx over GRACE 

trace. In our case the local phase delay in the area of interest is approximately 2.7o. 

In the sequel, we employ other external datasets that describe the dynamics of the magnetic 

field and we analyze the relationship between the two datasets (i.e., GRACE DM accelerations 

and magnetic field measurements). 

3.5 GRACE and Poynting flux 

A detailed analysis of the impact of the electromagnetic dynamics on GRACE is realized by 

employing electromagnetic currents captured by ground stations, distributed irregularly over 

North America and Greenland. A technique called spherical elementary currents systems (SECS) 

(Amm, 1997; Amm and Viljanen, 1999) transforms magnetic disturbance observations to 

equivalent ionospheric currents (EIC) provided by Weygand et al. (2011). EIC are electrical 

current linear densities in the horizontal direction expressed in Ampere per km (A/km), while 

spherical elementary currents (SEC) are electrical current surface densities in the vertical direction 

expressed in Ampere per squared km (A/km2). 
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Figure 3.8: a) Red line indicates the longitudinal profile (‗ ςσπЈ) of GRACE ‌  on 

November 10th 2004 at [08:20 08:45] UTC. Blue line shows the Bx derived from ACE in nT; b) 

CWT coherence between ‌ and Bx. The arrows indicate the phase angle between the two-time 

series. The shaded area shows 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 given at an altitude of 110 km 

at 10 s intervals; 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 can reach up to 15% in the vicinity of ground stations, when 

spacing is of  more than a few hundred km (Amm and Viljagen, 1999). To avoid poorly gridded 

values, we examine the GRACE tracks over areas of dense ground station coverage (see Amm 

and Viljagen, 1999; Ince and Pagiatakis, 2016). Finally, we estimate the magnitude and direction 

of the electromagnetic energy flow described by the Poynting vector (S), which is the cross product 

of SECS (╔) and EIC (╗  and is given by Equation (3.7) (e.g., Kelley, 2009). 

╢ ╔ ╗Ȣ (3.7) 

The Poynting vector is the result of ionospheric electrical currents (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 lower scale geomagnetic storm (Kp= 6) occurred on October 11th, 2008. GRACE 

accelerometer measurements are used to create DM estimates. During this storm, the axis 

demonstrating the highest disturbance is the along-track axis (x-axis), which might be due to the 

direction of the currents (i.e., north to south direction), as illustrated in Fig 3.9b.  In this case, ὥ  

has a phase lag of approximately 300 s in the time domain, however the signature of the 

disturbance is not very similar to the signature of the Poynting flux (see Figure 3.9c).  

What follows is a case referring to a geomagnetic storm that began on March 10th, 2011 and 

lasted for approximately one day. That day, the ionosphere was disturbed by a geomagnetic storm 

of Kp= 6. Figure 3.10a visualizes GRACE differential accelerations along the x-axis 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 storms (Ince and Pagiatakis, 

2017). Additionally, the signature of the disturbance is very similar to the Poynting flux signature.  
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Figure 3.9: a) SEC estimates and GRACE ground track during October 11th 2008 at 13:15 UTC; 

b) EIC estimates and GRACE ground track during October 11th 2008 at 13:15 UTC; c) GRACE 

‌  on October 11th 2008 at 13:15 UTC and Poynting flux estimates. 

Finally, the magnitude of the disturbance ranges within ±400 nm/s2. Notably, the wavelength 

of the disturbance is roughly half of Poynting flux wavelength. A strong coherence that reaches 

nearly 80%, between GRACE ‌  and Poynting flux is observed at medium to high latitudes (see 

Figure 3.10b). 
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Figure 3.10: a) GRACE  ‌  and Poynting vector (Sx) on March 11th 2011; b) CWT Coherence 

between GRACE ‌ and Poynting flux. The arrows superposed indicate the phase angle 

between the two-time series. Black curve 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 is non-linear, as for each 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 between geomagnetic 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 and GRACE instrumentation 

response to these dynamics, to better capture their relationship.  

 

3.6 Summary 

In this chapter we assessed the impact of geomagnetic storms on GRACE on-board 

instrumentation. A new method that uses GRACE accelerometer measurements to estimate 

differential mode accelerations was introduced in order to get a better picture of the impact of 

neutral winds and charged particles on the missionôs instrumentation. In Chapter 4, we will  show 

that the idea of GRACE differential mode can be used in an innovative approach, that is, to derive 

gravitational gradients using GRACE Level 1B data.   
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4  

GRACE-FO in gradiometer mode 

 

In Chapter 3 we introduced a new technique called the ñGRACE Differential Modeò to derive 

differential mode accelerations using GRACE on-board 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 article ñGravity Gradiometry with 

GRACE Space Missions: New opportunities for the Geosciencesò published in JGR: Solid Earth 

(Peidou and Pagiatakis, 2019), with minor edits to account for the different numbering of sections, 

equations, figures and tables, and with the addition of more results in Sections 4.2 and 4.3. 

4.1 Introduction 

In this Chapter, we address the question of how GRACE and GRACE-FO mission objectives 

may be enhanced by looking at the data processing methodologies and mathematical modelling 

from a different perspective. New methodologies may lead to discoveries, such as the detection 

of the Juan De Fuca ridge and increase the chance of breakthroughs in climate research. To this 

end, we attempt to develop a method that uses GRACE accelerometer, attitude and POD 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 combination of Level 1B 

data from both GRACE satellites, named ógradiometer modeô or óGRACE-GM methodô is shown 

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 using GRACE was initially suggested by Keller and 

Sharifi (2005). However, the suggested ñgradiometerò was not used in practice (Casotto and 

Fantino, 2007), as it consisted of two accelerometers ςςπυπ km apart (ibid, 2005) 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. GRACE-GM 

surpasses this limitation by simply bringing the trailing spacecraft as close as possible to the 

leading spacecraft, a process described in Section 4.2. Moreover, the Keller and Sharifi (2005) 

method was developed to estimate only the first gradient of the GGT, while GRACE GM can 

estimate the full GGT. Other proof of concept studies followed that used the theoretical 

ñgradiometerò concept for the design of flight missions, but none of them has been practically 

applied due to the long baseline restrictions (Sneeuw et al., 2008).  

GOCE DM accelerations and gravitational gradients (Level 1B) are used to validate GRACE

GM derived equivalents for a period when the two missions were operating simultaneously, 

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 field, expressed through the magnetic field 

inclination and North and South Pole magnetic fluctuations.  

 In this contribution, emphasis is placed on showing the effectiveness and potential of the 

GRACE GM concept for estimating gravitational gradients. Differentiating ourselves from 

GOCE like follow on missions currently being contemplated, we develop the GRACE GM as an 

alternative methodology that will allow the recently launched GRACE FO mission to be used in 

a dual mode perhaps without the need of a GOCE FO or alternate missions. This study aims to 

provide a proof-of-concept of this original, yet very simple methodology, with the anticipation of 

improvements in the near future that will advance this method to be fully operational. 

4.2 The concept of GRACE gradiometer mode 

GRACE accelerometers measured the non-gravitational accelerations acting on the spacecraft. 

The accelerometers were located at the center of mass of each spacecraft to eliminate angular 

accelerations produced by attitude changes. In this study, Level 1B data, specifically found in 

GNV1B, ACC1B, and SCA1B data files (Case et al., 2010), are used to retrieve information about 

POD, non-gravitational accelerations, and spacecraft attitude. Acceleration measurements are 

band pass filtered in the design band of the instrument (10-4~10-1 Hz) with a Gaussian filter.  

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

the time ȹt the trailing satellite (hereafter B) takes to be in the closest distance, position wise, to 
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where A was Dt seconds earlier. The minimum distance is calculated using the Vincentyôs formula, 

that is the minimum distance on the ellipsoid. Later, ȹt is calculated using the minimum distance 

between the two spacecraft on the ellipsoid. This means that A(t) and B(t+Dt) will be in a very 

close position. Subsequently, we compute the separation vector between A(t) and B(t+Dt) from 

the POD. We then transform the accelerometer measurements of B(t + ȹt) into the accelerometer 

frame of A(t) via the attitude angle differences that occur in the time interval ȹt, as described in 

Section 3.3. Once the accelerations of B(t+ ȹt) are in the reference frame of A(t), they can be 

differenced along all three directions; the transformation of the frame of B to that of the identical 

satellite A adds the gravitational difference between A(t) and B(t + ȹt). The following four 

equations represent, the vector common and differential modes, the gradient of the gravitational 

potential in the x direction, and the cross gradient of the gravitational potential in the xy direction, 

respectively. All quantities in the equations are referenced to the leading satellite A(t) 

(accelerometer) reference frame (SRF): 

♪ ὸ ╪ ὸ Ўὸ ╪ ὸ , (4.1) 

♪ ὸ ╪ ὸ Ўὸ ╪ ὸ , (4.2) 

ὠ ὸ ςÌÉÍ
Ўᴼ

‌ ὸ

Ўὼὸ
 ȟ (4.3) 

ὠ ὸ ςÌÉÍ
Ўᴼ

‌ ὸ

Ўὼὸ
ςÌÉÍ
Ўᴼ

‌ ὸ

Ўώὸ
 ȟ (4.4) 

where ♪ ὸ and ♪ ὸ denote the common and differential mode accelerations, respectively, 

╪ ὸȟ╪ ὸ Ўὸ represent the linear accelerations observed by A(t) and B(t+Dt), respectively, 

and where Dx and Dy are the distances between the two satellites along the x-axis and the y-axis, 

respectively. Other gradients are similarly defined (Stummer et al., 2012). The full tensor is 

defined as follows:  
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The idea of GRACE-GM is valid under the following realistic assumptions: 

a) The distance between A(t) and B(t+Dt) is very small, essentially approaching zero at the limit, 

compared with the size of the orbit. The distance between GRACE-A and GRACE-B doesnôt 

exceed few km and therefore the assumption is clearly achievable and satisfies the definition 

of the derivative of a function (cf., Equation (4.3)).  

b) Satellite B is Dt 2̄6 s on average behind A during which time the gravitational field does not 

change. Thus, the principle of Equation (4.2) is not violated and differencing the acceleration 

measurements between A(t) and B(t + Dt) at the position of A(t), results in realistic  differential 

mode accelerations. The same assumption holds true when estimating common mode 

accelerations (cf., Equation (4.1)). 

c) The dynamic regime in the thermosphere remains essentially unchanged within the 20-40 s 

interval between A and B and within a few to several tens of meters. The assumption is very 

realistic since an average spatiotemporal homogeneity of external atmospheric dynamics (i.e., 

neutral winds and plasma flux) is roughly 300 km in extent and lasts several minutes (Zhang et 

al., 2003). 

d) The Earthôs rotation during the time lag of Dt 2̄6 s corresponds to 11.96 km (estimated at the 

Equator). This spatial shift does not affect GRACE-GM gravitational signal as the spatial 

resolution of GRACE-GM is considerably lower.  

Following the above assumptions, we are now in a position to describe the fundamental concept 

of the GRACE GM method that allows the recovery of the gravitational signals despite the fact 

that each accelerometer measured only non-gravitational accelerations.  
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In order to understand the GM concept, the two fundamental characteristics of the GRACE 

constellation should be taken under consideration, namely (a) the spacecraft were identical and (b) 

they possessed an Attitude and Orbit Control System that provided three axis stabilized Earth

pointing attitude control through sensors, actuators, and software (Herman et al., 2004).  

According to the GRACE GM concept, satellite B(t + ȹt) will be very close to A(t). However, 

B(t + ȹt) will have an attitude that will be different from that of A(t); that is, the three axes of the 

accelerometers of each 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 pressure (e.g., Gerlach, 1965), among other causes. Due to 

assumptions (b) ï (d) above, and the identical spacecraft, all non-gravitational torques 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 angles (roll, pitch, yow). By reciprocity, when rotating the axes of B(t + 

ȹt) to be aligned with that of A(t), it means that we actually add to the measured non-gravitational 

accelerations of B a small acceleration vector to equate the torques of A and B, leading to the 

alignment of the accelerometer axes of A and B. At this point, taking the difference of the 

accelerations along the aligned axes of the satellite frames, we estimate 3 D gravitational 

accelerations (DM), which when divided by their corresponding distances will provide the 

gravitational gradients at the barycenter between the 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 necessary and sufficient step for estimating gravitational 

gradients.  

One of course may wonder why we use only GPS precise orbits (POD) to determine the shortest 

distance (3 D components) of the two spacecraft and not the KBR (K band Ranging) 

measurements that are more accurate. GRACE's core science instrument, namely, the KBR, 

measures the instantaneous 3 D distance between the two spacecraft in motion, but it cannot be 

used to provide gradients along each axis of the accelerometer frame of A(t). In addition, according 

to the differential method employed in this study, it turns out that satellite A's position is ñfrozenò 

in time, while B continues to move toward A. In this fictitious scenario, there are no KBR 
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measurements during the time interval ȹt in which satellite B is approaching A. The error 

introduced from the precise GPS and all the instruments employed in this method is assessed in 

Section 4.3.2, using the power spectrum density approach.   

Figure 4.1 shows the procedure to derive gradients using GRACE Level-1B 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 minimum distance criterion. All the data are subject to a cubic 

spline interpolation that increases the sampling rate to 10 Hz. Of note is that GRACE-FO Level-

1A data are given in 10 Hz intervals and therefore can be directly used without any interpolation 

(Wen et al., 2018). In order to find the minimum time lag (ȹt) required for B to be as close as 

possible to A(t), the three-dimensional distance coming from GPS is used. Afterwards, all the 

measurements of GRACE B are transformed from ὛὙὊ to ὛὙὊ. Finally, the differential 

accelerations and the gravitational gradients are estimated and transformed from ὛὙὊ to ENU. 

The mathematical formulation of this procedure is given in Equations (4.1)-(4.4). 

Unlike GOCE, the GRACE GM design does not allow for constant distance among the 

accelerometers. Hence, the calculation of every gravitational gradient along the orbit uses a 

different distance between the accelerometers. In fact, in Section 4.3.2, we argue that different 

distances constitute a powerful asset of GRACE GM, as they eliminate aliasing and sample all the 

frequencies, providing multiscale 3 D gradients. The GOCE satellite orbited the Earth in a nearly 

polar, sun-synchronous dusk-dawn orbit (Rummel et al., 2002), designed 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 

also had a nearly polar orbit though, but as opposed to GOCE, it was not Sun synchronous. Hence, 

ascending and descending tracks were independent of the local solar time. To be able to compare 

GOCE and GRACE GM estimates, we separate all GRACE tracks into ascending and descending 

and we further classify them based on the local solar time of the spacecraft pass, in daytime and 

nighttime tracks, respectively. To achieve this classification, 24 time zones each spanning 15Ј (1 

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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Figure 4.1: GRACE-GM methodology. 

To remove any nonlinear accelerometer behaviour, GRACE accelerations are filtered in the 

passband of the instrument (0.1ï100 mHz) and the GOCE measurements in the gradiometer's 

passband (5ï100 mHz). Of note is the overlap of the two instrument bandwidths that is very 

advantageous in the inter comparisons. In both filtering processes, a simple Gaussian filter is used. 

Finally, to be able to compare results from the two missions, both GOCE and GRACE 

accelerations should be referenced to the same reference frame.  
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GOCE Level 1B measurements are referenced to the Local Orbital Reference Frame (ESA, 

2006) and GRACE Level 1B measurements are in the so-called Satellite Reference Frame (SRF) 

(Case et al., 2010). Consequently, we transform both mission measurements to a common 

reference frame, namely, the East North Up system using the azimuth angle at each point of the 

satellite track.  

GRACE differential mode (DM) accelerations are calculated using more than 5000 orbits over 

the period of 1 year (2010). Initially, we filter Level 1B non-gravitational accelerations, and 

afterwards we apply the GRACE GM method as described in Section 4.2 and then we use GOCE 

East North Up Level 1B gradiometer measurements for the same period to validate the newly 

introduced method.  

4.2.1 GRACE CM accelerations 

Common mode accelerations (cf., Equation (4.1)) are derived by averaging the non-

gravitational accelerations to provide valuable information on the behaviour and the structure of 

these accelerations.  We calculate common mode accelerations for the year of interest and we 

further investigate the non-gravitational sources that dominate the CM signal. GRACE CM 

accelerations reveal the strong fluctuations of the magnetic field over the North and South poles 

(see Figure 4.2). 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 non-gravitational forces acting on the GRACE system, as opposed to DM 

accelerations that are free from non-gravitational forces. To this end, the presence of the Earthôs 

magnetic field on GRACE CM accelerations is expected. Previous studies addressed magnetic 

fluctuations in GOCE CM accelerations (Ince and Pagiatakis, 2016). These fluctuations (also 

known as magnetic ripples (Nakanishi et al., 2014)) are perpendicular to the geomagnetic field 

and have a spatiotemporal variability (ibid, 2014). Perturbations of these fluctuations on LEO 

satellites highly depend on the local time of the satellite pass (Nakanishi et al., 2014). GRACE 

CM accelerations demonstrate a strong presence of these fluctuations along track, which we 

attribute to the lack of drag compensation mechanism of GRACE. North and South Pole 

geomagnetic fluctuations (Figure 4.2) result in stronger perturbations in GRACE CM 

accelerations during daytime. The magnetic inclination is also evident in GRACE CM solutions, 

especially in the ascending nighttime tracks (Figure 4.2b). Additionally, the latitudinal linear 
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feature at ה φπ that we attribute to Birkeland currents, peaks during ascending nighttime tracks 

as demonstrated in Figure 4.2b. Finally, the North and South Pole fluctuations evident in GRACE 

CM are also present in the cross-track measurements and mainly in the ascending GOCE CM 

tracks. Of note is that GOCE CM accelerations do not demonstrate any signal induced by the 

Earthôs magnetic inclination. The different response of GOCE and GRACE CM accelerations 

might be attributed to technical specifications (i.e., missionôs design and instrumentation) and to 

the different altitude of the two missions.  

 

 

Figure 4.2: a) GRACE CM ascending daytime along the x-axis during 2010. Dashed circles 

indicate the areas 1 and 2 with magnetic fluctuations; b) CM ascending nighttime along the x-

axis during 2010. Data have not been low pass filtered. 
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Figure 4.3: a) GOCE CM along the y-axis from ascending tracks. Dashed circles indicate the 

areas 1 and 2 with geomagnetic magnetic fluctuations; b) GOCE CM along the y-axis from 

descending tracks. 

4.2.2 GRACE DM accelerations 

Initially , we explore the ability to obtain differential gravitational accelerations (cf., Equation 

4.2) from the non-gravitational 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 required. For the purpose 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 path. The same interpolation is also applied to all the 

measurements required by the GRACE GM method (i.e., GNV1B and SCA1B). We emphasize 

that the interpolation process simply increases the sampling rate for the sole purpose of finding 

the minimum 3 D distance between A(t) and B(t + ȹt) that does not necessarily occur at integer 

seconds. This interpolation does not add any physical information. However, as this study serves 

as a proof-of-concept and focuses on validating GRACE GM ability to estimate gravitational 

gradients, we apply interpolation to Level 1B measurements to find the minimum distance 

between the two spacecraft. GRACE FO acceleration measurements have recently been available 

in 10 Hz (Level 1A) and there will not be any need for interpolation (Wen et al., 2018).  Analyses 

of more than 5,000 orbits indicate that the typical shortest 3 D distance between the two spacecraft 

is within few hundred meters. 

Although the magnetic field disturbances on GRACE are outside the scope of this study, we 

mention them briefly here because they are the ñnoiseò and obscure the geophysical signals we 

are trying to identify. Derived GRACE differential mode (GRACE DM) maps along the x axis of 

the SRF (Figure 4.3) show the strong presence of the magnetic inclination signal over the 

equatorial region. Additionally, Figure 4.3b shows a negative to positive trend near ‰ φπЈ. and 

‰ χυЈ3Ȣ This 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 winds (Friis-Christensen et al., 2017). The Birkeland currents 

become more intense when the radial component ὄ of the Interplanetary Magnetic Field (IMF) 

becomes strongly negative (Friis-Christensen et al., 2017; Figure 1b), demonstrating high seasonal 

dependence (Anderson et al., 2018). We argue that the negative to positive perturbation on 

GRACE DM is induced by the Birkeland currents that reach their peak activity at local nighttime 

(Figure 4.4f). In the GRACE DM map, the trend is smooth and continuous because it shows the 

average annual perturbation of the currents.  

As opposed to GRACE, GOCE followed a sun synchronous dusk dawn orbit that did not allow 

for ascending nighttime measurements any time after 6:00 pm, and therefore the Birkeland 

currents at ‰ φπЈ. 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 tracks (Figure 

4.4e) at the North Pole and are similar to the one seen in GOCE CM and GGM trace (Ince and 
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Pagiatakis, 2016; Figure 1). The above are new important discoveries arising solely from the 

GRACE DM and the separation of GRACE tracks into ascending and descending, as well 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's magnetic 

inclination.  GOCE DM accelerations have been low pass filtered (Bouman et al., 2011) and thus, 

they appear much cleaner than their GRACE equivalents (cf., Figure 4.5). 

The presence of the Earth's magnetic field dominates both GOCE and GRACE DM 

accelerations, and as such, the geophysical signals are hardly visible. Further band pass filtering 

has to be applied is addressed later. Interestingly, the magnetic inclination signal in GOCE 

measurements shows a latitudinal displacement between ascending and descending tracks, 

whereas this is not observed in GRACE. As shown in Figure 4.5, the signature of the magnetic 

inclination on ὥ  calculated from the ascending tracks is shifted nearly 30Ј to the north, and 30o 

to the south for the descending tracks, with respect to the magnetic Equator of the International 

Geomagnetic Reference Field model 2011 (IGRF11). Of note is that the spatial shift of the 

gradiometer measurements in ascending and descending tracks averages to the actual location of 

the magnetic inclination, to 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 GRACE ὥ  appears to 

be consistent between the ascending and descending track, and 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 leakages in the estimated differential accelerations, which will further contaminate the final 

gradients. 

Additionally, as the GRACE-GM method implies the distance between the two spacecraft is 

highly variable and considerably longer (~100 meters on average) than that of GOCE 

accelerometer separation (0.5 m). As a result, GRACE DM accelerations are expected to have 

higher magnitude than those of GOCE, as well as possessing a rather arbitrary character due to 

the various distances used during the differential mode methodology (see Figures 4.4 and 4.5). 
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Figure 4.4: GRACE DM accelerations along the x-axis in 2010. Note the negative to positive 

trend at nearly ‰ φπЈὔ (panel b). Polar plot of GRACE DM accelerations along the x-axis 

denotes the magnetic fluctuation disturbances (panel e). The negative to positive trend at nearly 

‰ φπЈὔ (panel f) resembles the average Birkeland currents in 2010. The x-axis denotes the 

along-track direction in the SRF. 
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Figure 4.5: GOCE DM accelerations along the x-axis in 2010. Data used for these figures were 

taken from EGG_NOM_1b solutions. 

4.3 GRACE gravitational gradients 

Gravitational gradients represent the spatial variability of gravitational acceleration. They form 

the six components (i.e., ὠȟὠ ȟὠȟὠ ȟὠȟὠ  of the gravitational gradient tensor (GGT), 

comprising the second derivatives of the gravitational potential V in the satellite (instrument) 
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reference frame. Subscripts of V indicate the axes. The GOCE mission measured global 

gravitational gradients at 225ï255 km altitude (Bouman et al., 2011), which have been used for 

regional scale (>80 km wavelength) geophysical applications. With the end of the GOCE mission 

in November 2013, we are experiencing a gap of unknown duration in the availability of the global 

gravitational gradients. New missions, such as the mass variation observing system by high low 

inter satellite links (MOBILE), have been suggested and new configurations and concepts for 

high accuracy gravitational models being examined (Hauk and Pail, 2019).  

The concept of GRACE GM can be used for estimating gravitational gradients by employing 

the acceleration vector ♪ , the attitude differences between the two spacecraft and the 

corresponding nonstationary separation vector Ў► between A(t) and B(t+Dt) (cf., Equation (4.3)). 

For the year of interest, more than 350 million points that cover the entire Earth's surface are 

generated. The distribution of distances over the year 2010 resembles a Gaussian like distribution 

in the interval [0.01, 7.5] km comprising about 70% of the distances whereas outside this interval, 

the two tails are nearly uniform and comprise the rest of the distances. The mean value of the 

distances throughout 2010 is 3.2 km and their standard deviation is ±1.5 km. Should higher 

sampling rate Level 1B measurements be available, the ñshortestò distances will decrease.  

The abundance of GRACE GM points leads us to believe that the concept of using GRACE

GM variable distances is analogous to multispectral imaging. In this respect, as a specific image 

can be seen in different spectral bands, the gravitational signal can be sensed by GRACE GM in 

different multiwavelength bands. Specific results regarding these two concerns are presented in 

Section 4.3.2. We also present, in a first step, a qualitative or visual assessment of the results. A 

quantitative investigation is presented in Section 4.3.2.  

One of the challenges of GRACE GM is estimating the magnitude of the error of the final 

gradients. GRACE Level 2 solutions use the very accurate KBR system for measuring the distance 

between the two spacecraft. However, deriving the full GGT requires the use of GPS precise orbits 

for the distance calculation while the accuracy of GPS is at ~1 cm level (Kang et al., 2006. 

Additionally, the accumulated errors from the key instruments used for GRACE GM are 

accumulated to the final gradients. In Section 4.3.2, we present a realistic estimate of the expected 

errors in the GRACE GM gradients using frequency domain analysis of the GGT trace. 
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4.3.1 GRACE and GOCE GGT comparisons ï Qualitative Assessment 

To validate GRACE gradients, we employ the corresponding GOCE gradients after we process 

the gradiometer signal as described in Section 4.2. 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 of GOCE. 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 functionals in that, they 

are by far less attenuated with altitude, as shown in Equation (4.6) for the gravitational gradient 

along the z axis (see also, ESA, 1999; Equation (2.2.6)).  
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with Ὃ being the gravitational constant, ὓ the mass of the Earth, Ὑ being the Earthôs mean radius, 

ὲ the spherical harmonics degree and ά the spherical harmonics order, ὒ the truncation degree 

(maximum degree); ὑ  the series coefficients in the complex form, Ὂ  the inclination 

functions, Ὅ being the orbit inclination, Ώ the difference in longitude between the Greenwich 

meridian and the longitude of the ascending node and ό being the argument of latitude of the 

satellite in the orbit plane (Kaula, 1966). The term describes the field attenuation with 

respect to the altitude and the term ὲ ρ ὲ ς is known as the ñdifferentiation factorò that 

counteracts with the field attenuation factor (ESA, 1999). Quantitative assessment of the 

attenuation of gradients is presented in Section 4.3.2. 

Figure 4.6 shows the global maps of GRACE-GM gradients (ὠ , ὠ ȟὠ ) derived using 

measurements during 2010. The estimated gradients are highly noisy in the high frequencies, and 

therefore a low-pass filter is applied to supress the noise. This noise appears to be correlated with 

the magnetic field disturbances on GRACE instrumentation as discussed in Chapter 2. However, 

even after filtering the GRACE-GM maps look far noisier than GOCE especially in the zone along 

the latitudes ranging between υЈȟσπЈ3.  
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In order to test the efficiency of GRACE-GM to capture real signal locally, let us zoom in 

various areas known to have strong geophysical signals such as the Himalayas (Figure 4.7), the 

Indonesian ridge (Figure 4.8) and Canada (Figure 4.9). It appears that GRACE-GM performs well 

in zoom-in areas with known geophysical signals, albeit some regions are not very well mapped 

by GRACE-GM. 

 

Figure 4.6: a) Global map of GRACE-GM ὠ  component subject to a Gaussian low pass filter 

with 400 km half wavelength cut-off frequency during 2010; b) Global map of GRACE-GM ὠ  

component during 2010 subject to a Gaussian low pass filter with 400 km half wavelength cut-

off frequency; c) Global map of GRACE-GM ὠ  component subject to a Gaussian low pass 

filter with 400 km half wavelength cut-off frequency during 2010. GRACE-GM gradients have 

been interpolated every πȢρЈ using kriging interpolation. 
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The signals from both missions are subject to Gaussian low pass, along track filtering with a 

cut-off frequency corresponding to 400 km half wavelength to eliminate the long wavelength 

magnetic inclination signal. We examine areas with characteristic geophysical signals 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 tracks. Descending tracks show very similar results 

and are not discussed here. Figure 4.7 displays the gradients from GOCE (left panels) and GRACE 

(right panels) over Himalaya.  

Figure 4.7a displays GOCE ὠ ; the geophysical signal induced by the Himalayan formation 

(Hetényi et al., 2016) alternates from positive to negative patches and peaks between ‰

  ςυЈȟσυЈ.Ȣ A similar trend is evident in GRACE ὠ  estimates shown in Figure 4.7b; the 

positive to negative patches peak between ‰  ςπЈȟσπЈ.Ȣ  

Figures 4.7c and 4.7d display GOCE and GRACE ὠ , respectively. The distinct geophysical 

signal in GOCE (cf., Figure 4.7c) is evident in higher latitudes between ‗  χπЈȟψπЈ% and the 

positive to negative patches have a south-east orientation. GRACE ὠ  demonstrates the same 

behaviour shifted to lower latitudes between ‗  ωπЈȟρρπЈ%Ȣ Of note is that GRACE ὠ  

geophysical signal has the same orientation (south-east) as GOCE. We attribute the spatial shift 

of the signals, to GOCE characteristic spatial shift between ascending and descending tracks 

discussed in Section 4.2.2. 

Interestingly, a slightly different signature between ὠ  components is depicted in Figures 4.7f 

and 4.7e. GRACE-GM depicts the underground water deficit over northern India (Rodell et al., 

2009; Chen et al., 2014) (Figure 4.7f), while GOCE does not (Figure 4.7e). This finding further 

supports the capability of GRACE GM in depicting gravitational gradients induced by 

geophysical signals.  A good agreement between GOCE and GRACE ὠ  is also demonstrated in 

Figures 4.7g and 4.7h, respectively. GRACE positive to negative patches show the same signature 

as GOCE. The signal has a south east orientation in both cases, but GRACE displays longer 

wavelength.  
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Figure 4.7: 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 Figure 4f; GOCE and GRACE-GM 

gradients have been interpolated every πȢρЈ using kriging and have been subject to Gaussian low 

pass filtering with 400 km cut-off frequency.  


























































































































































