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Zusammenfassung 

Die Bedeutung von Satellitenschwerefeldmissionen für ein besseres Verständnis 

geophysikalischer Phänomene auf dem Planeten Erde ist unbestritten. Es gibt keine Methode, 

die uns schneller mit Daten globaler Massesignale versorgt als mit Hilfe von Satelliten im 

Weltraum. Die Dissertation untersucht eine Auswahl an möglichen zukünftigen 

Satellitenschwerefeldmissionsarchitekturen in Kombination mit innovativen 

Prozessierungstechniken hinsichtlich ihres Potentials für eine verbesserte Beobachtung des 

zeitvariablen Schwerefeldes. Die Einordnung der Ergebnisse erfolgt durch Vergleiche mit 

vorangegangenen und aktuellen Satellitenschwerefeldmissionen. Alle Untersuchungen 

basieren auf vollen numerischen Simulationen, welche mit Hilfe zweier unabhängiger 

Simulationsmethoden (einer linearen und einer nichtlinearen Simulationssoftware im Sinne 

eines geschlossenen Kreislaufs) , unter der Nutzung von aktuellen geophysikalischen 

Hintergrundmodellen sowie realistischen Annahmen hinsichtlich der Fehler von Instrumenten, 

durchgeführt wurden. 

 

Gegenwärtige Satellitenschwerefeldprodukte, die von den erfolgreichen Missionen GRACE 

und GRACE Follow-On zur Verfügung gestellt werden, leiden für gewöhnlich unter einer 

suboptimalen Beobachtungsgeometrie, welche Intersatellitenbeobachtungen ausschließlich in 

Flugrichtung ermöglicht. Dadurch entstehen ausgeprägte zeitliche Aliasing-Effekte, welche 

schließlich die Detektion von geophysikalischen Signalen, die man beobachten möchte, 

erschwert. Die Entwicklung einer innovativen Missionsarchitektur, welche hochgenaue 

Satellitenentfernungsmessungen zwischen niedrigfliegenden Satelliten (300 – 500 km) sowie 

sehr hochfliegenden Satelliten (>10.000 km) nutzt, führte aufgrund einer 

Beobachtungsgeometrie, die auf mehrere Richtungen ausgelegt ist, zu einer deutlich 

isotroperen Fehlerstruktur in den Schwerefeldmessungen, und schließlich zu reduzierten 

Aliasing-Effekten. Das hoch-tief Missionskonzept kann anhand zusätzlicher hochfliegender 

Satelliten, wie beispielsweise Navigationssatelliten oder geostationären Satelliten, die mit 

Intersatellitenlinks ausgestattet sind, welche in der Lage sind Entfernungsmessungen 

durchzuführen, einfach erweitert werden. Dies führt zu einer erhöhten Redundanz und optimiert 

gleichzeitig die Schwerefeldbeobachtungen. Satellitenschwerefeldlösungen leiden auch unter 

mangelhaften geophysikalischen Modellen, die zur Reduktion von Aliasing-Effekten eingesetzt 



IV 

 

werden, welche durch atmosphärische-, ozeanische- sowie Gezeitensignale verursacht werden, 

die den Hauptbeitrag zum zeitlichen Aliasing leisten. In der Dissertation werden Methoden 

evaluiert, die in der Lage sind, diese Fehler während der Schwerefeldprozessierung zu 

reduzieren, indem zusätzliche Schwerefeldparameter mitgeschätzt werden. Dabei stellte sich 

die bereits an anderen zukünftigen Missionskandidaten erfolgreich getestete Methode zur 

Koparametrisierung von kurzzeitigen, niedrig aufgelösten Schwerefeldern zusammen mit dem 

nominalen Schwerefeld zur Reduktion von zeitlichem Aliasing, auch für das hoch-tief Konzept 

als vorteilhaft heraus. Des Weiteren wurde eine Methode zur Verringerung von 

Ozeangezeitenfehlern entwickelt und anhand einer Doppelpaarformation, bestehend aus einem 

polaren Satellitenpaar gekoppelt mit einem inklinierten Satellitenpaar, erfolgreich angewendet. 

Diese Methode ermöglicht die Verbesserung von gängigen Ozeangezeitenmodellen, indem 

Gezeitenparameter über Zeiträume von mind. 1 Jahr mitgeschätzt werden, und führt, unter 

Nutzung des mitgeschätzten Gezeitenmodells während der Schwerefeldprozessierung als De-

aliasing Modell, zu einer Reduktion von Fehlern, die durch Gezeitensignale verursacht werden. 

 

Die Leistungsfähigkeit eines bestimmten Satellitenschwerefeldmissionskonzepts wird durch 

den Fehler in den Schwerefeldmessungen bestimmt. Neben gängigen Fehleranalysetechniken 

wird in der Dissertation die Leistungsfähigkeit, unter anderem mittels eines kontinuierlichen 

Raum-Zeit-Genauigkeits-Gitters, evaluiert, welches ein umfassenderes Analysewerkzeug 

darstellt. Daneben ermöglicht diese Methode die Verbindung zu Anforderungen im Sinne der 

Wissenschaft sowie einer breiten Nutzergemeinschaft, welche typischerweise in Form von 

anzustrebender räumlicher Auflösung, zeitlicher Auflösung und Genauigkeit angegeben 

werden.  

 

Die Dissertation gibt einen detaillierten Einblick in die Materie der zukünftigen 

Satellitenschwerefeldmissionen aus konzeptioneller- sowie prozessierungstechnischer 

Sichtweise. 
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Abstract 

The importance of satellite gravity field missions for a better understanding of geophysical 

phenomena on planet Earth is nowadays uncontested. There is no other method that provides 

us faster with data of global mass signals than via satellites in space. The dissertation examines 

a selection of possible future satellite gravity mission architectures in combination with 

innovative processing techniques with regard to their potential of an improved retrieval of the 

time-variable gravity field. The grading of the results is done by comparisons to current and 

previous satellite gravity field missions. All investigations are based on full numerical 

simulations, executed by means of two independent numerical simulation methods (a linear and 

a non-linear closed-loop simulation software), using state-of-the-art geophysical background 

models and realistic instrument noise assumptions. 

 

Current satellite gravity field products from the successful GRACE and GRACE Follow-On 

missions usually suffer from a suboptimal observation geometry, providing inter-satellite 

observations exclusively in along-track direction. This results in strong temporal aliasing 

effects, which finally hampers the detection of geophysical signals one aims to observe. The 

development of an innovative mission architecture, including satellites flying in low Earth 

orbits (300 – 500 km) and satellites flying in very high altitudes (>10.000 km) using high-

precision high-low inter-satellite ranging observations, leads to an isotropic error pattern of the 

gravity field retrieval due to a multidirectional observation geometry and thus, to reduced 

aliasing effects. The high-low-type mission concept can be easily extended by additional high 

orbiting spacecraft, such as navigation satellites or geostationary satellites equipped with inter-

satellite links with ranging capabilities, in order to increase the redundancy and to optimize the 

gravity field retrieval. Satellite gravity field solutions also suffer from imperfect geophysical 

models for de-aliasing atmospheric, oceanic, and tidal signals, representing the main 

contributors in terms of temporal aliasing errors. The dissertation evaluates methods for co-

parameterization of additional gravity field parameters which are able to reduce these errors 

during gravity field processing. Here, the method of co-estimating of short-term low-resolution 

gravity fields together with the nominal gravity field for the reduction of non-tidal aliasing 

errors, already successfully tested at other future mission candidates, turns out to be beneficial 

for the high-low-type concept as well. Furthermore, a method for mitigation of ocean tide errors 
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was developed and is successfully applied for a low-low double pair formation including a polar 

pair of satellites coupled with an inclined pair of satellites. According to this method, current 

ocean tide models can be improved by co-estimating tidal parameters over time spans of at least 

1 year, resulting in reduced tide errors when using the estimated model for de-aliasing.  

 

The performance of a dedicated satellite gravity field mission concept is driven by the error of 

the gravity field retrieval. Next to common analysis techniques for analyzing this error, the 

dissertation evaluates the mission performance over a continuous space-time-accuracy grid 

representing a comprehensive analysis tool. Besides, this method enables the link to science 

objectives describing the science and user needs, typically expressed via a targeted spatial 

resolution, temporal resolution, and accuracy.  

 

This dissertation gives a detailed insight into the matter of future satellite gravity field missions 

from a process engineering and a conceptual perspective. 
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Chapter 1 

 

Introduction 

 

1.1 Motivation 

 

The influence of the gravity field on the Earth’s surface is omnipresent. A caper of a person is 

always ending on the ground caused by the gravitational force of the planet Earth. This force 

depends on the underlying mass, related to the mass density distribution of a dedicated celestial 

body, and the gravity induced impact of other celestial bodies in the immediate vicinity 

including the Sun. Together with the centrifugal acceleration the outcome of this is the 

gravitational acceleration having an average value of 9.81 m/s² or 981 Gal (Tate 1969) on the 

surface of the Earth. Due to the fact that the Earth is not an exact sphere, but has approximately 

the shape of an ellipsoid, which is flattened towards the poles, the gravitational acceleration 

differs from the poles to the equatorial regions by few Gal. The main effect, however, is the 

centrifugal acceleration with a difference of about 3 Gal from equator to the poles. The gravity 

field is strongly dependent on the distribution of the underlying mass and its changes. The latter 

are mainly caused by mass redistribution processes in the atmosphere, the ocean, the continental 

hydrology, the cryosphere and the solid Earth, as well as tidal induced effects due to the 

attractive forces of the Sun and Moon. The Earth’s gravity field and its spatial and temporal 

variations reflect the density structure, mass redistribution, and dynamics of Earth’s surface and 

interior. 

 

With the changing climate the public interest for such geophysical mass change signals has 

risen significantly in the last two decades because they reflect directly and indirectly the 

responses to changes in the global climate system. Early satellite missions, such as Lageos I, 

enabled an initial determination of the gravity field using Satellite Laser Ranging (SLR) 

observations (Lerch et al. 1982). Since the start of the Gravity Recovery and Climate 

Experiment (GRACE, Tapley et al. 2004) mission and the related new measurement technique 

and sensors, gravity field signals became visible with an accuracy that enables the detection of 

their time-varying changes. Especially continental temporal water storage variations, the global 
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redistribution of water masses between land and ocean and the sea level rise are in the focus of 

interest. Further key contributions are signals due to the continuous melting of ice at various 

geographical locations as a response of global warming, including mountain glaciers as well as 

ice sheets in Greenland and Antarctica, and the redistribution of mass in the interior of the Earth 

including effects of post-glacial isostatic rebound. 

 

Temporal satellite gravimetry has revolutionized our understanding of mass transport in the 

Earth system. Apart from GRACE, other satellite missions contributed to it as well 

(cf. Chapter 2). However, the most important contributions to understand climate change have 

been derived from GRACE data, summarized in Tapley et al. (2019). For the continuation of 

having well-founded knowledge about global geophysical processes and to allow the 

assessment and forecasting of important climate trends a follow-on mission of GRACE, Gravity 

Recovery and Climate Experiment Follow-On (GRACE-FO, Flechtner et al. 2019) was 

launched in May 2018. Since this mission is designed to operate for at least five years 

(NASA 2019a), it cannot be considered as long-term mission and causes the need of a repeated 

follow-on mission in the near future. Furthermore, the instrumentation on-board the 

GRACE-FO mission is considered to improve previous gravity field products derived from 

GRACE only to a small extent (Flechtner et al. 2016; see also Chapter 4.2), since the dominating 

error sources in satellite gravity field products are temporal aliasing effects due to 

undersampling of high-frequency mass signals (Flechtner et al. 2016). Instrument errors such 

as from the accelerometers and Global Positioning System (GPS) influence the long wavelength 

part of the gravity field, however, they play only a minor role in the total error budget. New and 

improved sensors, such as laser metrology as an optical ranging system, accelerometry and 

drag-free control are technologies that are already available today. In order to exploit the 

improved instruments capabilities, temporal aliasing effects need to be reduced, which can be 

achieved by appropriate observation geometries applied through dedicated satellite mission 

designs. 

 

The success of previous satellite gravity missions, the associated availability of data and the 

need of understanding the responses of effects due to the changing climate lead to the realization 

that this data is indispensable today. There is a broad consensus in the user community that data 

time series have to be extended over several decades to strengthen the so far derived values of 

climate related trends and variations. Furthermore, the need for sustained observation is always 

related to improved gravity field products (improved spatial resolution, temporal resolution, 
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accuracy) which require improved gravity field measurements. In this context, a future satellite 

gravity field mission can also be considered as Next Generation Gravity Field Mission (NGGM) 

fulfilling the requirements defined by the science and user community. The importance of 

continuing the time series of global mass transport after the end of life of GRACE-FO was 

articulated in the 2017-2027 Decadal Survey for Earth Science and Applications from Space 

(National Academies 2018), where mass change was listed as a Designated Observable, and the 

importance of not only continuing, but also improving measurements of mass change was 

acknowledged in two reports by international panels of scientists representing the main fields 

of application, such as continental hydrology and cryosphere (Pail et al. 2015; IGSWG 2016). 

The main scientific and societal challenges that should be tackled by a future sustained gravity 

observing system are summarized in Figure 1.1. This representation illustrates clearly the 

diversity of the user needs in order to satisfy the requirements of the different applications. For 

instance, certain applications require high temporal sampling (drought monitoring, flood 

potential indicators), while others require lower temporal sampling but higher spatial resolution 

(monitoring changes in ocean transport). However, the simultaneous improvement of the spatial 

and temporal resolution defines the main challenge of a NGGM. This goal can only be realized 

by using more than one pair of satellites. 

 

Next to the number of satellites, a multitude of factors play important roles wrt. a NGGM, such 

as the orbit design (i.e., altitude, inclination) and instrumentation. These aspects define the key 

factors of actual research activities related to a NGGM. Next to questions regarding the 

hardware, aspects of software are of great importance as well, such as the processing of satellite 

gravity field observations including the gravity field parameters to be estimated in order to 

further improve the gravity field solutions, or the application of post-processing methods 

realized by digital filter techniques. Aspects of mission design and data processing are coupled 

with each other to a large extent, so that certain processing techniques can only be applied when 

using a dedicated satellite architecture which is capable to fulfill both issues. 
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Figure 1.1: Main scientific (yellow) and societal (blue) challenges addressed by a future satellite gravity 

formation. (from Pail et al. (2015)). 
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1.2 Structure and objectives 

 

The thesis is of cumulative type, since major parts of the research and of the results have been 

published in articles in peer-reviewed scientific journals. This thesis summarizes and discusses 

the research of all included publications plus additional research which represents a joint 

comparison of the performance of gravity field solutions retrieved by simulations of a multitude 

of different satellite architectures. First author papers are reprinted in the appendix together 

with a declaration of own contribution, since they were conducted with one or more co-authors. 

In total this cumulative dissertation is composed of 4 first author publications P-I to P-IV. 

Figure 1.2 gives a schematic overview of this dissertation including the chapters and 

publications and shows the connection of the different topics treated. 

 

 

Figure 1.2: Schematic structure of this thesis, linking the different topics discussed in the chapters (black 

Arabic numbers) and publications (blue Roman numbers). 
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The research focuses on the reduction of temporal aliasing by using innovative types of satellite 

mission design architectures, on the one hand, and by the application of enhanced processing 

techniques, on the other hand. The tool to evaluate the potential of both methods is the 

performance analysis, which is based on the software that generates the data, and the method 

of visualizing the output. The subject areas are reflected by the different colors, displayed in 

Figure 1.2, and are closely aligned to the research goals that cover the entire scope of the 

dissertation described in the following. 

 

The main purpose of this thesis is the gravity field processing of a series of future gravity 

satellite architectures by means of gravity field mission simulations. During the investigation 

of the performance of future satellite gravity formations, the past and current satellite mission 

architectures of GRACE and GRACE-FO serve as baseline scenarios, as they provided and 

provide the currently best time-varying gravity field products. It is well known that the quality 

of these products suffers on the one hand from the anisotropic error behavior, resulting from 

along-track inter-satellite ranging, and on the other hand from temporal aliasing effects. 

Increasing the quality of the gravity field solution by using different innovative satellite mission 

designs in order to mitigate temporal aliasing effects represents one of the main aspects of this 

thesis. When designing future satellite missions there is always the issue of the simultaneous 

combination of a higher spatial resolution with a higher temporal one. The used future mission 

architectures are based on already well-established mission formation concepts such as the 

Bender formation (Bender et al. 2008), representing a polar pair of satellites coupled with an 

inclined pair, as well as innovative formations, such as the mass variation observing system by 

high-low inter-satellite links (MOBILE, P-III), which was developed in the scope of the 

research work. They enable the application of extended gravity field processing methods, such 

as the co-estimation of additional short-term low-resolution gravity fields or tidal parameters, 

in order to further reduce temporal aliasing effects. This part represents an important research 

topic in this thesis as well, evaluating the applicability of extended processing strategies and 

their results. 

 

On the next two pages all involved publications are listed with title, authors, journal, a short 

summary of the paper’s content, and role in the dissertation. 
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P-I Gravity field recovery in the framework of a Geodesy and Time Reference 

in Space (GETRIS) 

Markus Hauk, Anja Schlicht, Roland Pail, Michael Murböck 

in: Advances in Space Research 

 

The publication focuses on the retrieval of temporal mass variations on Earth 

using an innovative satellite gravity field mission design, embedded in a geodesy 

and time reference in space (GETRIS) configuration, which uses already existing 

space infrastructure in terms of Galileo satellites, and combine them with low 

Earth orbiter (LEO, several hundred kilometers altitude) spacecraft via high-low 

optical two-way links. Based on closed-loop simulations, a multitude of gravity 

field simulations are performed using different satellite formation arrangements, 

where results show a clearly increased isotropic error behavior due to a 

multidirectional observation geometry compared to a single polar pair mission. 

A quantification of the most important error contributors is executed, indicating 

that tidal and non-tidal signals are the major error sources, whereas instrument 

errors play only a minor role. More information and a reprint of the publication 

are found in appendix P.1.   

 

P-II Treatment of ocean tide aliasing in the context of a next generation gravity 

field mission 

Markus Hauk, Roland Pail 

in: Geophysical Journal International 

 

The publication is dedicated to the co-parameterization of ocean tide parameters 

of the eight major tidal constituents over time spans of several years using the 

low-low satellite-to-satellite tracking (ll-SST) method of a dual pair NGGM 

Bender-type mission concept and a single polar pair architecture. By means of 

numerical simulations of two independent software environments, the attempt is 

made to reduce the errors of tide models, since current temporal gravity field 

solutions suffer from imperfect ocean tide models which is one of the most 

limiting factors in determining high-resolution temporal gravity fields. Results 

demonstrate that the double pair formation enables a significant reduction of tide 

model errors, whereas for the single pair formation this is hardly possible. As 

part of a two-step approach, the co-parameterized tide model is used for de-

aliasing during gravity field retrieval in a second iteration, resulting in reduced 

tidal aliasing errors for a NGGM Bender-type formation. For more information, 

it is referred to appendix P.2. 
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P-III                                Gravity Field Recovery Using High-Precision, High-Low  

Inter-Satellite-Links 

Markus Hauk, Roland Pail 

in: Remote Sensing 

 

In this publication the idea of the high-low satellite-to-satellite tracking (hl-SST) 

of P-I is picked up and was transferred to the mission proposal MOBILE. Here, 

Galileo satellites are replaced by medium Earth orbiters (MEOs), and the 

implementation of the inter-satellite-link is done in a more realistic sense (one 

observation per satellite pair instead of two). The impact of instrument errors of 

the main sensors (inter-satellite link and accelerometer) and high-frequency tidal 

and non-tidal gravity signals on achievable performance of the temporal gravity 

field retrieval with respect to a low-low satellite pair configuration is quantified. 

Results derived by numerical simulations show a close-to-isotropic error 

behavior in case of the MOBILE configuration caused by the multidirectional 

observation geometry, and the retrieved gravity field solutions show 

significantly reduced temporal aliasing errors compared to a low-low polar pair 

formation. More information and a reprint of the publication are found in 

appendix P.3.     

 

P-IV                         New Methods for Linking Science Objectives to Remote Sensing  

Observations: A Concept Study Using Single and Dual-Pair Satellite 

Gravimetry Architectures 

Markus Hauk, David Wiese 

in: Earth and Space Science 

 

The publication deals with a new analysis tool, called Space-Time-Accuracy-

Grid (STAG) analysis to simultaneously assess the performance of an observing 

system architecture across space and time. The analysis concept is applied and 

evaluated on three potential future observing systems for Earth system mass 

change: a single pair of polar orbiting satellites, two polar pairs of satellites, and 

a Bender-type formation. The analysis method enables a significantly more 

comprehensive way of quantifying the relative performance of an architecture 

compared to previous studies. Compared to a single polar architecture, results 

demonstrate that the Bender-type concept offers the largest potential of reducing 

temporal aliasing errors, while the double polar pair formation contributes only 

to a small extent to an improved gravity field solution. The results from this case 

study highlight the importance of increasing the isotropy of the observable over 

simply increasing the sampling frequency. Detailed information and a reprint of 

the publication are found in appendix P.4.  
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This thesis is structured as follows: Chapter 2 describes all previous satellite gravity field 

mission concepts including the current mission architecture and gives a comprehensive 

overview about possible future mission formations together with the mission architectures 

investigated in the publications. Chapter 3 contains the theory of the gravitational potential and 

addresses the main part of the adjustment theory, since the simulated gravity field solutions 

represent the result of the adjustment tool implemented in the simulation software. The 

simulation results retrieved by different satellite gravity field mission concepts investigated in 

the publications are evaluated, summarized, and generalized in Chapter 4. Additionally, the 

implementation of the used mission simulators representing the tools for the generation of 

gravity field simulations are described and compared. Chapter 5 illustrates approaches for the 

reduction of temporal aliasing effects, and Chapter 6 describes the main findings and the central 

outcome of the dissertation. 

 

 



 

 

 



 

 

Chapter 2 

 

Previous, current, and future mission concepts 

 

2.1 Previous mission concepts 

 

In order to monitor the Earth’s gravitational field on a global scale and over long time spans, 

satellite missions are indispensable. So far three different satellite gravity field missions have 

been flown, setting up the basis for satellite based gravity field observations which contributed 

significantly to the exploration of the gravity field of the Earth. 

 

The CHAMP mission 

The first satellite mission CHAllenging Minisatellite Payload (CHAMP, Reigber 1995) realized 

by the German Research Center (GeoForschungsZentrum, GFZ) as a primary investigator in 

cooperation with the German Aerospace Center (Deutsches Zentrum für Luft- und Raumfahrt, 

DLR), was launched in 2002 with the goal to globally measure the gravity and the magnetic 

field of the Earth. This could be achieved, on the one hand, with a new generation of GPS 

receivers, enabling a continuous determination of the satellite position and the measurement of 

gravity induced satellite orbit disturbances with GPS-satellites, and with a high-precision three-

axis accelerometer sensing the non-conservative forces acting on the satellite. On the other 

hand, an efficient Fluxgate Magnetometer was used for measuring the components of the 

Earth’s magnetic field in combination with a star camera, which should determine the attitude 

of the measuring equipment in relation to the stars, and an Overhauser Magnetometer serving 

as magnetic reference instrument. Additionally, these sensors could be used for GPS Radio 

Occultation measurements in order to investigate the dynamic of the neutral atmosphere and 

ionosphere. 

 

To ensure sensitivity regarding gravity field signals, satellite vehicles need to fly in a low Earth 

orbit of few hundred kilometers altitude, usually between 300 and 500 km. The higher 

atmospheric air drag at lower altitudes leads to a shorter satellite life cycle, whereas higher 

orbits cause a lower gravity field signal sensitivity (cf. Chapter 3.3). The CHAMP mission 
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started at an altitude of about 450 km and decays to 300 km during its lifetime which was the 

lowest orbit height before the mission ended in September 2010. The near polar orbit of about 

87 degree inclination in combination with the hl-SST GPS observations (see Figure 2.1) enabled 

the estimation of static gravity field models down to a spatial resolution of approximately 

170 km (Weigelt et al. 2013). The observation geometry of the CHAMP mission enabled also 

the determination of the time-varying gravity field, but the accuracy of the CHAMP orbit 

information derived from Global Navigation Satellite System (GNSS) allowed resolving only 

the long wave range of the time-varying gravity field, with spatial scales of about 1000 km at a 

monthly temporal resolution (Baur 2013). The success of the CHAMP mission was the 

precursor for two further satellite missions mainly focusing on the static or the time-varying 

part of the gravity field. 

 

 

Figure 2.1: Satellite-to-Satellite Tracking in high-low mode (hl-SST). 

 

The GRACE mission 

The US-German (National Aeronautics and Space Administration (NASA)/DLR) GRACE 

mission project (Tapley et al. 2004) was designed to measure static mass distribution and mass 

variations of the Earth’s gravitational field with a highly increased accuracy compared to the 

previous CHAMP mission. In order to reach this goal, two identical satellite vehicles were 

equipped with a microwave inter-satellite ranging instrument in K/Ka-band measuring the 

range and especially its change (range-rate) with an accuracy better than 0.1 µm/s between both 

satellites flying in a near-polar orbit (89 degrees inclination) with a separation of about 200 km 

in flight direction (along-track) in ll-SST mode (see Figure 2.2). Similar to CHAMP, both 
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GRACE satellites each have two star cameras and a GPS receiver on board, which enable their 

continuously tracking by the GNSS satellites, and allow a precise orbit determination for the 

two satellites. The acceleration differences between the two spacecraft are measured by a 3-D 

accelerometer placed in the satellite’s center of mass. The mission orbit altitude moved from 

about 500 km after the launch in March 2002 to below 400 km by the end of the mission in 

October 2017. Due to the long mission duration in combination with the instrumentation, the 

K/Ka-band observations are directly sensitive to seasonal and sub-seasonal changes in the 

continental hydrological cycle, ice mass changes in Greenland and Antarctica, sea level rise, 

and the long wavelength ocean circulation. GRACE reached spatial scales of the temporal 

gravity field of about 300 km and below and a temporal resolution of 30 days, 7 days 

(Tapley et al. 2013), and even 1 day solutions using Kalman filter methods 

(Kurtenbach et al. 2009), while the static gravity field is observed down to a resolution of 

approximately 120 km. 

 

 

Figure 2.2: Satellite-to-Satellite Tracking in low-low mode (ll-SST). 

 

The GOCE mission 

The third gravity satellite mission in orbit was the Gravity and Ocean Circulation Explorer 

(GOCE, Drinkwater et al. 2003) representing the first Earth explorer core mission, which is part 

of ESA’s (European Space Agency) Living Planet program (ESA 1999), launched in March 

2009. In contrast to the two other mission concepts, the GOCE satellite orbited in a very low 

Sun-synchronous orbit having an inclination of 96.7 degrees at an altitude of 270 km at the 

beginning of the mission and declined to even 224 km late in the mission in November 2013. 

The reason for that was the ambitious goal to survey the Earth’s static gravity field with a global 
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mean accuracy of 1 mGal (= 10
-5

m/s²) in terms of gravity anomalies at 100 km spatial 

resolution. GOCE employed a drag-free attitude and orbit control system using an ion 

propulsion engine for continuous, closed-loop counteraction of the drag caused by Earth’s 

atmosphere. It was the first mission employing the concept of satellite gravity gradiometry 

(SGG), i.e. the measurement of acceleration differences over short baselines of 0.5 m between 

proof masses of a set of six three-axis accelerometers of an Electrostatic Gravity Gradiometer 

located symmetrically around the satellite’s center of mass. This gradiometer was used to 

measure high-resolution features of the Earth’s gravity field by sensing gravity gradients in all 

directions, while large-scale phenomena in the gravity field are obtained through analysis of 

GOCE’s orbit as measured with a GPS receiver on the satellite (see Figure 2.3). GOCE data 

contributed to the estimation of a high-resolution map of Earth’s gravity field reaching 

accuracies of 1.5 cm in terms of geoid height at a spatial scale of 100 km outside the polar 

regions (Brockmann et al. 2019). 

 

 

Figure 2.3: Satellite Gravity Gradiometry (SGG). 
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2.2 Current satellite gravity field mission 

 

The GRACE Follow-On mission 

The currently flown satellite gravity field mission GRACE-FO is a successor to the GRACE 

mission. Launched in May 2018, GRACE-FO continues measuring the movements of mass 

within and between Earth’s atmosphere, oceans, land and ice sheets, as well as below Earth’s 

surface with two satellites following each other in orbit around the Earth, separated by 220 km. 

Except for minor design updates, the spacecraft are identical in construction to the GRACE 

satellites, but include evolved versions of the GRACE microwave instrument, GPS receiver, 

and accelerometer. Furthermore, the attitude control is based on three star camera heads instead 

of two in the case of GRACE making attitude reconstruction more robust. As secondary 

objective, GRACE-FO carries a laser ranging interferometer (LRI) in order to improve the 

ll-SST measurement performance by two orders of magnitude relative to the K/Ka-band link 

due to the laser’s shorter wavelength and high wavelength stability (Abich et al. 2019). Both 

ranging systems operate in parallel, but the microwave system remains the primary instrument, 

with the laser system acts as a technology demonstrator. The nominal mission lifetime is 

planned with at least 5 years (the nominal mission lifetime for GRACE was given with 5 years 

as well). However, a longer mission operation as it was the case for GRACE is desired, 

especially with regard to continuous gravity field measurements. 

 

The previous satellite gravity field missions as well as the ongoing mission are displayed 

chronologically in Figure 2.4, together with examples of related gravity field products, 

respectively. It is seen that the spatial resolution of the CHAMP related time-variable gravity 

field product is limited by noise due to the restricted capabilities of the GPS high-low 

measurements. The time-variable gravity field products of GRACE and GRACE-FO show 

improved characteristics in terms of accuracy, spatial resolution, and temporal resolution due 

to the additional ll-SST measurement principle. As the main purpose of the GOCE mission was 

the determination of a high resolution static gravity field, there are no time-variable gravity 

field products publicly available from GOCE. Its mission concept does only allow for deriving 

seasonal very long-wavelength time-variable gravity field products at spatial scales down to 

1.500 km from GPS-derived orbit perturbations and common-mode accelerometer observations 

(Visser et al. 2014). 
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Figure 2.4: Chronological representation of satellite gravity field missions from top left to bottom left: 

CHAMP (picture taken from DLR (2019)), GRACE (picture taken from NASA (2019b)), GOCE 

(picture taken from GFZ (2019a)) and GRACE-FO (picture taken from GFZ (2019b)). The related 

gravity field products are displayed from top right to bottom right: ULux_CHAMP2013s_2004_01.gfc 

resolved up to degree and order 60 (Weigelt et al. 2013), ITSG_Grace2018_n60_2004-01.gfc resolved 

up to degree and order 60 (Mayer-Gürr et al. 2018), GO_CONS_GCF_2_TIM_R6.gfc resolved up to 

degree and order 300 (Zingerle et al. 2019), and GSM-2_2018295-

2018313_GRFO_GFZOP_BB01_0600 resolved up to degree and order 60 (Dahle et al. 2019a). 
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2.3 Concepts of future missions 

 

Increasing the spatial resolution of a satellite gravity field solution goes at the expense of a 

lower temporal resolution. According to Reubelt et al. (2010), this relationship can be expressed 

by the Heisenberg-rule of spatio-temporal sampling of a LEO spacecraft, given by 

 

 Sspace ∙ Stime = 2πTrev = const, (2.1)

 

where Sspace describes the spatial sampling, Stime the temporal sampling and Trev is the 

revolution period of the satellite. Thus, the only possibility to improve both is the use of multiple 

satellite formations. 

 

In the literature, a multitude of different future mission concepts has been investigated 

intensively during the last 15 years, with the focus on achieving satellite missions that have 

higher spatial and temporal resolution with a higher accuracy for mapping the different signals 

related to the Earth’s gravity field than with the preceding missions. Most of the concepts mimic 

the basic measurement system of GRACE and GRACE-FO using GNSS hl-SST position 

observations combined with ll-SST ranging observations. In the following section the 

promising future mission architectures are summarized and additional formations presented in 

the publications P-I and P-III are added. In order to get a better overview, the different concepts 

are visualized in Figure 2.5. Additionally, Figure 2.6 shows the satellite’s orbit displayed in 

terms of Keplerian elements in order to distinguish and to retrace the orbital geometry of certain 

mission architectures in a more comprehensive way which is described in the following. 

 

GRACE-type formation  

The GRACE and GRACE-FO missions are based on a mission architecture consisting of one 

near-polar pair in a simple collinear satellite configuration (Figure 2.5 (a)) and are considered 

as a reference configuration in this study. The main observable is closely related to the 

difference of the first derivatives of the gravitational potential between the two satellites. The 

observation geometry of this formation is sensitive mainly in along-track direction, while it 

carries only very small radial and cross-track information of the gravitational forces, leading to 

the well-known error effects expressed in terms of longitudinal stripes due to temporal aliasing. 

As already stated in Chapter 1, this fact cannot be reduced by state-of-the-art sensors either, 

such as on-board the GRACE-FO mission, because the dominating error signals are caused by 



18    2 Previous, current and future mission concepts  

 

 

temporal aliasing errors due to undersampling of high-frequency geophysical signals. However, 

the success of GRACE and GRACE-FO, the years of experience in building and operating such 

a mission, and the experience in handling with gravity field data as well as the cost issue as the 

main driver are arguments for a repeat GRACE-type following mission. 

 

Pendulum-type formations  

Improvements in sensitivity and isotropy with respect to the gravity field signals can be 

achieved by an alternative future mission formation, the so-called Pendulum configuration 

(Figure 2.5 (b)), proposed by the DLR for the TerraSAR-L mission (Zink et al. 2003). The 

observation geometry of this concept is composed by a minimum configuration consisting of 

two satellites orbiting in two near-polar orbits that are shifted by the angle of right ascension of 

ascending node (RAAN). Thus, the cross-track sensitivity is improved, which is maximum at 

the equator where the distance between both spacecraft is greatest, and minimum sensitivity 

exists at the poles with minimum distance, where only along-track information is retrieved. 

Furthermore, the inter-satellite-distance changes with the time, thus containing a varying cross-

track component (between pole and equator). The mission architecture can also be changed in 

such a way that next to the shift of the orbital plane, the mean anomaly M differs between both 

orbits leading to a cross-along-track geometry. This type of Pendulum formation is shown in 

Figure 2.5 (b). Simulation studies and performance analysis regarding the Pendulum 

configuration and its various versions can be found in Sharifi et al. (2007), Elsaka (2010), 

Reubelt et al. (2011), Elsaka et al. (2012), Panet et al. (2012), Iran Pour et al. (2013), Murböck 

et al. (2013), Elsaka (2014), Elsaka et al. (2014), Reubelt et al. (2014), and in NGGM-D Team 

(2014). They all demonstrate that Pendulum-type formations lead to a significant reduction of 

temporal aliasing errors compared to a GRACE-type formation. In 2010 the mission proposal 

‘e.motion – Earth System Mass Transport Mission’ (Panet et al. 2012) was submitted in 

response to ESA’s Earth Explorer 8 call which is based on the Pendulum concept. 

 

The Pendulum formation can be extended by adding a third satellite forming a formation that 

consists of a GRACE-type leader follower formation and a satellite with different angles of 

RAAN with respect to the twin-satellites (Figure 2.5 (c)). This architecture is of the type 

GRACE-Pendulum (GRAPEN, Elsaka 2014) joining along-track observations of GRACE-type 

with cross-track ones of Pendulum-type. With this configuration, again the maximum cross-

track sensitivity takes place at the equator where the distance is greatest, and the minimum 

distance is reached at the poles where the cross-track sensitivity is smallest. Since this mission 
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architecture is composed of three spacecraft, two ranging links are assumed with at least one 

moving ranging telescope on one satellite in order to enable permanent ranging observations. 

The combination of permanent available along-track and cross-track information helps to 

further mitigate the temporal aliasing issue. 

 

It is to mention that the establishment of two ranging links on one spacecraft leads to an extreme 

challenge in terms of technical feasibility as well as economic aspects. Other technological 

constraints affecting Pendulum-type configurations arise due to the relative motion of satellites, 

which imposes strong demands in formation control, ranging instruments and active satellite 

tracking. The main constraints concerning state-of-the-art technology imposed by the relative 

motion of satellites are: the maximum range-rate should be kept within ± 20 m/s 

(NGGM-D Team 2014), and the line-of-sight (LoS) angle between the two satellites should be 

kept within ± 30° in yaw-/pitch-direction (Reubelt et al. 2014). A LoS angle larger than ± 30° 

would lead to larger range-rates, whereby the first constraint cannot be fulfilled anymore. These 

constraints are valid for all satellite gravity field architectures working with heterodyne laser 

ranging systems such as implemented on GRACE-FO (Sheard et al. 2012). Especially the 

relative motion of satellites makes a realization of the Pendulum concept as future mission very 

challenging. 

 

Wheel-type formations  

A further future mission architecture is represented by the so-called Cartwheel formation. It 

was first discussed in Massonnet (1998) as an interferometric formation of microsatellites for 

passive radar interferometry. The configuration of the Cartwheel concept consists of at least 

two satellites (see Figure 2.5 (d)) measuring both, the along-track and radial components of 

relative motion. The reason on focusing on the radial component is that measurements in the 

along-track direction are less sensitive overall and less isotropic than measurements in the radial 

direction (Rummel et al. 2002). According to Wiese et al. (2009), the basic concept assumes 

each of the satellites to be in individual elliptic orbits about the Earth with the idea of a moving 

geometric center of the satellite cluster in a circular orbit. The orbits of the individual satellites 

appear to be elliptical with a relation of 2:1 when orbiting the geometric center of the system 

with a period equal to the orbital period of the geometric center of the satellites cluster. This 

configuration enables a combination of along-track and radial observations at the majority of 

the time. The maximum cross-track sensitivity is reached when one spacecraft is at the apogee 

of its orbit, while the second one is at the perigee of its orbit. The maximum along-track 
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sensitivity is reached when both satellites are located in-line having a position directly half of 

the way between apogee and perigee, respectively. The design of the (radial) Cartwheel concept 

is realized by setting all Keplerian elements of each satellite equal to each other except for the 

argument of perigee ω and mean anomaly M. These arguments differ by 180° from their partner 

satellite.  

 

A variation of the Cartwheel formation described above is the so-called LISA (Laser 

Interferometer Space Antenna, Hughes 2002) configuration (Elsaka et al. 2012). By using a 

different RAAN angle additionally to the differential orbital elements ∆ω and ∆M, it combines 

observations not only in along-track and radial direction but also in cross-track direction leading 

to a further reduction of temporal aliasing effects. Both, Cartwheel and LISA architectures are 

based on elliptic orbits (nominally, the LISA formation performs a circular orbit, but due to the 

perigee drift induced by the Earth’s flattening the motion deforms to an ellipse), whereby the 

LoS angle between two satellites exceeds the postulated limits of the relative motion of satellites 

which additionally leads to the miss of the constraint of the maximum range-rate. Therefore, 

one of the LISA formation satellites can be shifted out of the relative ellipse by a certain distance 

in along-track, which leads to a so-called trailing Cartwheel/LISA concept also referred as Helix 

(Elsaka et al. 2014) due to its characteristic relative motion. However, this goes at the costs of 

isotropy since the observations are now dominated by the along-track component. 

 

In the literature, extended wheel-type formations exist as well forming a three-, four- or six-

satellite configuration in order to increase the redundancy, which results in an improved spatial 

and temporal gravity field resolution. Simulation studies examining several types of the 

Cartwheel concept were performed in Sharifi et al. (2007), Sneeuw et al. (2008), Wiese et al. 

(2009), Elsaka (2010), Reubelt et al. (2011), Elsaka et al. (2012), Iran Pour et al. (2013), Elsaka 

(2014), Elsaka et al. (2014), and in Reubelt et al. (2014). The simulation results demonstrate 

that the wheel-type formations contribute to an elimination of longitudinal striping due to its 

radial observation component (and cross-track component in case of LISA/Helix formation) 

which leads to a lower and more isotropic error spectrum than that of collinear formations. 

 

Despite these facts, a realization of wheel-type architectures is quite demanding due to the 

relative motion of satellites which implies the fulfillment of the constraints mentioned above 

and a moving pointing mechanism for the ranging observations. Furthermore, the wheel-type 

formation has a constantly changing cross-sectional area of the spacecraft, thus increasing 
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demands on the propulsion system if flown drag-free. Regarding a realization of a NGGM, 

these facts push the Cartwheel architecture into the background. 

 

Multi-GRACE-type formations  

The success of the GRACE-type collinear mission architecture and the fact that the constraints 

regarding technology and formation are fulfilled by this concept led to proposals of multi-

GRACE-type formations. One mission candidate is the so-called Bender formation first 

proposed by Bender et al. (2008). The concept consists of two collinear pairs of satellites, one 

pair in a polar orbit and the other pair in an inclined orbit ensuring a ground track pattern where 

the two pairs of satellites cross each other at constant lines of latitude (see Figure 2.5 (e)). 

According to Wiese et al. (2012) and NGGM-D Team (2014), the optimal value for the orbital 

inclination is between 70° and 75°, in dependence of the repeat period and the altitude of the 

satellite orbit. The inclusion of the inclined pair leads to an improvement of sensitivity in east-

west or cross-track direction wrt. the gravity field variations compared to a single GRACE-type 

architecture. By taking non-isotropic measurements in two different directions respectively, the 

isotropy of the system is increased after combination of both parts. The Bender configuration 

promises significant improvement regarding the spatio-temporal sampling of gravity field 

signals and offers substantial reduction of temporal aliasing effects compared to a single 

GRACE-type mission. This has been demonstrated in several studies such as in Bender et al. 

(2008), Elsaka (2010), Visser et al. (2010), Anselmi (2010), Wiese et al. (2011a, b), Wiese et 

al. (2012), Iran Pour (2013), Elsaka (2014), Elsaka et al. (2014), Reubelt et al. (2014), NGGM-

D Team (2014), Iran Pour et al. (2015), Daras & Pail (2017), Pail et al. (2018), Pail et al. 

(2019a), and in P-IV). In many of these studies it is also proven that the dual-pair Bender-type 

formation provides similar or even improved gravity field error performance compared to other 

future mission candidates like Pendulum-type or the wheel-type formations. This is one of the 

main reasons why the Bender architecture is considered as a good compromise between mission 

feasibility from a technical point of view and potential improvement of the quality of gravity 

field retrieval, and represents the most likely future mission to be accomplished. In 2016, the 

Bender-type formation was proposed as ESA Earth Explorer 9 mission in terms of e.motion² 

(NGGM-D Team 2014). 

 

However, due to the success of the GRACE and GRACE-FO mission the most obvious future 

mission architecture includes a simple extension of the GRACE-type formation by adding a 

second polar satellite pair (see Figure 2.5 (f)). According to Wiese at al. (2011b), the best quality 
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gravity solutions for this architecture are reached when shifting the RAAN of the second pair 

by 180° plus the distance it takes for the satellites to complete one-half of a revolution around 

the Earth. This ensures that the second pair will cross the equator in the same location as the 

first pair of satellites did approximately one-half of a revolution later in time. Due to the fact 

that both satellite pairs fly in a polar orbit, all observations are predominantly in along-track 

direction and cause the known aliasing effects in terms of longitudinal striping. Thus, the dual-

polar pair formation shows similar observation geometry as the single-pair architecture and 

leads only to a slightly improved spatio-temporal gravity field retrieval mainly enabled by a 

larger redundancy. Simulation studies concerning the dual-GRACE-type formation can be 

found in Elsaka (2010), Wiese et al. (2011b), and in P-IV. Despite the fact that this mission 

architecture fulfills all technological as well as orbit formation constraints and can count on the 

experience of the previous GRACE and ongoing GRACE-FO mission, the cost-benefit ratio of 

a dual-polar pair formation would be insufficient compared to another future double pair 

architecture, such as the Bender configuration, due to the significantly worse gravity field 

retrieval performance. 

 

High-Low-type formations  

A new generation of future mission architectures has formed during the last years which is 

originated in using already existing spacecraft infrastructure located in Medium Earth Orbits 

(MEO, defined between 2.000 km – 35.000 km altitude) coupled with minimum one LEO 

satellite in a polar orbit (see Figure 2.5 (g)). The idea to use high orbiting satellites is based on 

the one hand, on saving costs when using a dedicated number of existing space infrastructures, 

such as navigation satellites equipped with an optical link to enable ranging observations, and 

on the other hand on enabling a longer mission lifetime, since for MEOs atmospheric drag is 

not a relevant factor anymore. Furthermore, according to Rummel et al. (2002), and from 

several wheel-type mission simulations it is known that observations in radial direction 

contribute to a more isotropic gravity field retrieval. This type of observation component 

represents the main observable within a (very) high-low ranging geometry. 

 

The original mission architecture is based on the so-called ‘Geodesy and Time Reference in 

Space’ (GETRIS) infrastructure studied in Schäfer et al. (2013). The GETRIS concept aims at 

a combination of clock synchronization, data transfer, and ranging which can be achieved with 

the same link simultaneously. The link is a highly accurate optical two-way inter-satellite link, 

and besides Synthetic Aperture Radar (SAR) measurements or altimetry it could also be used 
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for gravimetry. The GETRIS architecture assumes geostationary satellites as basis of its 

infrastructure, but for gravity field measurements it turned out, that navigation satellites such 

as from the European Union Global Navigation Satellite System (Galileo) equipped with inter-

satellite-links could be beneficial. In P-I several types of high-low formations consisting of 

Galileo and LEO satellites are studied in terms of simulations with respect to the potential and 

the quality of the gravity field retrieval demonstrating reduced temporal aliasing effects due to 

the multi-directional observation geometry compared to a GRACE-type formation. However, 

the observation geometry includes some technological challenges primarily due to the large 

distance between MEOs and LEOs, the relative motion of satellites, and due to the fact that a 

permanent inter-satellite-link between a dedicated MEO and LEO pair is not possible 

(differential relative motion of the spacecraft leads to situations where the Earth is between a 

MEO-LEO pair). 

 

Especially technological constraints regarding the inter-satellite-link as well as the fact that it 

is planned to equip Galileo satellites of future generations with inter-satellite links, but currently 

not being determined which type of link will be realized (optical or microwave, whereby the 

latter does not allow sensitive gravity field observations with 1 µm ranging accuracy over large 

distances) led to a slightly different development of this mission architecture. According to this, 

Galileo satellites are replaced by spacecraft operating in polar orbits of about 10.000 km altitude 

while Galileo spacecraft fly in 56° inclined orbits at an altitude of about 23.100 km, in order to 

be independent from the satellite navigation system. This future mission concept is called 

MOBILE and was proposed in 2018 in response to the ESA call for a Core Mission in the frame 

of Earth Explorer 10. In the course of that a laser ranging concept was elaborated, which is 

different to the usual ll-SST method, the laser ranging interferometer is placed at the LEO 

satellite, while the MEOs are equipped with passive reflectors or transponders. The MOBILE 

concept is evaluated in P-III and in Pail et al. (2019b) and shows similar results as obtained for 

Galileo-LEO formations due to the multidirectional observation geometry. 

 

Nonetheless, the large distance between MEOs and LEOs represents the major constraint 

regarding the technological feasibility of establishing a ranging link with high ranging accuracy 

and leads to the situation of a very challenging technical realization. In this context it is to 

mention that the inter-satellite distance for GRACE-type missions is kept below 250 km since 

a larger distance will cause problems for laser technology (e.g. pointing issues, signal strength, 

noise) such as used in GRACE-FO, although the gravity field sensitivity is higher for larger 
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SST distances especially at long wavelengths (Reubelt et al. 2011). The SST distance is also an 

important constraint for the other possible ll-SST based future mission concepts discussed 

above especially due to the relative motion of satellites. 

 

Further Concepts  

The advancing technology such as a cheaper and faster construction of a series of identical 

satellites, new and small sensors suitable for operating in space, such as star trackers, Sun 

sensors, gyroscopes (NASA 2018), opto-mechanical accelerometers (Guzmán et al. 2014), or 

micro-accelerometers based on micro electromechanical system technology 

(MEMS, Liu & Pike 2016), and the use of innovative rockets (i.e. SpaceX, Seedhouse 2013), 

which can simplify the launch of satellites and can reduce launch costs at the same time, lead 

to further future mission approaches. As an example, mission concepts can include an ensemble 

of small satellites consisting of dozens of individuals (Figure 2.5 (h)) equipped with a minimum 

of necessary miniaturized sensors of the latest technology in order to perform sensitive gravity 

field observations. This concept can also include reaction wheels powered by electricity from 

solar panels for performing maneuvers instead of using thrusters which can reduce the use of 

necessary fuel to a minimum and simultaneously increases the mission life-time. The small size 

and the low weight (few kilograms) would allow a cost-efficient launch due to the reduction of 

fuel and the fact that more spacecraft can be launched at the same time. In this way additional 

spacecraft can be launched easily after the initial launch and can replace erroneous satellites in 

order to maintain the mission, or additional spacecraft can be added to the existent formation at 

any time in order to extend the architecture and to improve existent gravity field products. 

However, in order to provide gravity field products at the same level as derived from the 

GRACE-FO mission or better, it is indispensable to equip the satellites with a ranging 

measurement system which is as least as good as the K/Ka-band instrument on GRACE-FO. 

The necessity of different types of sensors, the miniaturization and their power supply due to 

the small surface of the spacecraft covered by solar panels are main challenges for realizing 

such an architecture. 
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Figure 2.5: NGGM architectures. GRACE-type formation (a), Pendulum-type formations (b, c), Wheel-

type formation (d), Multi-GRACE-type formations (e, f), High-low-type formation (g), and Multi-mini-

satellite formation (h). 

 

 

 

 

 

 

 

 

 

 

 



26    2 Previous, current and future mission concepts  

 

 

 

 

Figure 2.6: Representation of a satellite orbit with Keplerian elements i (inclination), Ω (RAAN), ω 

(argument of perigee), and ν (true anomaly). Note that for circular orbits (eccentricity e = 0) ω is not 

defined and ν is equal to the mean anomaly M. Thus, for circular orbits, the satellite’s position on its 

orbital plane can be defined by the argument of latitude u which is the sum of ν and ω. 

 

 



 

 

Chapter 3 

 

Theory 

 

3.1 Spherical harmonic expression of the Earth’s gravitational field 

 

The gravity field of the Earth is defined by the gravitational potential V, which can be 

formulated as an integral over the entire Earth (Heiskanen & Moritz 1967) 

 

 V = G � dM

l
,

Earth

 (3.1)

 

where G is the Newtonian constant of gravitation given by 6.674∙10
-11

m3kg
-1

s-2 

(Mohr et al. 2012), dM is denoted as mass element, and l is the distance between dM and the 

attracted point. The potential of gravity W is the sum of the gravitational potential V and the 

centrifugal potential Z, given by (Torge 2003) 

 

 W = V + Z, (3.2)

 

with 

 

 Z = 
1

2
ω²p²cos²φ, (3.3)

 

where the angular velocity of the Earth’s rotation is ω = 7.292115∙10
-5

rad s-1, p the orthogonal 

distance between the Earth’s rotational axis and the attracted point, and φ is the geocentric 

latitude. The acceleration due to gravity g follows as the gradient of the potential of gravity W 

(Torge 2003): 

 

 g = ∇W. (3.4)
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The Earth’s oblateness at the poles and the centrifugal acceleration cause a dependency of the 

gravity acceleration on the geographical latitude. The gravity acceleration changes from 

9.83 ms-2 at the poles to 9.78 ms-2 at the equator. 

 

Due to the fact that the density distribution of the Earth is not known sufficiently, V cannot be 

calculated from Eq. (3.1) directly. However, in outer space the gravitational potential V 

represents a solution of Laplace’s equation (Heiskanen & Moritz 1967) 

 

 ∆V = 0, (3.5)

 

with ∆V describing the sum of second derivatives of V being zero outside the attracting masses. 

This solution is derived by expansion of the reciprocal distance 1 / l of Eq. (3.1) which can be 

expressed with Legendre polynomials Pn( cos ψ) of degree n with the central angle ψ between 

dM and the attracted point leading to (Torge 2003) 

 

 

1

l
 = 

1

R
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r
	n + 1

Pn
cos ψ)∞

n = 0

. (3.6)

 

The introduction of the unit sphere and the decomposition of Pn( cos ψ) lead to the addition 

theorem of the spherical harmonic (SH) functions which enables the expression of the Legendre 

polynomials in terms of geocentric spherical coordinates r (radius vector), θ (polar distance or 

co-latitude), and λ (longitude). The associated Legendre polynomials of the first kind 

Pnm( cos θ) with n being the SH degree and m being the SH order are derived by order m 

derivatives of Pn( cos ψ) wrt. cos θ. The underlying functions are denoted as Laplace’s Spherical 

Harmonic functions Ynm
C (θ, λ) and Ynm

S (θ, λ) and describe the behavior of the expanded function 

1 / l on the unit sphere. In the case that degree and order (d/o) are not equal they feature 

relationships of orthogonality, where the integral from the products of two different functions 

over the unit sphere is equal to zero and are given by (Torge 2003) 

 

 Ynm
C 
θ, λ) = Pnm
cos θ) cos mλ ,  and  Ynm

S 
θ, λ) = Pnm
cos θ) sin mλ . (3.7)

 

The application of the SH expansion to Eq. (3.1) leads to the representation of V in terms of a 

series of SH as function of spherical coordinates (Heiskanen & Moritz 1967): 
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 V
r, θ, λ) = 
GM

R
� �R

r
	n + 1 � Pnm
cos θ)�C�nm cos mλ + Snm sin mλ�n

m = 0

∞

n = 0

, (3.8)

 

with 

 (r, θ, λ)  the spherical coordinates, 

 GM   the product of gravitational constant and the Earth’s mass, 

 R   the Earth’s equatorial radius, 

 
n, m)   the SH degree and order, 

 Pnm
cos θ)  the fully normalized associated Legendre functions, and 

 (C�nm, Snm)  the fully normalized SH coefficients. 

 

The fully normalized Legendre polynomials Pnm are derived from the Legendre polynomials 

Pnm by (Heiskanen & Moritz 1967) 

 

 Pnm = �k(2n + 1)

n � m)!
n + m)!

Pnm   with   k = �1 for m = 0
2 for m ≠ 0 . (3.9)

 

The fully normalized SH coefficients C�nm and Snm are derived from the SH coefficients Cnm 

and Snm by (Heiskanen & Moritz 1967) 

 

 �C�nm

Snm

�  = � 
n + m)!

k(2n + 1)(n � m)!
�Cnm

Snm
�   with   k = �1 for m = 0

2 for m ≠ 0 . (3.10)

 

The moon, the sun and to a small extent also the other celestial bodies cause a potential on the 

Earth that is changing over time with invariant spatial patterns. The resulting effects affect the 

solid Earth, but predominantly the oceans. Due to ocean mass changes, deformations of the sea 

floor and the coastal land areas are induced and lead to changes in the gravitational potential V 

of the Earth. The adoption from the Earth’s gravitational potential to the ocean tide potential is 

described in P-II (Appendix A). 
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3.2 Geometrical and physical interpretation of the spherical 

harmonics 

 

Eq. (3.8) is a specific solution of the Laplace’s differential equation (Eq. (3.5)) in terms of the 

gravitational potential in a SH series expansion, which is valid for the space outside the Earth. 

The solution corresponds to a spectral segmentation of the gravity field where the coefficients 

of the series expansion denote the amplitudes of the spectral parts, respectively. The 

dimensionless SH coefficients (due to the introduction of GM and R into the formulation) 

represent mass integrals and weight the SH base functions. Thereby, they show the individual 

contribution of a dedicated wavelength to the total potential. The following applies: the higher 

the SH degree, the shorter the wavelength of the corresponding gravity field signal (see also 

Eq. (3.16)). 

 

From a geometrical point of view, the SH coefficients can be divided into zonal, tesseral and 

sectorial harmonics. Zonal harmonics with order equal to zero (m = 0) show bands of latitude 

and are invariant to longitude, whereas the sectorial harmonics with degree and order being 

equal (m = n) show bands of longitude and do not depend on latitude. All remaining harmonics 

are called tesseral harmonics (m ≠ 0) and (m ≠ n) and are longitude as well as latitude 

dependent. 

 

A relatively simple physical interpretation is possible for SH coefficients of lower SH degrees, 

e.g. C10, C11, S11 representing the coordinates of the center of mass. Those three first-degree 

coefficients will be equal to zero if the origin of the used coordinate system coincides with the 

geocenter. Another interesting term is C20 being an indicator for the oblateness of the Earth. It 

is also denoted as dynamic form factor and is given by −C20 = J2 = 1082.63∙10
-6

 (Torge 2003). 

Further smaller contributions to the ellipsoidal shape of the Earth can be derived by even higher 

zonal coefficients, especially n = 4 and n = 6. 

 

For detailed information regarding the geometrical and physical interpretation of the spherical 

harmonics it is referred to Torge (2003). 
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3.3 The gravitational potential and its derivatives 

 

Due to the SH expansion, the volume integral in Eq. (3.1) is transformed into an infinite series 

given by Eq. (3.8). SH coefficients of higher degrees and orders correspond to a higher 

resolution of the representation of the gravity field. For r > R, the term 
R / r)n+1 represents a 

low-pass operator in the spectral domain where amplitudes related to higher frequencies (SH 

degrees n) of the gravity field are damped. In order to work against this effect, the derivative 

of the gravitational potential can be formed acting as a high-pass filter by linearly increasing 

the amplitudes of the high frequencies. This is the main reason for observing higher derivatives 

of the potential from the satellite’s point of view. 

 

The determination of the gravity field is based on measurements which might be processed to 

obtain derivatives of the gravity potential W. Using the GRACE mission as an example, by 

means of highly precise position measurements and the resulting distance changes, a 

relationship to the acceleration differences between both satellites can be established (see 

Chapter 4.1.2). In this case, the accelerations describe the first derivative of the gravity potential 

W. However, the interesting measure is the unknown part of the gravity field, called disturbing 

potential T, derived by the difference of the gravity potential W and the normal potential U 

(Hofmann-Wellenhof & Moritz 2005) 

 

 T = W −  U, (3.11)

 

with 

 

 U
r , θ, λ) = U
r, θ) = GM

R
� �R

r
	n + 1

Pn0
cos θ) cn0 + 1

2
ω²r² sin

2
θ ∞

n = 0(2)

. (3.12)

 

Here, only even zonal harmonics cn0 occur because the normal potential is based on the 

approximation of the Earth as rotational ellipsoid. Similar to the gravity potential, it is 

composed of a gravitational and a centrifugal part, at which the latter is assumed to disappear 

in the difference due to the well-known angular velocity of the Earth. From Eq. (3.11) follows 

the expression 
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 T
r, θ, λ) = GM

R
� �R

r
	n + 1 � Pnm
cos θ)[∆C�nm cos mλ +∆Snm sin mλ ]

n

m = 0
∞

n = 0 , (3.13)

 

with ∆C�nm = C�nm − cn0 and ∆Snm = Snm as the differences of the geopotential coefficients to the 

reference normal potential coefficients. If these coefficients are known, the disturbing potential 

of the Earth can be calculated explicitly. This process is also known as spherical harmonic 

synthesis. However, the determination of the gravity field by satellites describes the opposite 

way, measuring indirectly derivatives of the gravity potential W, in order to identify the SH 

coefficients from the observables.  

 

Time-variable gravity field estimates from GRACE and GRACE-FO usually do not contain an 

estimate for C00 and degree 1 terms. According to Wahr et al. (1998), the C00 term is related to 

the total mass of the Earth which is assumed to be constant. Consequently, no ∆C00 occurs in 

the context of analyzing GRACE or GRACE-FO time series and the term vanishes. Since both 

missions are, because of their configuration, not able to observe the degree 1 terms they are by 

definition set to 0 (which implies the center of the reference frame of the mission being in the 

Earth’s center of mass) and are therefore constant, not telling anything regarding geocenter 

motion. Therefore, for performance analysis, the minimum degree is usually set equal to 2 in 

this thesis. 

 

From Eq. (3.13) partial derivatives with respect to the spherical coordinates can be formed. In 

the following, the first two order derivatives with respect to the satellite’s radius vector r are 

stated. They are given by: 

 

 

∂T

∂r
 = GM

R
� �− n + 1

r
	 �R

r
	n + 1 � Pnm
cos θ)[∆C�nmcos mλ + ∆Snmsin mλ]

n

m = 0
∞

n = 0 , (3.14)

 

and 

 

 

∂²T

∂²r
 = 

GM

R
� �(n + 1)(n + 2)

r²
	 �R

r
	n + 1 � Pnm
cos θ)[∆C�nmcos mλ+∆Snmsin mλ]

n

m = 0
∞

n = 0 . (3.15)

 

The first-order derivative is denoted as gravity disturbance and corresponds to the quantity of 

acceleration (m/s²). It represents the disturbing accelerations acting on the satellite due to the 
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gravity field and causes a disturbed satellite orbit which can be measured by certain observation 

concepts explained in Chapter 2. The second-order derivative describes the gravity gradient and 

represents the curvature of the Earth’s gravity field (Rummel et al. 2002). In this case Eq. (3.15) 

corresponds to the radial component of the gravitational gradient and depicts the third main 

diagonal component of the gradient tensor, measured by the gradiometer (Drinkwater et al. 

2007). The physical unit is 1/s², but in general the unit E (Eötvos) is used, with 1 E = 10
-9

s-2. 

The terms −
n + 1)/r and (n + 1) (n + 2)/r2 represent filter factors in the spectral domain and 

lead to a gain of the signal content included in the SH coefficients of medium and higher degrees 

compared to harmonics of lower degrees. Simultaneously, the factors 1/r and 1/r2 cause an 

exponential decrease of the higher degrees and are the stronger effect compared to every 

derivative hence. Nevertheless, this damping effect can be compensated up to dedicated 

maximum SH degrees n by measurements of higher order derivatives of the gravity potential. 

The so-called Meissl-Rummel scheme (Fig. 3.1) gives a basic overview regarding the discussed 

relations. 

 

 

Figure 3.1: Meissl-Rummel scheme (from Rummel et al. 2002). 

 

Looking at the scheme from bottom to top, the quantity to be measured is damped with 

increasing satellite orbit altitude and higher SH degrees n for all three cases. On the other side 

the derivatives lead to a gain in sensitivity for the higher degrees when looking at the scheme 

from left to the right. Consequently, satellite gravity mission architectures should operate in a 

reasonably low orbit and perform measurements at least based on gravity disturbances, in order 
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to create the possibility of a high resolution gravity field determination from a theoretical point 

of view. 

 

In general, the summations at Eqs. (3.12-3.15) can be computed up to an infinite degree n = n∞, 

but in reality the gravity field cannot be estimated with unlimited spatial resolution and 

therefore, has to be truncated to a certain degree. The maximum degree n = nmax relates to the 

spatial resolution at the Earth surface as (Gruber 2000) 

 

 λmin[km] ≈ 20.000 km/nmax, (3.16)

 

where λmin is the minimum wavelength of the gravity field features that are resolved by the 

(nmax+1)² parameters of the SH coefficients C�nm, Snm. 

 

 

3.4 Power spectrum 

 

In this thesis, the following quantities listed below represent one of the main tools in order to 

analyze and quantify the performance of the derived gravity field parameters as a relation 

between signal and error amplitudes. 

 

One of the most used quantity is the SH degree root mean square (RMS) value. It represents 

the mean amplitude per degree and per coefficient, evaluated as 

 

 RMSn = � 1

2n + 1 � �C�nm

2  + Snm

2 �n

m = 0 . (3.17)

 

Analogously, error information can be derived by the accuracy of the estimated gravity field 

coefficients {σC�,nm, σS,nm} with 

 

 σn = � 1

2n + 1 � �σ
C�nm

2  +  σ
Snm

2 �n

m = 0 . (3.18)

 

The evaluation of gravity field parameters as a function of the SH order can be done by means 

of SH order amplitudes computed by 
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 Amp
m

 = � � �C�nm

2
 + Snm

2 �nmax

n = m

. (3.19)

 

Each of these measures can be expressed in terms of geoid heights N by applying, in spherical 

approximation, the Earth’s equatorial radius R. The geoid height N (also known as geoid 

undulation) is defined as the distance between the geoid, which describes an equipotential 

surface that coincides (approximately) with the mean sea level and the respective reference 

ellipsoid. According to the Bruns formula (Heiskanen & Moritz 1967), N can be derived by the 

disturbing potential T and the normal gravity γ at the geoid (which can be approximated by 

GM/R2 with a relative accuracy of 0.3%) with 

 

 N = 
T

γ
 . (3.20)

 

Differences in the geoid heights are completely determined by the residuals or changes of the 

gravitational potential ∆V
R, θ, λ) due to the fact that the normal potential U does not change, 

by definition. This leads to the representation of residuals or changes in geoid heights as a series 

of spherical harmonics (Wahr et al. 1998): 

 

 ∆N(θ, λ) = R � � Pnm
cos θ)[∆C�nm cos mλ  + ∆Snm sin mλ ]

n

m = 0

nmax

n = nmin

. (3.21)

 

Another common unit to express quantities of the derived gravity field parameters is the 

equivalent water height (EWH). It denotes the height of a mass-equivalent column of water per 

unit area, based on the assumption that mass variations occur in a region very close to the 

Earth’s surface, approximated by the surface density. The relation between surface mass density 

coefficients and the gravitational potential coefficients is given by (Wahr et al. 1998): 

 

 �ΔC�nm

ΔSnm

�
EWH

 = ρ
ave

(2n + 1)

3ρ
w

(1 + kn)
 �ΔC�nm

ΔSnm

� , (3.22)

 

with ρ
ave

 being the average density of the Earth (5517 kg/m3), ρ
w

 is the density of water 

(1000 kg/m3), and kn the degree dependent load Love numbers (Farrell 1972). With Eq. (3.22) 

variations in surface mass density ∆EWH(θ, λ) can be expressed as 
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 ∆EWH(θ, λ) = 
R ρ

ave

3ρ
w

� 2n + 1
1 + kn

� Pnm
cos θ)[∆C�nm cos mλ + ∆Snm sin mλ�n
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 (3.23)

 

Analogously to Eq. (3.17), the signal degree RMS can be defined in terms of EWH 

 

 RMS(EWH)
n
 = 

R ρ
ave

(2n + 1)

3ρ
w

(1 + kn)
∙RMSn. (3.24)

 

The corresponding error degree RMS can be expressed similarly by replacing RMSn with σn. 

Usually, the performance of the different mission architectures presented in this thesis is 

investigated in terms of residuals or gravity field retrieval errors which represent the difference 

between the gravity field model derived by simulated satellite observations and one or more 

reference gravity field models. Hence, the coefficients of Eq. (3.17) and Eq. (3.19) should be 

replaced by the differences of coefficients between the dedicated models. 

 

 

3.5 Least squares adjustment 

 

The parameterization and the estimation of the gravity field parameters define the core elements 

of both simulation architectures described in Chapter 4.1.1 and 4.1.2. Although they are partly 

different from each other, the method of estimation remains the same. A comprehensive 

compendium regarding estimation theory can be found in e.g. Koch (1987) or Niemeier (2008). 

 

The goal is the determination of SH coefficients C�nm and Snm (gravity field parameters to be 

estimated x�) up to a maximum SH degree nmax from gravitational observations l that need to be 

functions of the gravitational potential V. Usually, the system is overdetermined so that the 

number of observations j is greater than the number of parameters to be estimated u. The 

parameter estimation is based on a functional model and a stochastic model. The functional 

model can be written generally with 

 

 l + v� = f (x�), (3.25)

 

giving the relation between x� and l�, where the latter is defined by 

 

 l� = l + v�, (3.26)
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where the hat marks an estimated quantity and v� denotes the a posteriori residuals. 

 

The type of the satellite gravity observations depends on the observation method which is based 

on the SST method in this thesis (cf. Chapter 2.1). This type of observation is implemented 

differently in both simulation architectures and therefore, the corresponding measures and 

functional models differ from each other. A detailed description of the respective functional 

models can be found in Chapter 4.1. 

 

The solution of the overdetermined equation system is computed via least squares method 

which is explained in the following. Eq. (3.25) can be reformulated in matrix notation with 

 

 l + v� = Ax�, (3.27)

 

where A denotes the design matrix containing the partial derivatives ∂f(x)/∂x wrt. the unknown 

parameters to be estimated. The expectation value of v� is assumed to be zero, i.e. E�v�  = 0. In 

the sense of least squares, the a posteriori residuals should fulfill the minimum requirement 

v�T
Pv�→min in the L2-norm (Gauss-Markov model), with P as the weighting matrix for the 

observations representing the stochastic model. P can be also written as the inverse of the 

variance covariance matrix of the observations Q
ll
 (P = Q

ll

-1
). This matrix contains information 

regarding the correlation among observations (off-diagonal elements) and their accuracy 

(diagonal elements). Hence, minimizing v�T
Pv� a best linear unbiased estimate of x� is given by 

 

 x� = !A
T
PA"�1

A
T
Pl . (3.28)

 

A
T
PA is also known as normal equation matrix N, whose inverse is the a priori variance 

covariance matrix of the parameters to be estimated 

 

 Q
x�x�  = N�1 =  !A

T
PA"�1. (3.29)

 

The residuals read 

 

 v� = Ax� − l, (3.30)

 

and the unit weight variance is 
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 σ�0
2
  =  

v�T
Pv�

j − u
. (3.31)

 

The difference between the number of observations j and the number of unknown parameters 

to be estimated u is called redundancy and needs to be at least 0 to allow for unambiguously 

solving the equation system. The unit weight variance σ�0
2
 can then be used to derive the a 

posteriori variance covariance matrices of the unknowns Σ#x�x�, of the residuals Σ#v�v� and of the 

observations Σ#l�l� with 

 

 

Σ#x�x�  = σ�0
2
Q

x�x�  = σ�0
2
 !A

T
PA"�1

 

Σ#v�v�  = σ�0
2
Q

v�v�  = σ�0
2!Q

l�l� − AQ
x�x�A

T" 

Σ#l�l� = σ�0
2
Q

l�l� = σ�0
2
AQ

x�x�A
T. (3.32)

 

So far it has been assumed that only one set of uncorrelated observations is introduced into the 

system. Having more than one set of uncorrelated observations, e.g. l1 and l2, the unknown 

parameters x� are estimated as a combination at normal equation level with the corresponding 

design and weighting matrices, evaluating 

 

 x� = !A1
T
P1A1+A2

T
P2A2"�1!A1

T
P1l1+A2

T
P2l2". (3.33)

 

Adjustments can also be executed iteratively due to the fact that Q
ll
 is not known in many cases. 

It is then approximated in an iterative procedure analyzing the a posteriori residuals v�. The 

observations used in the simulation environments are synthetic observations and the 

assumptions for the accuracy of the observations are known. Therefore, iterations are omitted. 

However, the accuracy of the observations in this thesis depends of the performance of the 

instruments on-board the satellites and is introduced in terms of mathematical models which 

describe the behavior of the sensors in the frequency domain. Due to variations of the accuracy 

with changing frequency, the modelling of Q
ll
 is not trivial. An alternative approach to model 

the a priori variance covariance matrix of the observations or the inverse of it as weighting 

matrix P is the use of auto-regressive moving-average (ARMA) filters (Schuh 1996; 

Siemes 2008). This technique is applied in both simulation environments and is explained in 

detail in Chapter 4. 
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The theory presented in this chapter defines the basis for the computation of the gravity field of 

the Earth when using satellite gravity field measurements. The following chapter (Chapter 4.1) 

describes the implementation of these basics in the software tools used for gravity field 

simulations. 

 



 

 

 

 



 

 

Chapter 4 

 

Evaluation of satellite gravity field mission 

concepts 

 

This Chapter analyses and evaluates a large part of the satellite gravity field mission 

architectures introduced in Chapter 2. The different mission concepts investigated are related 

to the architectures treated in the publications which are fully included in Appendix A. The 

focus is set on a joint comparison of dedicated mission architectures in order to get a 

comprehensive impression of the related performances. For this task, a series of gravity field 

simulations were executed using the two available mission simulation software tools. All 

simulations were computed at the Linux cluster of the supercomputing center of the Leibniz-

Rechenzentrum (LRZ) located in Garching, Germany. For a better understanding of the 

simulated gravity field solutions, both software environments are described in detail in the 

following sub-Chapters and the main differences among them are summarized in Table 4.1. 

 

In this context it is important to mention that all gravity field solutions generated in this thesis 

are part of a synthetic simulation world. In such an environment the truth is perfectly known 

and therefore, the effect of any data set, instrument noise assumption or processing strategy is 

directly reflected by deviation of the final result from the input data. This allows the separate 

study of all error contributors to the total error budget, as it was done in publications P-I and 

P-III. All simulations were performed as realistically as possible in dependency of the dedicated 

simulation software by using static and time-varying background gravity field models, as well 

as instrument noise assumptions which are known from real satellite gravity field missions or 

are based on case studies executed by industry. 
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4.1 Simulation environments 

4.1.1 Reduced-scale closed-loop simulation environment 

 

The first of two simulation approaches used in this thesis is the so-called reduced-scale 

simulation software (RSS) describing a numerical linear closed-loop approach (Murböck et al. 

2013; Murböck 2015; P-I; P-II), which is based on the ‘acceleration approach’ introduced by 

Rummel (1979). A schematic overview is given in Figure 4.1 illustrating all major steps carried 

out in order to derive a final gravity field estimate from the input datasets. 

 

Satellite orbits 

In this simulation environment satellite orbit positions serve only for geolocation of the satellite 

gravity field observations and are not introduced as observations into the observation vector of 

the equation system, but they need to be existent for the whole simulation time span. The 

generation of the satellite orbits is not part of the RSS. Therefore, orbits need to be computed 

externally. A simple method is to compute orbits analytically by nominal Keplerian elements, 

as it was done in P-I. If no circular orbits are assumed, they are approximated by only taking 

into account the effects of the zonal coefficients of SH degree 0 and 2 if . Further, the satellite 

orbits are computed as repeat orbits having certain repeat cycles, after which the satellites reach 

the same position on Earth again. The repeat orbit parameters are computed analytically after 

Vallado (2013). For a detailed description of how to approximate analytic satellite orbits for 

RSS environment, it is referred to Murböck (2015, p. 10-14). In this context it should be noted 

that repeat orbits are used in both simulation architectures due to a resulting stable ground track 

pattern and related stable quality of the gravity field solution. Furthermore, it is assumed that 

the spacecraft fly in circular orbits implicating that relative changes in the distance between a 

satellite pair are minimized. However, in reality orbits of LEOs are usually eccentric due to the 

Earth’s oblateness. 

 

Another, more realistic method to generate satellite orbits for simulation purposes is to integrate 

orbits numerically, resulting in ‘dynamic’ orbits which are part of the simulation procedure in 

the second simulation environment called full-scale simulation software (FSS, see Chapter 

4.1.2). In general, integrated dynamic orbits can be introduced into the RSS environment as 

well. Due to comparison purposes between RSS and FSS derived solutions, integrated orbits 

were used in P-II and to generate the results presented in this Chapter as well. 

  



4 Evaluation of satellite gravity field mission concepts 43 

 

 

Observation equations 

The satellite gravity field observations in the RSS are computed in terms of intersatellite 

gravitational acceleration differences in LoS direction which corresponds to the orientation of 

the difference vector between the position vectors of a satellite pair. Since accelerations are a 

direct functional of the gravitational potential, the observation equations are linear. This is the 

largest difference compared to the FSS. It leads to a numerically efficiently exploitation of the 

observation equations and avoids the need of a priori models for linearization in the frame of 

the gravity field adjustment. According to Murböck (2015), the functional model for the 

application of the SST principle in the estimation process is given by 

 

 l�SST = 〈∆agrav, ∆r0〉. (4.1)

 

Here, l�SST are the gravity field observations calculated from differential ∆ gravitational 

accelerations agrav experienced by two spacecraft caused by the gravitational potential V, and 

∆r0 is the unit vector spanned between a satellite pair. 

 

Next to the gravitational accelerations caused by the body of the Earth, also non-gravitational 

forces anon-grav, e.g. atmospheric drag or solar radiation pressure, act on the satellites. In order 

to derive the total contribution to the LoS acceleration differences ∆atotal, represented by the 

measurements of the ranging instrument (microwave or laser), the non-gravitational part has to 

be subtracted, i.e. 

 

 l�SST = 〈∆atotal, ∆r0〉 − 〈∆anon-grav, ∆r0〉. (4.2)

 

Typically, the non-gravitational accelerations are measured by the accelerometers on board 

each spacecraft. It is assumed that the non-gravitational part is already subtracted from the total 

accelerations, according to the stochastic error assumptions of the instruments in the 

simulations. An exception are the Galileo satellites as part of the hl-SST concept, presented in 

P-I, realized by long distance laser links. As it is not planned in future, in our simulations these 

spacecraft are not equipped with accelerometers. Due to the large distances of the Galileo 

satellites to the Earth’s surface (>23.000 km), atmospheric drag can be neglected, but disturbing 

accelerations due to solar radiation pressure play a much more important role compared to LEO 

satellites. Therefore, the impact of the solar radiation pressure was modelled and introduced in 

terms of noise time series being part of the stochastic noise contributions into the simulation 

procedure of the RSS (cf. Figure 4.1).  
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According to Rummel (1979), the total accelerations atotal contain not only a range dependent 

term ρ& , but also a term depending on the velocity differences between the two satellites (fraction 

on the right side of the equation), as Eq. (4.3) shows 

 

 〈∆atotal, ∆r0〉 = ρ&  + ρ' 2 + ‖∆r'‖2

ρ
. (4.3)

 

This so-called velocity term is neglected in this simulation environment and represents a major 

simplification according to Rummel (1979). Simulations performed by Murböck (2015) 

showed that the total error is dominated by the range dependent part ρ&  which is highly correlated 

to the noise assumptions of the ranging instrument. 

 

Deterministic noise contribution 

The deterministic noise contribution, which is regarded as errors in de-aliasing products in this 

thesis, plays a key role in the simulation environment, since the performance of time-varying 

satellite gravity field solutions is dominated by temporal aliasing effects due to undersampling 

of high-frequency signals. Typically, de-aliasing models are used to reduce these effects as 

good as possible and to set the focus on dedicated geophysical signals (see Chapter 5.2). 

 

The satellite gravity field observations are computed from static gravity field as well as tidal 

and non-tidal background gravity field models for each epoch up to a maximum d/o by spherical 

harmonic synthesis. The static and non-tidal gravity-related models are parameterized as 

coefficients of a SH series expansion. Ocean tide errors are introduced in terms of differences 

between two different tide models, assuming that they are representative for the ocean tide 

model errors. The difference model contains the eight major tidal constituents and is typically 

available in terms of prograde and retrograde amplitudes and phases which are converted into 

SH coefficients by relations stated in P-II. The non-tidal temporal variations contain 

atmospheric (A), oceanic (O), hydrological (H), ice (I) and solid Earth (S) mass variations with 

a six hourly resolution, linearly interpolated to the epochs. 

 

Stochastic noise contribution 

The LoS observations lSST generated in this way are then complemented by noise time series ε 

containing generally frequency dependent information. The time series can be derived either, 

from analytical noise models describing the behavior of a dedicated instrument in the frequency 

domain (cf. P-II, Eqs. (1-8); P-III, Eqs. (1-5); P-IV, Eqs. (1-5)), or from a known noise behavior 
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approximated by digital filter techniques (cf. P-I, Figure 2). The former is realized by scaling 

the spectrum of normally distributed random time series with their individual spectral model, 

while the second method uses the digital filter coefficients of the generated filters. 

 

Due to the fact that the RSS software works with differential accelerations along the LoS, the 

noise contributions of sensors which are sensitive to three dimensions, e.g. accelerometer or 

star camera, have to be projected onto the LoS for each satellite pair. Therefore, the noise time 

series (one-dimensional) introduced into the simulation procedure contains the noise 

contributions of all instruments considered. For this purpose, unit vectors e z, e y, e x are 

computed for every epoch t for one satellite of a dedicated satellite pair based on the orbit 

position and velocity vectors given in an Earth-fixed reference frame j with 

 

 e z = r(t)*r(t)* ,  e y = r(t) × r'(t)*r(t) × r'(t)* ,  e x = e y× e z. (4.4)

 

The unit vectors are used in order to set up the rotation matrix R in the satellite’s own local 

reference frame i originated at the satellite’s center of mass, where e x coincides with the 

velocity vector of the satellite and points towards the along-track direction, e y being the normal 

axis to the orbital plane and points towards the cross-track axis, and e z describing the 

component pointing in radial direction away from the satellite’s body. It reads 

 

 Ri
j = +R11 R12 R13

R21 R22 R23

R31 R32 R33

,  = 
e x e y e z). (4.5)

 

This matrix is used to compute the orientation angles α, β and γ in the local reference frame 

with 

 

 α = arctan �R11

R12

	  = yaw,  β = arcsin (-R13) = pitch,   γ = arctan �R33

R23

	  = roll, (4.6)

 

using the rotation sequence Ri
j = R3(α)R2(β)R1(γ), given by 

 

 Ri
j
 = + cos β cos α cos β sin α −sin β

sin β sin γ cos α − sin α cos γ sin β sin γ sin α + cos α cos γ cos β sin γ

sin β cos γ cos α + sin α sin γ sin β cos γ sin α − cos α sin γ cos β cos γ

,, (4.7)
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with the three elementary Euler’s rotation matrices (here written for the angle δ) 

 

 R1 = +1 0 0

0 cos δ sin δ

0 −sin δ cos δ

, , R2 = +cos δ 0 −sin δ

0 1 0

sin δ 0 cos δ

, , R3 = + cos δ sin δ 0−sin δ cos δ 0

0 0 1

,. (4.8)

 

The angles can be considered as observations from the on-board star sensors. If errors of the 

star camera are known, they can be added to the orientation angles with 

 

 α- = α + εstar, α,   β. = β + εstar, β,  γ- = γ + εstar, γ. (4.9)

 

Based on the noisy rotation angles, from Eq. (4.7) a new rotation matrix R/ can be formulated, 

which is further used to rotate the error assumptions for the accelerometer ε
acc

i  given in the 

satellite’s own local reference frame into the Earth-fixed frame, considering a possible coupling 

effect between star camera and accelerometer. It reads 

 

 ε
star+acc

j  =  R/i

j ∙ ε
acc

i . (4.10)

 

It is to mention that a possible coupling between remaining non-gravitational accelerations 

(signal which is measured by the accelerometer but cannot be compensated by the drag 

compensation system, also be referred to as ‘residual drag’) and star tracker errors is not 

considered in RSS simulations presented in Chapter 4.2 and 5 and in P-I. A possibility to 

consider this effect is described in P-II, section 2.3.  

 

The noise time series are then projected on the LoS based on the the orbit positions of a satellite 

pair (satellite A and satellite B) used within the simulation procedure evaluating 

 

 εstar+acc, LoS = 0ε
star+acc

, 1 r
B

(t) − r
A

(t)2r
B

(t) − r
A

(t)2
2

34. (4.11)

 

In the last step the error assumptions of the ranging instrument εranging,LoS (expressed in terms 

of accelerations) are added to the time series resulting in the total noise contribution to be used 

in the simulations εtotal,LoS with 

 

 εtotal, LoS = εstar+acc, LoS + εranging, LoS. (4.12)
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Stochastic modelling 

In the RSS environment the stochastic model is derived by approximating the total noise 

contribution time series by digital filter models. They are determined empirically by generating 

a combination of cascading Butterworth ARMA filter models of different order in the spectral 

domain (cf. P-I, Figure 2; P-II, Figure 1). Filter coefficients are chosen in such a way that the 

absolute frequency response of the filter approximates the inverse of the amplitude spectrum of 

the noise. Instead of modelling the weighting matrix P, the observations lSST and the columns 

of the design matrix A are filtered by the digital filter model represented by filter coefficients 

ck and dk (Siemes 2008). According to Schuh (1996), filter coefficients can be applied to a 

series of numbers x[q] with q = {1, 2, ...q} resulting in the filtered series  

 

 x�q� = 1

c0

1� dkx[q − k]

Kd

k = 0 − � ckx

Kc

k = 1 [q − k]3. (4.13)

 

The filtered output value x of an epoch q is derived by Kd + 1 values of the input signal of the 

past and present, multiplied with the coefficients dk, and Kc values of the filtered signal of the 

past, multiplied with the coefficients ck. The number of the filter coefficients Kc and Kd 

describes the filter order and defines the type of the filter. If Kc = 0 and Kd > 0, it is a moving 

average filter, if Kd = 0 and Kc > 0, it is an auto regressive filter, and if Kc > 0 and Kd > 0, it is 

an ARMA filter. 

 

The filtering can also be represented by the multiplication by a triangular matrix F. Eq. (3.30) 

can then be evaluated as 

 

 Fv� = FAx� − Fl, (4.14)

 

and F is chosen in such a way that FTF approximates P. It follows for Eq. (3.28) 

 

 x� = !A
T
FTFA"�1

A
T
FTFl . (4.15)
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Residual gravity field parameters 

Normal equations (NEQs) in the RSS simulation environment are set up in parallel for a 

dedicated number of epochs and are summed up in the end wrt. the time span of satellite gravity 

field retrieval. Finally, the gravity field parameters are estimated in terms of SH coefficients 

C�nm and Snm in the sense of least squares. As already stated in Chapter 3.5, an iterative 

adjustment of parameters is omitted due to reasons of linearity and known error assumptions of 

the observations. 

 

In order to evaluate the quality of a simulated time-varying satellite gravity field solution, the 

estimated values need to be investigated in terms of residuals, or gravity field retrieval errors ∆C�nm and ∆Snm (see also Chapter 3.3). The generation of the differential gravity field solution 

is not part of the RSS processing and is evaluated externally by subtracting the input gravity 

field models (static field and mean non-tidal time-varying field with respect to the dedicated 

simulation time span). For the ocean tides this step is not necessary as they are already 

introduced in terms of differences. 
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Figure 4.1: Gravity field simulation flow chart of the RSS. 

 

 

4.1.2 Full-scale closed-loop simulation environment 

 

The second simulation approach used in this thesis is the so-called full-scale simulation 

software (FSS, Daras et al. 2015; Daras 2016). The software has already been successfully 

applied in real data applications to recover satellite-only gravitational field models from GOCE 

data (Yi 2012). In contrast to the RSS, the FSS offers a more realistic simulation environment 

where products from real observations, such as GPS kinematic satellite orbits and inter-satellite 

ranges, are generated in a simulated sense. Since these types of observations are not direct 

functionals of the gravitational potential, linearization of the observation equations is required. 
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A schematic overview is given in Figure 4.2, illustrating the main components of the simulation 

environment in order to derive gravity field solutions from the input datasets. 

 

Dynamic orbit generation 

Within the FSS environment, satellite orbit positions and velocities serve as quantities for the 

computation of GPS hl-SST observations in three directions as well as for the computation of 

inter-satellite ranges or range-rates representing the ll-SST observations. For this purpose, 

satellite orbits need to have an appropriate accuracy, especially for mission architectures 

dealing with ranging instruments of very high accuracy (e.g. nanometer) such as the laser 

interferometer. The high accuracy required for the computation of satellite orbits can be 

achieved by means of numerical integration methods for the solution of the equation of motion 

(Montenbruck & Gill 2000). 

 

The derived ‘dynamic’ satellite orbits are the result of the numerical orbit integration method 

applied, which is of the type ‘multistep’ using a modified divided difference from the Adams 

Predict-Evaluate-Correct-Evaluate formulas and extrapolation according to Shampine and 

Gordon (1975). Starting with a set of initial state vectors, position and velocity vectors of the 

satellite are computed at every subsequent epoch t using gravity field force models (static and 

time-varying gravity fields) which allow for continuous computation of the satellite’s state 

vector. The initial state vector defines a solution of the satellite’s equation of motion at an initial 

epoch t0 which is often written as (Mayer-Gürr 2006) 

 

 r&(t) = f(t0, r, r'), (4.16)

 

where f denotes a force function with respect to a unit mass and r& being the acceleration vector 

of the satellite. The equation reveals its non-linearity where the specific force, especially the 

gravitational field, depends non-linearly on the satellite’s position. 

 

The integration method estimates the order and the step size at every epoch in order to control 

the local error per unit step in a generalized sense. The accuracy of the integrated orbits reaches 

values of up to 10-8 m in an absolute and 10-15 m in a relative sense when applying standard 

double precision processing. Typically, real kinematic satellite orbits have an error of about 1-

3 cm. The impact of this error is taken into account by propagating 1 cm white noise of the orbit 

positions of each satellite. The output of the orbit integration are then ‘true’ dynamic orbits. 

However, in order to ensure the high accuracy of the ranging and range-rate observations, 
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dynamic orbits are computed which are free of positioning errors. Furthermore, error free 

dynamic orbits serve as computational points for the ‘reference’ observations (geolocation) and 

serve for the generation of the hl-SST and ll-SST ‘reference’ values as part of the linearization 

process. 

 

The numerical integration of the equations of motion is performed in the Celestial Reference 

Frame. It has its origin at the center of mass of the Earth, with the X-axis pointing towards the 

vernal equinox (on the line where the equatorial and the ecliptic plane intersect), the Z-axis is 

identical to the position of the angular momentum axis at the reference epoch J2000.0, and the 

Y-axis is orthogonal to the X-axis and the Z-axis in such a way that it completes a right-handed 

system. 

 

Observation equations 

The simulation environment is based on the short arc approach (Mayer-Gürr 2006), which is a 

modification of the integral equation approach from Schneider (1969), where the orbit is 

divided into continuous short arcs. According to this approach, the gravity field coefficients are 

parameterized together with the boundary point values of each arc. The continuity of the orbit 

is guaranteed by setting up the position vectors at the node points as unknown parameters and 

estimating them together with the gravity field model. The functional model follows the typical 

formulation used for ll-SST missions like GRACE which comprises a hl-SST and a ll-SST 

component. 

 

Eq. (4.16) can be expressed in terms of position differences between two satellites flying 

between the boundary points A and B of a short arc. Due to the known boundary points, the 

equation can be defined as differential equation under boundary conditions. According to 

Mayer-Gürr (2006), the solution of this equation can be written as 

 

 r12(τ) = rA
12(1 − τ) + rB

12τ − T2 5 k(τ, τ')f
12

(r(τ'))dτ'

1

0

, (4.17)

 

where rA/B
12  denotes the position differences between the two satellites for each boundary point 

A and B, T = tB − tA the time period of the arc passage, and τ = (t − tA)/T is the normalized 

time. The very right part of Eq. (4.17) describes the form of a Fredholm integral of a second 

kind (Mayer-Gürr 2006) with the continuous kernel function k (Schneider 1969) 
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 k(τ, τ') = �τ'(1 − τ) for τ ≤ τ'

τ(1 − τ') for τ' > τ , (4.18)

 

and the difference of the sum of the specific forces f
12

 acting on the two satellites. The velocity 

differences can be derived by differentiating Eq. (4.17) 

 

 r'12(τ) = 1

T
(rB

12 − rA
12) − T 5 ∂k(τ, τ')

∂τ
f
12

(r(τ'))dτ'

1

0

. (4.19)

 

Eq. (4.17) and Eq. (4.19) can be used for the computation of the reference values for the hl-SST 

part of the observation system. In order to derive the reference values for the ll-SST part, Eq. 

(4.17) and Eq. (4.19) are projected onto the LoS of the two satellites using the unit vector at the 

LoS direction which is computed from the position vectors of the simulated error free dynamic 

orbits. This leads to the computation of the inter-satellite range 

 

 ρ(τ) = r12(τ)∙ ; r12(τ)‖r12(τ)‖< , (4.20)

 

and to the computation of the inter-satellite range-rate 

 

 ρ' (τ) = r'12(τ)∙ ; r12(τ)‖r12(τ)‖<. (4.21)

 

 

Formulation of the functional model 

The functional model for the equations of motion (Eq. (4.17)) is not linear. Typically, a solution 

for this problem is to expand the function f into a Taylor series and neglect the higher order 

terms. The vector of observations l ̅then reads 

 

 l ̅= l0 + ∂f(x, y�)

∂x >
x0

(x − x0) +... , (4.22)

 

where x are the unknown parameters to be estimated, y are the parameters that cannot be derived 

by the observations, but they influence them nevertheless (e.g. high-frequency mass changes 

due to the atmosphere), and l0 is the vector derived from the a priori values of the unknown 

parameters 
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 l0 = f!x0, y
0
". (4.23)

 

In this context, the vector of the reduced observations or vector of the pre-fit residuals l can be 

computed as the difference between the vector of the effective observations, called ‘true’ 

observations, and the vector of a priori values called ‘reference’ observations 

 

 l = l ̅ − l0. (4.24)

 

Analogously, the solution vector x containing the corrections to the a priori parameters can be 

written as 

 

 x = x − x0, (4.25)

 

and the design matrix A, which contains the partial derivatives of the model function with 

respect to the unknown parameters, evaluating 

 

 A = ∂f(x, y�)

∂x >
x0

. (4.26)

 

According to Eq. (4.24), the reduced observation vectors for the high-low SST and the low-low 

SST part are derived by 

 

 lr = r ̅12 − r0
12, (4.27)

 

 lρ = ρ − ρ
0
. (4.28)

 

The true observations of the hl-SST part r ̅12 are derived from the erroneous dynamic orbits, 

while the true ll-SST observations ρ are computed from the error free dynamic orbits in order 

to maintain the required accuracy for ll-SST observations. The reference parameters r0
12 and ρ

0
 

are computed by 

 

 r0
12 = Bb0 − Kf0

12
, (4.29)

 

 ρ
0
 = R0Bb0 − R0Kf0

12
, (4.30)

 

with f0
12

 being the vector of the reference values for the differences of the specific forces acting 

on the two satellites estimated by the use of reference background gravity field models, b0 
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containing the reference values for the boundary points rA
12 and rB

12, R0 being the matrix that 

contains the reference values for the unit vectors at the LoS direction which are estimated from 

the simulated error free dynamic orbits, B being the matrix with the normalized time values, 

and K being the integration kernel matrix which has the following form: 

 

 K = − T2 5 k(τ, τ') ∙ dτ'

1

0

. (4.31)

 

The linearized functional model in terms of Gauss-Markov for the hl-SST part is written as 

 

 lr = Bb + KGx� + e, (4.32)

 

with b being the vector of unknown boundary values, x� being the vector of the unknown gravity 

field parameters to be estimated, e denoting random errors, and G being the matrix with the 

partial derivatives of the specific forces wrt. the gravity field coefficients. As the FSS software 

is based on the short-arc approach that ensures the continuity of the orbit, the short arcs are 

connected to each other inside the total simulation time span (e.g. 1 month) by setting up a 

special condition which demands the end of one arc to have the same position as the beginning 

of its consecutive. For this purpose, the matrix B and the vector b are introduced into the NEQ 

system. 

 

Together with the integration kernel matrix K, the design matrix A is derived by A = KG. 

 

The system is complemented by the linear model for the ll-SST part, evaluating 

 

 lρ = RBb + RKGx� + e, (4.33)

 

with the matrix R containing the unit vectors at the LoS direction. If range-rates ρ'  are used as 

observables for the ll-SST part, the matrices K and B in Eqs. (4.30) and (4.33) are substituted 

by their time derivatives K'  and B' , respectively. 
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Stochastic modelling in the FSS 

The introduction of the instrument performance into the simulation process is based on 

analytical noise models, in general. Similar to the procedure in the RSS, noise time series of 

each error source can be generated by scaling the spectrum of a normally distributed random 

time series according to the corresponding spectral model. In contrast to the RSS environment, 

where the noise contributions of the different sensors are introduced in terms of a combined 

time series, the FSS software enables a separate consideration of the sensor error assumptions 

due to the non-linear functional model and the individual handling of hl-SST and ll-SST 

observables. 

 

The noise contribution of the accelerometer is introduced in terms of accelerations for all three 

axes for each satellite separately by adding the time series to the modeled specific forces f which 

are then integrated in a next step (Eq. (4.17) and Eq. (4.19)). Similar to the stochastic modelling 

in the RSS, the influence of residual drag (see Chapter 4.1.1, stochastic noise contribution) is 

not included in the results presented in Chapter 4.2 and 5 as well as in P-III and P-IV. However, 

residual non-gravitational accelerations can be added to the modeled specific forces f 

simultaneously with the noise of the accelerometer. This was done in P-II. Errors from the star 

sensors are considered in terms of quaternion time series and are added epoch-wise to the 

transformation matrix of the satellite’s local reference frame (cf. Chapter 4.1.1) to the Celestial 

Reference Frame. The error assumptions of the ranging instrument are generated in terms of 

ranges or range-rates and are directly propagated to the solution through addition to the vector 

of the simulated reduced ll-SST observations lρ or lρ' . 
 

The setup of the stochastic model is based on the same principle as it is done in the RSS. 

However, the design matrix and the vector of observations is not filtered column by column, 

but filter coefficient matrices C and D are arranged from filter coefficients ck and dk in such a 

way that they form a lower triangular filter matrix F with Toeplitz structure by (cf. Siemes 2008, 

p. 19) 

 

 F = C�1
∙ D, (4.34)

 

wherein 
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 C = 
⎣⎢⎢
⎢⎢⎢
⎢⎡ 1 0 ⋯ 0 ⋯ 0 0

-c1 1 ⋱ ⋮ ⋮ ⋮⋮ ⋱ ⋱ 0 ⋯ 0 0

-cKc
⋯ -c1 1 ⋱ ⋮ ⋮

0 ⋱ ⋱ ⋱ 0 0⋮ ⋱ -cKc
⋯ -c1 1 0

0 ⋯ 0 -cKc
⋯ -c1 1⎦⎥⎥

⎥⎥⎥
⎥⎤

 and D = 
⎣⎢⎢
⎢⎢⎢
⎡ d0 0 ⋯ 0 ⋯ 0⋮ ⋱ ⋱ ⋮ ⋮
dKd

⋯ d0 0 ⋯ 0

0 ⋱ ⋱ ⋱ ⋮⋮ ⋱ dKd
⋯ d0 0

0 ⋯ 0 dKd
⋯ d0⎦⎥⎥

⎥⎥⎥
⎤
 . (4.35)

 

The weighting matrix P can then be derived by 

 

 P = FT∙ F. (4.36)

 

Hence, the matrix P is setup explicitly within the FSS software, whereas in the RSS 

environment digital filters are applied directly to the columns of the design matrix A and to the 

vector of observations. 

 

Due to numerical effects in the very long wavelength spectrum of the gravity field caused by 

linearization, the approximation of the different sensor noise contributions with digital filter 

models is not based directly on the analytical noise assumptions as it is done in the RSS 

software, but on the computed reduced observations, or pre-fit residuals, where only the 

difference of the static gravity field is included as well as the sensor noise. Therefore, for a 

dedicated mission architecture, a separate simulation is performed in advance, where the error 

sources from the sensors are considered exclusively and dominate the pre-fit residuals. As these 

residuals reflect the instrument noise assumptions, they serve as basis for the design of the 

digital filter models in the spectral domain. 

 

It is to mention that only instrument noise is included in the stochastic model as this error source 

is really stochastic. Errors due to mismodeling of background models, designed to de-alias 

atmospheric, oceanic and tidal signals (cf. Chapter 5.2), are deterministic errors and are not 

considered in the stochastic model. 

 

Solution of the NEQ system 

The NEQs are set up arc-wise for both observables separately for each satellite pair by means 

of parallel processing and are stored on a daily basis. Before solving the NEQ system, the NEQs 

related to the two observables are summed up and combined for all satellite pairs. For the sake 

of efficiency, the boundary values to be estimated are pre-eliminated from the NEQ system at 

daily basis after accumulation of the NEQs. The dimension of the NEQ system is then reduced 
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significantly, resulting in a more rapid inversion of the final normal matrix when solving for 

the gravity field parameters. This is especially true when applying the extended processing 

method proposed by Wiese et al. (2011b), where low resolution gravity fields are co-

parameterized at short time intervals (e.g. 1 day) to reduce temporal aliasing errors. In this case 

low resolution gravity field parameters to be estimated are pre-eliminated as well, which can 

be retrieved by means of back-substitution after solving the NEQ system for the long-term 

gravity field parameters (Daras 2016, p.38). In the last step, the daily NEQs are combined 

related to the time span of gravity field retrieval, and the system is solved through Cholesky 

decomposition. 

 

Due to linearization measures, the ‘reference’ values derived from the ‘reference’ gravity field 

models have to be added to the estimated gravity field parameters C�nm and Snm. Practically, this 

step is omitted due to the fact that the performance of a satellite gravity field mission 

architecture is evaluated by gravity field retrieval errors which are already existing for the most 

part within the estimated gravity field parameters (e.g. static gravity field errors or ocean tide 

errors). Depending on the application, the non-linear observation equations enable the 

introduction of a non-tidal ‘reference’ gravity field model in terms of a de-aliasing model. If no 

model is used, differential gravity field coefficients are derived by the subtraction of the average 

of the ‘true’ non-tidal input model, e.g. the AOHIS model, wrt. the dedicated simulation time 

span from the estimated gravity field parameters. If a de-aliasing model is used, such as the AO 

de-aliasing model (AOD, Dobslaw et al. 2017), the estimated gravity field parameters are 

dominated by HIS signals and AO error effects. Residual coefficients are then derived by 

subtracting the mean of the ‘true’ HIS signal and the mean of the AO error signal wrt. the 

dedicated simulation time span, as it was done in P-IV. An iterative adjustment process is not 

executed as it was shown in test simulations, that a benefit for estimated gravity field parameters 

is not given. This is due to the fact that, in the simulation world, the truth is known in terms of 

‘true’ force models (cf. Figure 4.2). Therefore, after the first simulation run, the a posteriori 

residuals do not deviate as much from the a priori or pre-fit residuals as it is the case when 

processing real satellite gravity field measurements, for instance. 
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Figure 4.2: Gravity field simulation flow chart of the FSS. 
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Table 4.1: Comparison of processing elements between RSS and FSS. 

Processing issues RSS environment FSS environment 

Gravity field approach Acceleration approach 
Integral equation approach 

(short-arc) 

Observation equations Linear Non-linear 

Orbits 
Analytically computed nominal 

Keplerian orbits 
Integrated dynamic orbits 

Observables Acceleration differences 

3-D position/velocity differences 

(hl-SST) + ranges/range-rates 

(ll-SST) 

Stochastic modelling Combined sensor noise model Individual sensor noise models 

 

 

4.2 Mission architectures and performances 

4.2.1 Selected mission concepts 

 

The satellite gravity field mission architectures, which are investigated in the publications P-I, 

P-II, P-III, and P-IV, are now discussed in a joint comparison regarding mission performance 

by using the two simulation tools described in the previous section. It should be noted that the 

comparability of the results shown in this chapter with the results presented in the publications 

is given only to a certain degree, due to the application of different mission parameters (orbit 

parameters, sensor noise assumptions), force models, simulation periods, and updated software 

versions over time. 

 

Figure 4.3 denotes the different types of mission architectures in terms of global three-

dimensional satellite tracks after 2 days. In general, a distinction is made between 7 scenarios: 

scenario A describes a typical GRACE-like mission concept, which can be also considered as 

a baseline scenario, consisting of a single pair of satellites in a near-polar orbit, using 

microwave-based gravity-induced inter-satellite distance changes as main observable. Scenario 

B represents a GRACE-FO-like mission concept similar to scenario A where the range between 

the satellites is sensed by an improved microwave instrument (factor of improvement assumed 

with 2 compared to GRACE) on the one hand (scenario B1), and via laser interferometer on the 

other hand (scenario B2). Both scenarios, A and B, orbit at an altitude of about 500 km above 

the Earth’s surface corresponding to the real orbit heights of GRACE and GRACE-FO at the 

beginning of their mission life time. The third architecture (scenario C) consists of two pairs of 

satellites in a near-polar orbit where the second pair is shifted in such a way that an optimal 
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ground track pattern is given (see Chapter 2.3). Scenario D represents a Bender-type formation 

consisting of a near-polar pair coupled with a second pair of satellites at an inclined (70°) orbit. 

As scenario C and D are feasible ‘future missions’ with the goal to provide gravity field 

products, which are improved significantly compared to a GRACE-type mission, the altitude 

of these scenarios is chosen to be much lower (about 150 km) than for the single pair scenarios. 

 

All the satellite gravity mission architectures described so far are based on the ll-SST concept 

performing gravity field measurements by using ranging instruments between LEO pairs flying 

in-line with a maximum distance of about 200 km for scenarios A and B and 100 km for 

scenarios C and D. The last two mission scenarios are assumed to use inter-satellite laser 

ranging observations as well, but the distance between a dedicated satellite pair is several 

thousand kilometers. This measurement principle can be also described as high-precision hl-

SST concept, which is not to be confused with the GPS hl-SST measures used for orbit 

determination. Hence, scenario E represents a formation consisting of two MEO satellites 

orbiting at an altitude of about 10.150 km and one low orbiting satellite, called MOBILE 

(cf. P-III). Due to the observation geometry of the MEO-LEO satellite pairs and an assumed 

minimum elevation angle of 3° of visible MEOs observed by the LEO spacecraft, data gaps 

arise for every satellite pair leading to non-continuous measurement time series of these satellite 

pairs (ranging window of 45 min and data gaps of maximum 18 min). This stands in contrast 

to the observation geometries of scenarios A-D where the gravity field is measured 

continuously. The last mission architecture (scenario F) describes a concept similar to scenario 

E, but is based on the GETRIS infrastructure (cf. P-I) where the high orbiting satellites are 

replaced by Galileo satellites. In order to have about the same number of observations as for 

the chosen MOBILE concept, a minimum formation of three Galileo satellites and one LEO 

satellite is chosen. To ensure a full coverage of the Earth and a LoS to one LEO at every time 

the Galileo satellites are shifted by 120° mean anomaly. The establishment of an inter-satellite-

link is based on a minimum elevation angle of 15° of visible Galileo satellites observed by a 

LEO. This value is chosen to ensure an optical connection via laser telescopes where the angle 

to see a Galileo satellite from a LEO and reverse is not too flat (depending on the angle tolerance 

of the telescope), in order to generate a high quality of gravity field observations. The 

observation geometry in combination with the minimum elevation angle lead to a ranging 

window of about 34.5 min and data gaps of 1.5 min. 
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All orbit parameters except those for scenarios A and B, which were added in particular for this 

comparative study originating from Purkhauser et al. (2020), correlate with the parameter 

assumptions in the publications. Thus, orbital elements for scenarios C and D are derived by 

P-IV (Table 1) (orbital elements of scenario D originate from scenario 13 of ESA’s Additional 

Constellation & Scientific Analysis of the Next Generation Gravity Mission Concept 

(ADDCON, Pail et al. 2018)), and parameters for scenarios E and F are related to P-III (Table 1) 

and P-I (Table 3). To sum up all scenarios with the dedicated orbit parameters, a general 

overview is given in Table 4.2. 

 

 

Figure 4.3: Satellite trajectories in the Earth-Centered-Earth-Fixed frame after 2 days for scenarios A-F. 
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Table 4.2: Orbit parameters for mission architectures. The parameters of scenarios A, B1, B2, C, and D 

are related to satellite pairs, respectively, whereas the parameters of scenarios E and F are related to 

individual satellites. Note that for circular orbits (eccentricity equal to zero) the values given for mean 

anomaly for scenarios E and F are corresponding to the argument of latitude. 

Mission 

architecture 

Altitude 

[km] 

Eccen-

tricity 

Inclina-

tion 

[degree] 

Revolu-

tions/nodal 

days in one 

repeat orbit 

Initial RAAN 

[degree]  

Initial 

argument of 

perigee 

[degree] 

Initial mean 

anomaly 

[degree] 

Sc. A/B1/B2 505 0.0005 89 110/7 0.00, 0.00 355.44, 357.74 2.85, 1.38 

Sc. C 
342 0.0015 89 110/7 0.00, 0.00 18.51, 19.28 339.76, 339.84 

342 0.0015 89 110/7 14.45, 14.45 18.51, 19.28 159.76, 159.84 

Sc. D 
342 0.0015 89 110/7 0.00, 0.00 18.51, 19.28 339.76, 339.84 

352 0.0009 70 109/7 90.00, 90.00 0.56, 2.00 357.68, 357.10 

Sc. E 

MEO 1 10.149 0 90 124/30 0.00 0 0.00 

MEO 2 10.149 0 90 124/30 0.00 0 180.00 

LEO 358 0 90 476/30 0.00 0 0.00 

Sc. F 

GAL 1 23.222 0 56 17/10 0.00 0 0.00 

GAL 2 23.222 0 56 17/10 0.00 0 120.00 

GAL 3 23.222 0 56 17/10 0.00 0 240.00 

LEO 467 0 89 412/27 0.00 0 0.00 

 

 

4.2.2 Instrument noise assumptions and force models 

 

The introduction of realistic correlated noise for each instrument on-board the satellites (ranging 

sensor, GNSS receiver, accelerometer, star camera) is based essentially on the sensor error 

assumptions stated in the publications P-III and P-IV in dependency of the dedicated mission 

formation. It follows an explanation of the error assumptions, which are summarized in a 

representation of amplitude spectral densities (ASD, Figure 4.4), in order to get a 

comprehensive overview about the different sensor errors. 

 

Except for the Galileo and MEO satellites, all spacecraft are assumed to fly in drag-free mode 

implicating that they are equipped with accelerometers as part of a drag-reduction system. In 

case of scenario E acceleration sensors are assumed for the MEO satellites as well, whereas for 

the Galileo satellites of scenario F accelerometers are not assumed as it is currently not planned 

for future generation Galileo satellites. The corresponding analytical error models for the 

accelerometers for scenarios A, B, C and D are derived by P-IV (Eq. (2) and Eq. (3)) 

representing a GRACE-FO-like accelerometer performance with two sensitive (along-track and 
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radial) and one less sensitive (cross-track) axes. The error performance of the accelerometers 

for scenarios E and F are principally based on Eq. (2) and Eq. (3), described in P-III, assuming 

improved characteristics of a hybrid accelerometer (combination between electrostatic 

accelerometer and cold-atom interferometer, Abrykosov et al. (2019)). An accelerometer 

performance is assumed which is the same as for the along-track and radial axes in all three 

directions. In order to be more consistent with slope characteristics known from GRACE and 

GRACE-FO, the slope at frequencies from 10-3 Hz and lower is pressed down from originally 

1/f² in P-III, Eq. (2) to 1/f (with f being the frequency) (cf. P-III, Figure 4). These facts lead to 

an error level of the accelerometers of scenarios E and F which is lower compared to the error 

level of the two sensitive axes of the GRACE-FO-like accelerometer (for frequencies >10-5 Hz). 

The error models for the assumed laser ranging instrument in scenarios B2, C, and D are based 

on Eq. (1) in P-IV, representing a ranging accuracy of about 20 nm/√Hz at a Fourier frequency 

of 100 mHz. The noise assumptions for the microwave ranging instrument for scenarios A and 

B1 are realized by scaling the error time series of the laser interferometer resulting in an 

accuracy of about 1 µm/√Hz in case of scenario A and 0.5 µm/√Hz in case of scenario B1. The 

error assumptions used for the optical link in scenarios E and F are based on the time series 

provided by Schäfer et al. (2013), which originated in connection with ESA’s GETRIS study, 

and show micrometer ranging accuracy around 1 mHz. To illustrate the performance of this 

time series, it is approximated by a digital filter model (Figure 4.4 left, magenta curve). The 

consideration of star camera sensor errors is realized by analytical noise models derived by 

P-III (Eq. (4) and Eq. (5)) and are applied identically for all satellites of each scenario using 

different time series for each individual satellite. As an analytical error model describing the 

noise performance of the GNSS receiver is not given (noise models for GNSS receivers exist, 

but translating these models to kinematic orbit errors convoluted), the consideration of the 

positioning error is done by propagating 1 cm white noise of the integrated orbit positions of 

each satellite. The implication of this error contribution is realized in the FSS environment, 

where orbit positions serve as GNSS hl-SST observations in three directions. 

 

For the sake of comparability, the noise models expressing the accelerometer and ranging errors 

are presented in terms of accelerations, whereas the star camera sensor errors are expressed in 

terms of radians. 
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Figure 4.4: ASD of the spectral models of the relative acceleration measurement errors and the relative 

distance measurement errors in terms of accelerations (left), and of the relative attitude measurement 

errors in terms of radians (right). Additionally, the measurement bandwidth representing frequencies 

between SH d/o 1 and 100 is given wrt. the orbital frequency of a LEO satellite at an altitude of 470 km 

(~1.8∙10-4 Hz). 

 

In case of the Galileo satellites the impact of atmospheric drag is negligible due to the large 

distance to the Earth’s surface. However, other non-gravitational forces, such as the solar 

radiation pressure (SRP), play an even more important role. For the consideration of this effect, 

SRP parameters are computed in three directions with the Bernese GNSS software (Dach et al. 

2015) using the Galileo-like box-wing model ECOM-2 (Arnold et al. 2015). The generated 

parameters initially represent the full impact of the disturbing accelerations due to SRP as 

measurement noise acting on the Galileo satellites. The SRP depends on the mass of the 

satellite, the surface, and of the optical parameters of the surface, such as the absorption capacity 

and the reflectivity. By taking all of these factors into account, the error of modelling SRP 

parameters for a Galileo satellite can be assumed with about 20% (Bing Bing Duan, personal 

communication, January 9, 2020). Thus, erroneous SRP parameters are derived by taking a fifth 

of the initially computed full disturbing accelerations due to SRP values. The spectral 

characteristics of this error source are depicted in Figure 4.5. The introduction into the RSS 

environment is done by projecting the erroneous SRP parameters on the LoS between a LEO-

Galileo pair and adding it to the combined noise time series. In case of the FSS software the 
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SRP is introduced in terms of accelerations for all three directions for a dedicated Galileo 

satellite by adding the time series to the modeled specific forces which are then integrated into 

ranges or range-rates in a next step (cf. Eq. (4.17) and Eq. (4.19)). 

 

 

Figure 4.5: ASD of the erroneous SRP parameters acting on a Galileo spacecraft in terms of 

accelerations. Note that along-track and cross-track component perform almost identical. 

 

For this comparison study the same mass transport models are used in both simulation software 

versions for the computation of the satellite gravity field observations, listed in Table 4.3. The 

introduction of the non-tidal time varying gravity field model is restricted to HIS signals for the 

majority of the simulations (just a small part of the simulations was performed using the full 

AOHIS signal in order to demonstrate the total error budget), in order to make performance 

differences in the gravity field solutions of the different mission architectures more visible, i.e. 

no AO errors are introduced. However, real gravity field products are usually studied in terms 

of AOD gravity field products as signals due to atmospheric and oceanic mass changes 

dominate especially the hydrological and ice signals which are the most desired product 

components by the user community. A comprehensive analysis including AOD products was 

executed in P-IV. 
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Table 4.3: Mass transport models used in the simulations. 

Model Name 

Static gravity field model GOCO05s (Mayer-Gürr 2015) 

Time-varying non-tidal gravity field 

model 
ESA AOHIS (Dobslaw et al. 2015) 

Time-varying non-tidal de-aliasing 

model 
ESA AOD (Dobslaw et al. 2015) 

Ocean tide models 
EOT11a (true model, Savcenko & Bosch 2012) 

and GOT4.7 (reference model, Ray 2008) 

 

Simulations of satellite gravity field retrieval are performed up to a maximum SH d/o of 100 

from observations sampled every 5 seconds for the first 30 days of the year 2002. In order to 

increase the comparability of the gravity field solutions derived by both simulation packages, 

satellite orbits, which were integrated in the FSS environment, are introduced into the RSS 

environment in terms of erroneous dynamic orbits (see Figure 4.2) where time-varying gravity 

field signals are not included. As the orbit positions are used for geolocation in the RSS and do 

not serve as observations directly, the orbit error only effects the location of the retrieved gravity 

signal on Earth. 

 

 

4.2.3 Performance analysis 

 

A multitude of error sources contribute to the total error budget of a satellite gravity field 

solution, such as the observation geometry, instrument errors, and aliasing effects due to high-

frequency mass changes which are by far the largest error source of the retrieved gravity field 

solution. In order to quantify the impact of the different individual error sources on the gravity 

field retrieval, they need to be investigated separately as it was done for the MOBILE concept 

in P-III, for instance. In this chapter, the influence of the error contributors is evaluated in a 

more generalized sense by focusing on retrieval errors due to the combination of instrument 

errors on the one hand, and due to the combination of instrument errors together with temporal 

aliasing errors coming along with HIS and ocean tide signals on the other hand. Additionally, 

few simulations were performed for dedicated mission architectures including the full AOHIS 

signal in order to show the full impact of temporal aliasing.  

 

The observation geometry of a dedicated mission architecture contributes significantly to the 

quality of the gravity field retrieval. Figure 4.6 (left column) depicts spatial covariance 
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functions computed for a position at the equator for all scenarios based on normal equation 

matrices generated with the RSS. The functions describe the correlation of the computation 

point with its neighborhood in the normal equation system due to the observation geometry. It 

should be noted that the used normal equations do not contain a stochastic component 

(weighting matrix P is equal to the unit matrix I) in order to exclusively evaluate the effect of 

the observation geometry and its related spatial characteristics and patterns which provide 

information about the spatial behavior of the retrieved signals. Mathematically, spatial 

covariance functions Q
nn

 can be derived by using a SH synthesis matrix An
x
 and a vector of SH 

coefficients to be estimated x, leading to 

 

 n = An
x ∙ x, (4.37)

 

with n being the vector of geoid heights synthesized on a geographical grid. By means of the a 

priori covariance matrix Q
xx

, spatial covariance functions can be computed with 

 

 Q
nn

 = nQ
xx

nT. (4.38)

 

The plots show the typical stripes for scenarios A, B, and C caused by the polar orbits while 

sensing the gravity field in along-track direction. Due to the second inclined pair, scenario D 

shows a more isotropic structure whereas the stripes are still existent as the observation 

direction of the polar pair is north-south. High isotropy can only be achieved if the observation 

component is predominantly radial, which is realized, for instance, by the observation geometry 

of scenarios E and F. 
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Figure 4.6: Spatial covariance functions in m² geoid height at the equator (left column), logarithm of the 

formal errors of SH coefficients as a function of degree and order (central column), and logarithm of the 

gravity field retrieval errors due to sensor noise, tidal, and non-tidal HIS signals as a function of degree 

and order (right column). The corresponding scenarios are listed as following: scenario A (first row), 

scenario B2 (second row), scenario C (third row), scenario D (fourth row), scenario E (fifth row), and 

scenario F (sixth row). Due to the identical observation geometry of scenarios A and B1, no 

representations have been made for scenario B1. 

 

Instrument errors and formal errors 

Gravity field retrieval errors due to the observation geometry coupled with the sensor error 

assumptions already give a good insight into the capabilities of a dedicated mission architecture. 

The corresponding mission performances can be derived by SH degree RMS values in the 

frequency domain, displayed in Figure 4.7. The plot shows the retrieval errors together with the 

related formal errors based on simulations executed with the RSS (Figure 4.7, top left) and with 

the FSS (Figure 4.7, top right), as well as a comparison of the retrieval errors between both 

software packages (Figure 4.7, bottom).  

 

As the formal errors express the quality of the estimated gravity field coefficients due to the 

observation geometry and the stochastic modelling, the consistency between retrieval errors 

and formal errors visible in this figure demonstrates a correct implementation of the stochastic 

model. However, a certain discrepancy between the formal errors and the gravity field retrieval 

errors for scenario C is visible in case of the results computed with the FSS, which is due to an 

imperfect stochastic modelling. The frequency behavior of the pre-fit residuals is changing for 

the respective arcs, especially at lower frequencies. The stochastic model cannot compensate 

this effect since it approximates the mean of the generated pre-fit residuals (see Chapter 4.1.2, 

Stochastic modelling in the FSS) over all arcs wrt. the retrieval period and does not consider 

changes of the instrument noise in the frequency domain in the respective arcs. In case of RSS, 

this type of error does not occur since the stochastic model approximates the instrument noise 

over one long arc. The reason for the differences between the RSS and FSS performances of 

scenarios B2 and C (see Figure 4.7, bottom) originate from the different gravity field processing 

approaches, especially from the integration of equations of motion in case of the FSS. The 

phenomenon is more pronounced in scenario C than in scenario B2, having the same along-

track observation direction with the same instrument assumptions so that the described effects 

propagate further with two pairs. 
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The formal errors are also displayed in Figure 4.6 (central column) in terms of SH coefficients 

as a function of degree and order based on simulations performed with the FSS. The plots show 

that, in case of the pure polar ll-SST formations, the sectorial and near-sectorial coefficients are 

typically less well determined than the zonals, and that higher degree and order tesseral 

harmonics are poorly determined. Further, the analysis indicates that scenario D shows lower 

errors for the entire spectral domain of SH coefficients, with particular improvements in 

determining the sectorials and near-sectorials, but the formal errors also show a certain pattern 

for dedicated low order coefficients in dependency of the SH degree representing a localized 

effect over the polar regions at latitudes greater than 70° where only north-south information is 

present in the observable. The hl-SST mission architectures represented by scenarios E and F 

generally show a more homogeneous error spectrum with well determined sectorial and near-

sectorial harmonics and less well determined tesseral and zonal coefficients with increasing SH 

degree. 
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Figure 4.7: Degree RMS in cm EWH of the formal errors based on the RSS (top left, dashed curves) 

and based on the FSS (top right, dashed curves) together with degree RMS in cm EWH of gravity field 

retrieval errors due to sensor noise based on the RSS (top left, solid curves; bottom, dotted curves) and 

based on the FSS (top right, solid curves; bottom, solid curves) for scenarios A (magenta), B1 (orange), 

B2 (red), C (green), D (purple), E (blue), and F (cyan) wrt. the mean HIS for 30 days (black). 

 

In general, the results of Figure 4.7 demonstrate rather consistent error performances for most 

of the simulations executed with both software versions. The influence of the different error 
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levels of the ranging instrument implemented in scenarios A, B1, and B2 on the gravity field 

retrieval errors is clearly visible. The difference between scenarios B2 and C is caused by a 

higher redundancy offered by scenario C, but mainly due to the lower altitude of the double 

polar pair architecture compared to the single polar pair formation. Compared to scenario C, 

scenario D shows even smaller retrieval errors due to an improvement of sensitivity in cross-

track direction which increases the isotropy of the system. Due to a relatively similar 

observation geometry and an equal instrument performance, scenarios E and F result in similar 

retrieval error performances. The lower error level of scenario E from degree 20 and higher can 

be explained by a lower orbit altitude of the LEO spacecraft of about 100 km. The performance 

of the retrieval errors at higher degrees of scenarios E and F is primarily limited by the error 

assumption of the relative distance measurement unit. As the error level of the accelerometer 

sensor in case of scenarios A and B1 is assumed to be more than one order of magnitude higher 

than the noise assumed for scenarios E and F in the measurement bandwidth (see Figure 4.4), 

the lower degrees retrieval errors of scenarios A and B1 are dominated by the noise of the 

accelerometer, while the performance for the higher degrees retrieval errors (>20) is dominated 

by the relative distance measurement unit. Scenarios B2, C, and D show a laser interferometer 

noise performance which is at least one and a half orders of magnitude lower than the noise 

level assumed for the microwave ranging system of scenarios A and B1. This leads to gravity 

field retrieval errors for scenarios B2, C, and D which are dominated by the assumed 

acceleration measurement unit. 

 

The impact of a lower LEO altitude compared to a higher one can be analyzed by normalizing 

all mission scenarios with respect to the lowest LEO orbit altitude of 342 km (rnorm) with 

 

 RMSn(norm) = RMSn∙ �ae + rnorm

ae + r
	n + 1

, (4.39)

 

with ae being the semi-major axis of the Earth, r being the orbit altitude above the Earth’s 

surface, n representing the SH degree, and RMSn describing the SH degree RMS value 

according to Eq. (3.17). As the two satellite pairs of scenario D differ by about 10 km in mean 

semi-major axis but contribute both to the gravity field retrieval, a mean orbit height of 347 km 

is used to compute the normalized values for this mission architecture. 
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Figure 4.8: Degree RMS in cm EWH of gravity field retrieval errors due to sensor noise based on the 

FSS for scenarios A (magenta), B1 (orange), B2 (red), C (green), D (purple), E (blue), and F (cyan) wrt. 

the mean HIS for 30 days (black). The results of scenarios A, B1, B2, D, E, and F are normalized wrt. 

the lowest LEO orbit altitude of 342 km offered by scenario C. 

 

Compared to the FSS derived retrieval errors presented in Figure 4.7, the normalized results of 

scenarios A, B1, B2, and F of Figure 4.8 show significant lower error levels due to the 

normalization wrt. an orbit height, which is at least 100 km lower than their own, whereas the 

retrieval errors of scenarios D and E do not show a noticeable change as the difference between 

the true orbit altitudes and the altitude used to perform normalization is only few kilometers. 

The normalized solutions are quite plausible because they are based on retrieval errors 

simulated without the inclusion of time varying gravity field signals which would cause 

temporal aliasing effects not representing a Gaussian stochastic process. After normalization, 

the retrieval errors of scenarios B2 converge to the retrieval errors of scenario C and the 

remaining differences in the longer wavelengths are mainly caused by the imperfect stochastic 

modelling in case of scenario C. Further, retrieval errors of scenarios E and F do not differ 

anymore when normalizing the original values which confirms the previously made statement 

that the difference in the retrieval error performance of the non-normalized results is caused by 

the orbit altitude of the LEO satellites. 
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Impact of temporal aliasing 

In a next step gravity field retrieval errors including time-varying signals (HIS signals and ocean 

tide errors) should be analyzed. The related error performances based on simulations performed 

with both software architectures are shown in Figure 4.9. Results demonstrate consistency 

between the RSS and FSS environments, however, a difference arises for scenario C where the 

RSS derived solution depicts a lower error level. This effect is related to the stability of the 

normal equation system wrt. the underlying mission architecture and the used software. Thus, 

the stability of the normal equation system of scenario C compared to scenario D is smaller due 

to the observation geometry. The generally detrimental mission geometry of one pair of polar 

orbiting satellites for gravity field retrieval has a larger impact on FSS simulations using 

scenario C, which consists of two pairs of such polar orbiting satellites, than on RSS 

simulations. This phenomenon is visible for scenarios A, B1, and B2 as well, but in a somewhat 

reduced way. Such kind of effect has been observed previously for retrieval errors estimated 

without the inclusion of time-varying mass signals (Figure 4.7). The results indicate that the 

arc-wise approach, in combination with the range-rate observables implemented in the FSS, 

leads to a somewhat unfavorable treatment of temporal aliasing issues in case of a more instable 

observation geometry, such as the single polar pair formation, compared to the linear 

acceleration approach of the RSS. It might be argued that, in case of RSS, orbital resonances 

and related resonance order effects due to temporal aliasing show up less since no integration 

of equations of motion is done. Nevertheless, the type of observation in the FSS (ranges or 

range-rates) is the same as for real satellite gravity field measurements (originally ranges, range-

rates after post-processing) and therefore, reflect the reality in a more correct way as the 

accelerations in case of the RSS. Furthermore, the implementation of the instrument noise from 

accelerometer and star camera in a three-dimensional sense in the FSS contributes to a more 

realistic simulation environment as well, while in the RSS the stochastic information is 

introduced in terms of a combination of noise assumptions of the different sensors as one-

dimensional time series. These facts lead to the assumption that the FSS environment 

approaches reality better than the RSS environment and results derived by FSS simulations can 

be considered as more realistic. 

 

The results displayed in Figure 4.9 are now dominated by temporal aliasing effects due to 

undersampling of high-frequency hydrological, ice, and tidal signals. However, especially the 

error contribution due to the relative distance measurement unit still dominates the short 

wavelength spectrum of gravity field signals in case of scenarios A and B1. In order to see 
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differences between the mission architectures more clearly, simulations were performed 

excluding the non-tidal atmospheric and oceanic components as they would dominate the 

retrieval errors in terms of aliasing. Anyway, to see the effect of the full AOHIS mass signals 

including ocean tides, corresponding FSS simulations were performed on the example of 

scenarios A, B1 and B2 (Figure 4.9, bottom left). Despite the different noise assumptions of the 

relative distance measurement unit, the scenarios show hardly any differences, which is mainly 

caused by temporal aliasing due to atmospheric and oceanic signals as dominating factor, and 

the possible benefit of an improved ranging instrument for gravity field retrieval disappears. 

The simulation results displayed in Figure 4.9 (top) can also be considered in such a way that 

AO signals are perfectly known and were subtracted from the estimated gravity field parameters 

in terms of a perfect de-aliasing process. In this way differences between scenarios A, B1, and 

B2 can be made more visible. Thus, there is a benefit when using improved ranging instruments 

implemented in scenario B1 compared to scenario A and implemented in scenario B2 compared 

to scenarios A and B1, especially in the higher SH degrees. 
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Figure 4.9: Degree RMS in cm EWH of gravity field retrieval errors due to sensor noise, tidal, and non-

tidal HIS signals based on FSS (top, solid curves) and based on the RSS (top, dotted curves) for scenarios 

A (magenta), B1 (orange), B2 (red), C (green), D (purple), E (blue), and F (cyan) wrt. the mean HIS for 

30 days (top, black curve). Degree RMS in cm EWH of gravity field retrieval errors due to sensor noise, 

tidal, and non-tidal AOHIS signals based on the FSS (bottom left) for scenarios A (magenta), B1 

(orange), B2 (red) wrt. the mean AOHIS for 30 days (bottom left, black curve). Degree RMS in cm 

EWH of gravity field retrieval errors based on the FSS for scenario F due to sensor noise (bottom center, 

cyan curve), and due to sensor noise together with SRP signals (bottom center, light purple curve) wrt. 

the mean HIS for 30 days (bottom center, black curve). Degree RMS in cm EWH of gravity field 

retrieval errors based on the FSS for scenario F due to sensor noise, tidal, and non-tidal HIS signals 

(bottom right, cyan curve), and due to sensor noise, tidal, and non-tidal HIS signals together with SRP 

signals (bottom right, light purple curve) wrt. the mean HIS for 30 days (bottom right, black curve). 

 

The findings regarding the differences in the retrieval errors of scenarios A and B2 can also be 

derived from Figure 4.6 (first and second row, right column) representing retrieval errors of all 
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coefficients as a function of degree and order. For scenario B2 it is seen that the errors manifest 

themselves at the resonant order and multiples of the resonant order. This is a typical effect 

arising for single GRACE-type formations due to their observation geometry. The satellite 

orbits used for the evaluation of the different mission architectures are assumed to be circular 

(or close-to-circular in case of scenarios A, B, C, and D) with constant inclinations. According 

to Sneeuw (2000), this leads to a relation between the discrete frequencies κ(m) of the one-

dimensional Fourier series of gravity field signals to be observed, and the basic frequencies of 

the orbit. These frequencies are related to the rates of the argument of the latitude u'  and to the 

Earth-fixed longitude of the ascending node Λ' . They can be computed from (Kaula 1966; 

Sneeuw 2000) 

 

 u'  = ω'  + M'  = ν + 
3

2
vJ2 �ae

a
�2

(4 cos² i − 1) (4.40)

 

 Λ'  = Ω'  + θ'  = − 3

2
vJ2 �ae

a
�2

(cos i − θ' ), (4.41)

 

with the Keplerian elements introduced in Chapter 2 (J, ω, M and Ω), the Earth’s flattening term 

J2, the mean motion of the satellite v, and the Greenwich sidereal time θ. The frequencies κ 

which are mapped on the SH order m are (Sneeuw 2000) 

 

 κ(m) = wu'  + mΛ' , (4.42)

 

with −nmax ≤ w ≤ nmax and 0 ≤ m ≤ nmax. Thus, 2nmax + 1 frequencies can be derived for each 

order m with the spectral distance |κ(w, m) − κ(w ± 1, m)| = u'  which are shifted from one order 

to the next one by Λ' . It is known that temporal aliasing from high-frequency mass flux signals 

acts mainly on multiples of the orbital frequency u'  (Rosborough & Tapley 1987). After 

evaluation of Eq. (4.42), frequencies close to multiples of u'  can be identified for orders which 

are the integers closest to multiples of the ratio between u'  and Λ'  (for circular repeat orbits this 

is equal to the ratio between the number of revolutions and the number of nodal days needed to 

perform the revolutions). In the case of the orbits of scenarios A, B1, and B2, this ratio is 

between 15 and 16 which are typical values for near-polar LEO orbits at an altitude between 

300 km and 500 km. These orders are called resonance orders. Figure 4.10 (bottom right) shows 

the smallest spectral distance to zero and all integer multiples of u'  up to a maximum SH order 

of 100 for the shared orbit of scenarios A, B1, and B2. Results demonstrate that the smallest 
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frequency values occur for resonance order 15 and its multiples. This indicates that errors due 

to temporal aliasing increasingly effect coefficients at SH order bands of 15, 30, 45, and so on. 

 

In order to consider the full influence of the resonance order having on the gravity field retrieval, 

a gravity field simulation is performed by using the architecture of scenario B2 including the 

full AOHIS signal. The corresponding retrieval errors are displayed in Figure 4.10 (top) as a 

function of degree and order. It is seen that the largest retrieval errors arise at SH order bands 

which mostly coincide with the previously determined resonance orders. This becomes even 

more clear when computing SH order amplitudes (Figure 4.10, bottom left) derived from the 

retrieval errors of scenario B2 by evaluating Eq. (3.19). They demonstrate that the largest error 

signal amplitudes occur at SH orders which were defined as resonance orders or lie close to 

them. It is worthwhile to mention that the resonance order bands visible in Figure 4.6 (second 

row, right column) and in Figure 4.10 (top) differ slightly from each other due to the different 

force models of HIS and AOHIS included in the underlying simulations. Therefore, in case of 

the inclusion of HIS signals, dedicated resonance order bands become visible more clearly (e.g. 

at order 19) but move into the background when the full AOHIS signal is considered. 

 

It is known from the GRACE mission that resonance order effects have a large influence on the 

monthly solutions. GRACE had no repeat orbit formally as its orbit height was not controlled, 

but from time to time the orbit entered different repeat cycles. Especially short period repeat 

orbit cycles, e.g. 61/4 around September 2004, 46/3 around May 2012, or 77/5 around 

December 2013 can be attributed to monthly gravity field solutions showing larger errors 

around the resonance orders, which are integer multiples of approximately 15, due to systematic 

effects from temporal aliasing (Dahle et al. 2019b). For some months where resonance order 

effects were less pronounced, the GRACE mission was able to provide gravity field solutions 

of similar quality as for 30 days by using samples of only 14 days as the sensitivity of this 

mission architecture is restricted wrt. the temporal gravity field and the benefit of a longer 

retrieval is only small (David Wiese, personal communication, April 24, 2019). 
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Figure 4.10: Logarithm of gravity field retrieval errors of scenario B2 due to sensor noise, tidal, and 

non-tidal AOHIS signals as a function of degree and order (top), SH order amplitudes in cm EWH of 

gravity field retrieval errors of scenario B2 due to sensor noise, tidal, and non-tidal AOHIS signals wrt. 

the mean AOHIS for 30 days based on the FSS (bottom left), and minimum absolute frequencies in Hz 

(and therefore minimum spectral distances to integer multiples of u' ) per SH order for the orbit of 

scenarios A, B1, and B2 (bottom right). 

 

Resonance order effects also affect the gravity field retrieval of scenarios A and B1 as they have 

an identical observation geometry as scenario B2. However, next to the strong effect of 

temporal aliasing due to high-frequency signals, the performances of scenarios A and B1 are 

influenced by the noise of the ranging instrument as well, especially in the higher degrees. This 

fact is even more evident when including only the HIS part of the non-tidal forces so that the 

ranging instrument becomes the dominating factor (for frequencies larger than 3∙10
-3

 Hz which 

are related to harmonics ≥18). As the stochastic model is based on the instrument noise 

assumptions, the impact of the weighting of the NEQ system is largely determined by the 

performance of the relative distance measurement unit in case of scenarios A and B1. This is 
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the reason for effects due to resonance order bands and temporal aliasing being predominated 

by the ranging instrument noise assumption, and resonance order bands located in the higher 

frequency ranges are not visible anymore as they are getting filtered out by the stochastic model 

(Figure 4.6, first row, right column). If, additionally, AO signal is taken into account in the 

simulation, the corresponding resonance order effects would appear again. 

 

In contrast, the error performance of the relative distance measurement considered for scenario 

B2 dominates only in higher degrees (for frequencies larger than 1.3∙10
-2

 Hz which are related 

to harmonics ≥72) where the amplitude of the non-tidal and tidal HIS signals becomes smaller 

than the amplitude of the error assumption of the ranging instrument. But, from Figure 4.7 and 

Figure 4.9 (top) it can be derived that temporal aliasing errors are still the dominating factor for 

scenario B2, even in the higher degrees and the influence of the relative distance measurement 

unit only starts to kick in the very high SH degrees in this case where the mission architecture 

is not sensitive to gravity field signals anymore. This leads to a decline in the retrieval errors at 

the very end of the spectrum (see Figure 4.9, top, red curve). In this context it is interesting to 

mention that this phenomenon is also valid for scenario C and it is seen in Figure 1 of P-IV for 

the single and double polar pair architectures. Scenarios A, B1, E, and F do not show such a 

decline because the retrieval error performances in the higher frequencies are dominated by the 

noise assumptions of the ranging instrument showing amplitudes which are at least 1.5 orders 

of magnitude higher than the assumed noise of the ranging instrument considered for scenarios 

B2, C, and D. Scenario D does not show a decline in the retrieval error performance as well, 

which is due to the fact that this mission architecture is still sensitive to gravity field signals 

even in the very high frequencies, and therefore temporal aliasing is the dominating error factor. 

 

Resonance effects exist in scenario C as well (Figure 4.6, third row, right column), but in a 

somewhat weakened form due to a higher number of observations. The difference between the 

performances of scenario B2 and C is again mainly driven by the different orbit altitudes and 

to a small extent by a larger redundancy in case of scenario C. Scenario D shows the lowest 

retrieval errors by far due to the favorable observation geometry for gravity field measurements. 

Due to the multidirectional observation geometry, Scenario E shows a relatively similar 

retrieval error performance compared to scenario B2 (see Figure 4.9, top), despite the fact that 

the relative distance measurement unit of scenario E has an accuracy of about 1.5 orders of 

magnitude lower than the one of scenario B2. Scenario F has a similar error performance as 

scenario E for the lower degrees, but shows larger retrieval errors for higher degrees mainly 
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due to the higher orbit altitude of the LEO satellite. The impact of the SRP on the gravity field 

retrieval in case of scenario F, demonstrated by Figure 4.9 (bottom right), is negligible. The 

retrieval errors are dominated by temporal aliasing errors caused by HIS and ocean tide signals 

to the same extent for simulations where SRP is included or not. The influence of SRP is only 

visible when time varying gravity field signals are excluded from the simulations and only 

instrument errors are considered. Figure 4.9 (bottom center) represents the performances for 

this case with and without the inclusion of SRP. Results show that SRP mainly affect the lower 

frequency signals which can also be understood from the spectral behavior of the SRP signal 

displayed in Figure 4.5. It shows that the largest signal amplitudes arise in the lower frequency 

range. 

 

Validation with real gravity solutions 

As it was already stated at the beginning of this chapter, a fair comparison of gravity field 

solutions derived by real data with simulated gravity field solutions is hardly possible. In the 

following a couple of facts are listed that complicate a comparison: In reality the truth is not 

known and therefore, the signal and the noise of the satellite gravity field observations is not 

known. In contrast, in the simulation world gravity field signals are considered to be perfectly 

known from force models and the stochastic information regarding the error of the sensors used 

for gravity field retrieval is assumed to be perfectly known such as from analytic formula. 

Further, real gravity field solutions are derived by multitudes of additional co-estimated 

parameters, which are not considered in the simulated solutions, such as scale factors or biases 

related to the accelerometer sensor, and gravity field solutions are derived by different 

processing algorithms. Furthermore, satellite orbit maintenance can affect real gravity field 

observations and can cause data gaps which are not existent in the simulation environment. 

 

In P-I (Figure 6), the attempt was made to compare a RSS gravity field solution with a gravity 

field solution derived by real satellite gravity data. Results show that consistency between 

synthetic and real solutions is visible only partially due to reasons stated above. Now a second 

attempt is executed using the more realistic FSS environment in combination with an AOD 

product (Dobslaw et al. 2015), which is typically taken from the Atmosphere and Ocean Level-

1B De-aliasing Product (AOD1B, Dobslaw et al. 2017) by the analysis centers as part of the 

standard processing, to produce real GRACE and GRACE-FO products. A set of AOD products 

is provided by the updated ESA Earth System Model and is used in the simulation environment 

consisting of a ‘DEAL’ component, which differs from AO of the source model only by means 
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of the physical processes currently omitted in AOD1B, and an ‘AOerr’ component, representing 

a series of errors as the sum of both large-scale and small-scale errors with zero mean and 

stationary variance at a variety of frequencies. This approach is executed in P-IV as well in 

order to generate retrieval errors being as realistic as possible for a comprehensive evaluation 

of gravity field retrieval of different mission architectures. As reference gravity field products 

derived by GRACE (Dahle et al. 2018) and GRACE-FO (Dahle et al. 2019a) including 

geopotential coefficients of the type ‘GSM’ computed by the analysis center GFZ using the 

latest release (RL06) are used. They represent land hydrology, ice, and solid Earth processes as 

well as atmospheric and oceanic processes not captured in the ‘GAC’ product (Dobslaw et al. 

2019). It is to mention that the geopotential coefficients derived by GRACE-FO are based on 

gravity field observations executed by means of the K/Ka-band link. Gravity field products 

which are based on laser interferometer observations are currently (November 28, 2019) not 

available. 

 

In order to enable a comparison based on retrieval errors, a true force model containing the 

dominating signal of the real time series needs to be subtracted from the real GRACE and 

GRACE-FO data products which is not known. Such a model can be derived by estimating the 

dominating signal content of the monthly GSM time series resolved up to SH d/o 96 covering 

one year of gravity field observations. For this purpose, a nine-parameter model is set up 

including constant, quadratic and linear terms as well as periodic sine and cosine terms for 

annual, semi-annual, and 161-days (GRACE/GRACE-FO aliasing period for the ocean tide S2) 

periods. Additionally, the formal errors of the monthly SH coefficients are used as a priori 

information to weight each individual monthly coefficient when estimating the model. Due to 

reasons of consistency in terms of orbit altitude with scenarios A and B1, GSM time series 

related to time spans between day 35 of the year 2004 and day 31 of the year 2005 for GRACE, 

and between day 295 of the year 2018 and day 273 of the year 2019 for GRACE-FO are used. 

A further reason for choosing the given time spans is that time series are available without 

interruptions. 

 

Figure 4.11 depicts the retrieval error performances of scenarios A and B1 and the 

approximated GRACE and GRACE-FO errors in terms of an average of 30 days wrt. one year 

computed from residuals of long term monthly GFZ RL06 solutions wrt. an empirical nine-

parameter model. Results show a consistent behavior for scenario A and the real GRACE 

solution up to SH d/o 60. In the very short wavelengths a larger difference between both 
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performances is visible caused by the subtraction of trend signals included in the estimated 

parameter model in case of the real GRACE solution. Furthermore, differences in the 

performances of the real GRACE and GRACE-FO solutions occur due to a different 

observation time span and, consequently, a different amount of signal included in the 

observations on the one hand, and due to the improved sensor performance of the GRACE-FO 

microwave system on the other hand. In contrast, the gravity field retrieval errors of scenarios 

A and B1 behave relatively similar, especially in the longer wavelengths and differences arise 

only in the shorter wavelengths due to the improved ranging noise performance of scenario B1. 

This indicates that the differences between the real GRACE and GRACE-FO solutions and, 

consequently, also the differences between the solutions of scenario B1 and GRACE-FO are 

mainly caused by an unequal observation period. However, these conclusions are also a bit of 

speculation due to reasons already discussed above. 

 

 

Figure 4.11: Degree RMS in cm EWH of gravity field retrieval errors due to sensor noise, tidal signals, 

non-tidal HIS signals, and signals due to AO de-aliasing based on the FSS for scenarios A (magenta) 

and B1 (orange) wrt. the mean HIS for 30 days (black). Degree RMS in cm EWH of an average solution 

of 30 days wrt. one year relative to a nine-parameter model for GRACE (magenta dotted) and GRACE-

FO (orange dotted) based on GFZ RL06 GSM geopotential coefficients resolved up to SH d/o 96. 

 

The results presented in this chapter should demonstrate a general overview and comparison 

about gravity field retrieval error performances of mission architectures analyzed and evaluated 

in the publications P-I to P-IV. They show that signals due to temporal aliasing are the 
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dominating error source for mission formations, which are more sensitive to time-varying 

gravity field signals due to their observation geometry, or where satellites are equipped with 

improved sensor technology such as the laser interferometer. According to Loomis et al. (2012), 

the impact of an improvement in the accuracy of the relative distance measurement unit is only 

of minor or no value if the other error contributions of the whole system, especially the temporal 

aliasing, still dominate. Therefore, the potential of new instruments cannot be exploited to the 

full extent, especially with regard to a future mission architecture, and the application of 

processing techniques to minimize the effect of temporal aliasing becomes a crucial issue. 

 

The art of a comprehensive performance analysis 

Results showing the performance of the gravity field retrieval wrt. a dedicated mission 

architecture are typically presented in the frequency domain in terms of SH degree RMS or 

degree variances. As in this chapter and in all publications attached, this kind of representation 

can be found in a multitude of publications dealing with the topic of a NGGM. According to 

this method, the signals are assessed per SH degree for a given temporal resolution, thus the 

results are always limited to a certain time span of retrieval and to a certain spatial resolution. 

People who are not familiar with this ‘geodetic’ representation find it difficult to classify the 

depicted results correctly and a connection to science requirements (cf. Chapter 1.1) is only 

possible to a certain extent. In order to comprehensively assess the performance of a gravity 

field mission architecture in the synthetic world, simulations need to be performed over long 

time spans (e.g. 1 year) with different temporal resolutions and accordingly suitable spatial 

resolutions. In P-IV a method was developed to fully assess the performance of a satellite 

gravity field mission over a broad spatial and temporal scale, called Space-Time-Accuracy-

Grid (STAG). This method can be used for a comprehensive performance analysis and 

comparison of different NGGM candidates. 

 

In P-IV STAG analysis is used to evaluate and compare dedicated satellite gravity field mission 

architectures qualitatively and quantitatively. Figure 4.12 tries to connect the results of the post-

processed (de-striped and smoothed) Bender-type STAG analysis (cf. P-IV, Figure 4) to the 

science requirements by adding corresponding ‘threshold’ and ‘target’ values for monthly and 

short-term (daily to weekly) temporal resolutions which are derived from Pail et al. (2015). In 

this case ‘threshold’ means that a mission that meets the threshold requirements enables a 

significant improvement wrt. the current situation (GRACE/GRACE-FO) and allows to support 

a significant number of new applications. A mission that meets the ‘target’ requirements, which 
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represent an improvement by a factor of 10 compared to the threshold scenario, enables the full 

achievement of the scientific and societal benefits (cf. Table 6 in Pail et al. 2015; Figure 1.1). 

From Figure 4.12 it is seen that the threshold requirements related to short-term solutions can 

be fulfilled by the Bender-type formation (identical to scenario D) and the monthly 

requirements are achieved at least partially (for spatial scales <400 km). In this context it is 

interesting to mention that the gravity field retrieval errors for spatial scales larger than 500 km 

are not affected by any post-processing, as the signals retrieved by the Bender-type formation 

show a behavior which is almost free of aliasing errors at these wavelengths. Based on the 

assumptions made for the simulations in P-IV, the apparently very ambitious target 

requirements cannot be met by the Bender-type formation. However, improving current 

geophysical models for de-aliasing as well as the derivation of post-processing techniques 

tailored to a Bender-type gravity field retrieval error pattern can help to approach even the target 

requirements which will be addressed in the next Chapter.  

 

 



86    4 Evaluation of satellite gravity field mission concepts  

 

 

 

Figure 4.12: Global STAG analysis on post-processed errors in terms of cm EWH for scenario D, 

together with the threshold (top) and target (bottom) science requirements in terms of cm EWH. 

 



 

 

Chapter 5 

 

Treatment of temporal aliasing 

 

The results presented in Chapter 4 as well as the results presented in the publications P-I to 

P-IV demonstrate that errors due to temporal aliasing represent the major error contributor for 

a NGGM. In this respect it can be assumed that effects caused by anisotropic error behavior 

from along-track inter-satellite ranging, as it is the case for a GRACE-like formation, are 

reduced when flying a mission architecture which is more sensitive for time-varying gravity 

field signals due to its observation geometry. However, under the assumption of a monthly 

satellite gravity field solution, which was/is the common time span to publish products derived 

by GRACE/GRACE-FO, the problem of temporal aliasing cannot be solved completely, even 

for a NGGM. In this chapter different methods, which can contribute to a reduction of temporal 

aliasing errors, are introduced and discussed. 

 

 

5.1 The temporal aliasing problem 

 

From a theoretical point of view, temporal and spatial aliasing cannot be avoided, as the Earth’s 

gravity field is continuous in space and time and has an infinite spectrum wrt. spatial and 

temporal resolution, while the sampling of the gravity field by satellite missions can only be 

realized with finite spatial and temporal resolution. Issues due to spatial aliasing do not play a 

role in this thesis since a spatial resolution of max. d/o 100 of the estimated temporal gravity 

field solutions is completely adequate and can be easily synthesized on a 1° x 1° grid without 

the generation of spatial aliasing. Further effects which might occur due to spectral leakage, 

caused by the non-orthogonality of the Legendre Polynomials (Kammeyer & Kroschel 2012), 

is excluded by limiting the input gravity field models to the same maximum degree of SH 

expansion as the parameters to be adjusted. In the context of a satellite gravity field mission, 

the phenomenon of temporal aliasing occurs due to undersampling of high-frequency 

geophysical signals (mainly atmospheric, oceanic and tidal mass signals) which have, according 

to the Nyquist sampling theorem (Nyquist 1928), a period of less than twice the sampling period 
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of the mission. This aspect is demonstrated in Figure 5.1, showing a signal to be sampled which 

has a period P of 4 days (typical period for large amplitude atmospheric and oceanic signals). 

In this example the signal is sampled with discrete sampling intervals ∆t1 = 30 days and 

∆t2 = 1.7 days. Thus, the Nyquist frequency fN (see P-II, Appendix B, Eq. (B2)) for ∆t1 is 

smaller than the frequency of the periodic signal f = 1/P and the signal cannot be reconstructed 

with its sampled representation which results in temporal aliasing. In this case an aliasing signal 

arises having a specific aliasing period at a specific aliasing frequency (see P-II, Appendix B, 

Eq. (B3)). The aliasing period of the reconstructed signal strongly depends on the satellite orbit, 

in particularly on the altitude and the inclination (if circular orbits are assumed) as well as the 

underlying repeat period. Examples of aliasing periods of different satellite orbits can be found 

in P-II (Table 3). According to the example shown in Figure 5.1, it is seen that, under the 

assumption of an exact 30 days satellite repeat orbit, a gravity field solution retrieved over a 

time span of 30 days is by far not able to reconstruct a gravity signal with a period of 4 days 

without temporal aliasing. In order to reconstruct the signal without aliasing, a sampling rate is 

necessary, which lies below the half of the signal period, such as 1.7 days.  

 

 

Figure 5.1: Normalized continuous sine time series with 4 days period (black solid line) sampled with 

30 days (blue dots) and 1.7 days (red dots), respectively, together with the corresponding aliasing signal 

related to the 30 days sampling rate (dashed blue line). 
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Providing gravity field products every 1.7 days is a very challenging task and is hardly feasible 

by means of nominal gravity field processing for high resolution gravity field solutions due to 

the lack of observations and an inhomogeneous ground track coverage. In Chapter 5.2 two 

processing techniques are presented which still enable the estimation of short-term gravity 

fields. However, to derive short-term gravity fields of high quality over a large spatial domain 

it is indispensable to increase the number of observations and thus, the number of satellites.  

 

In the following, different techniques are discussed in order to derive time-varying satellite 

gravity field products which show reduced temporal aliasing effects. 

 

 

5.2 Methods to reduce temporal aliasing 

 

To examine the error level of the different mass signals to be observed by a satellite gravity 

mission expressed in terms of temporal aliasing, simulations are performed using different error 

sources separately. In dependency of signal amplitude, correlations, and type of the signals the 

error sources are categorized into four blocks of signals, namely atmosphere and ocean, 

hydrology plus ice plus solid Earth, ocean tides, and instrument errors. The simulations were 

executed with the RSS using unit matrices as stochastic model for all simulations, except for 

those where the impact of instrument error is assessed. This allows to estimate directly the effect 

of the model and aliasing errors for a dedicated mission architecture, as they are not getting 

affected by the stochastic model which is generally based on the instrument noise assumptions. 

Mismodeling of AO signals is introduced as the difference between the true AO signals and the 

AOD product. Mismodeling of tidal signals is introduced in terms of an ocean tide difference 

model, and the HIS signal is fully introduced into the simulations. Figure 5.2 shows the effect 

of the different error sources in determining the EWH based on three different observation 

geometries of scenarios A and B, D, and E over 30 days. 
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Figure 5.2: Degree RMS in cm EWH of gravity field retrieval errors due to AO de-aliasing signals (red), 

tidal de-aliasing signals (blue), non-tidal HIS aliasing signals (green), sensor noise according to scenario 

A (magenta), sensor noise according to scenario B1 (yellow), sensor noise according to scenario B2 

(cyan), sensor noise according to scenario D (orange), and sensor noise according to scenario E (purple) 

based on the RSS wrt. the mean AOHIS for 30 days (black). Simulations were performed for scenarios 

A and B (top), scenario D (center), and scenario E (bottom).  

 

As it is already known from the previous discussion in Chapter 4, improvements in the 

measurement system are directly reflected in the gravity field errors when only instrument 

errors are considered. According to Figure 5.2 (top), it seems that the instrument error of 

scenario B2 is substantially smaller than the level of error for undersampling HIS, and 

mismodeling the atmosphere, oceans, and tides. Further, it is seen that the impact of instrument 

error of scenario A dominates the spectrum in the higher frequencies making a retrieval of high-

frequency geophysical signals impossible. The same situation is valid for the instrument error 

of scenario B1, but in a somewhat weakened form. This indicates that to see an improvement 

from the laser interferometer implemented in scenario B2, temporal aliasing errors need to be 

reduced at first. This fact becomes even more evident when looking at the situation for scenario 

D (Figure 5.2, center). This mission concept contributes to a self-de-aliasing by its observation 

geometry. Results also show that the difference between the AO errors and the tide errors is 

significantly reduced compared to the situation for scenarios A and B, indicating that, for 

scenario D, both error components have about the same impact on the mission performance, 

whereas for scenarios A and B AO errors show the largest influence. However, in order to fully 

exploit the potential of the Bender-type concept, temporal aliasing errors need to be further 

reduced. The situation for scenario E (Figure 5.2, bottom) is similar to the one for scenario D, 

indicating that errors due to time-variable signals dominate the spectrum. The close-to-isotropic 

error pattern of this observation geometry leads to a reduction of gravity field retrieval errors, 

which is particularly pronounced in the instrument error component, if one considers that the 

noise behavior of the relative distance measurement unit of scenario E is comparable to the one 

of scenario A (see Figure 4.4, left).  

 

Errors due to temporal aliasing can be categorized into signals, which alias fully into the gravity 

field solution without the inclusion of a priori models, such as HIS, and those for which a priori 

information from a model is used, contributing to the mitigation of temporal aliasing 

(atmosphere, ocean and tidal signals). The latter is realized by including an AOD model for de-

aliasing atmospheric and oceanic signals, and an a priori ocean tide model. From Figure 5.2 it 
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can be seen that errors due to mismodeling of atmosphere, oceans and tides show the largest 

amplitudes when considering mass signals errors. Aliasing errors due to HIS signals show 

smaller amplitudes compared to AO and tide errors in general (in case of scenario E, this is only 

true to a certain extent). This is due to the fact that atmospheric, oceanic, and tidal signals (valid 

for the M2 and S2 tidal constituents) have larger amplitudes than HIS signals. However, HIS 

aliasing errors are still larger than instrument errors of scenarios B2, D and E, for instance. The 

results indicate that errors due to mismodeling in the AO component as well as in the ocean 

tides are considered to be the most limiting factors in determining high resolution gravity field 

solutions in current and future missions. 

 

De-aliasing models 

One method to reduce temporal aliasing errors was already introduced, which is to improve the 

atmosphere, ocean, and the tide models in terms of de-aliasing models. During the last decade 

improvements have been achieved by the development of the AOD product for GRACE and 

GRACE-FO processing (AOD1B, Dobslaw et al. 2017), and in the derivation of tidal de-

aliasing models. Current ocean tide models used by the different analysis centers are the 

FES2014 model (Carrere et al. 2016), the FES2014b model (Lyard et al. 2016), or the GOT4.8 

model (Save 2019), for instance. As an example, Figure 5.3 (top row) shows the spatial 

distribution of the AO signal together with the difference between AO and the AOD product. 

The residual representation includes errors due to omitted physical processes (mainly eustatic 

variations of global mean sea-level) and errors as the sum of both large-scale and small-scale 

errors (mainly high kinetic eddy signals and coastal processes). A comprehensive description 

of the signal included in the AO and AOD products of ESA’s Earth system model can be found 

in Bergmann-Wolf et al. (2015). Additionally, Figure 5.3 (center row) represents the ocean tide 

mismodeling errors by showing the difference between the GOT4.7 and the EOT11a models 

together with the spatial distribution of the ocean tide signal itself. The difference field reveals 

errors in coastal regions, over continental shelves and in the polar oceans. Especially the high 

latitude and Arctic regions suffer from poor or missing altimetry and tide gauge data due to the 

inclined orbits of altimetry missions (TOPEX/Poseidon, Jason series, and ERS-1/2) and due to 

the presence of sea ice hampering the measurements from remote sensing missions, such as 

Envisat or ICESat (King & Padman 2005; Wünsch et al. 2005). The displayed error phenomena 

result in temporal aliasing effects that spread out over the entire world. Additionally, Figure 5.3 

(bottom) gives an overview of the force models in the frequency domain. From the model point 

of view, it is seen that errors due to mismodeling of AO and tidal signals are relatively close to 
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each other, at which the AO mismodeling errors show somewhat larger amplitudes for the very 

low degrees and the tide mismodeling error is slightly larger at shorter wavelengths. The jump 

in the AO mismodeling error at degree 61 is due to different background models included in 

the AO component of the updated Earth system model and in the DEAL component of the 

corresponding de-aliasing model (Bergmann-Wolf et al. 2015). From that point onwards, 

atmosphere and ocean models are nearly 100% error. However, the degree RMS plot reveals 

that the error in the models is largest in an absolute sense at long wavelengths, or low degrees.  

 

Force models, which are used as background models in the simulations, can be estimated by 

statistical methods. This information can be included into the gravity field processing by 

incorporating a more realistic stochastic observation model (Petro Abrykosov, personal 

communication, March 17, 2020). In case of the tide mismodeling errors, they follow spatially 

stationary and especially time-invariant patterns. The idea is to perform error propagation 

during the gravity field estimation process by means of the spatial error information in order to 

receive a cleaner version of the estimated gravity field in the end. In case of the AO 

mismodeling errors this approach is quite challenging, because the spatio-temporal error 

patterns are not stationary, so that time dependent error propagation is necessary. This has been 

done by Kvas & Mayer-Gürr (2019), who used the information about the uncertainty of the 

AOD product, i.e. the AOerr component, within the gravity field recovery process. It has been 

demonstrated that monthly GRACE solutions can be improved by either augmenting the 

covariance matrix of observations by means of the predicted model uncertainties, or co-

estimating model corrections as stochastic parameters with known prior covariance. The 

approximation of the spatio-temporal correlations of the AOerr component as a stationary 

process is done by using the uncertainty information in the form of an auto-regressive model. 

 

Finally, de-aliasing models are strongly dependent on the data quality of Earth observation 

satellites as well as terrestrial measurements forming the force models that represent the basis 

of the de-aliasing models. Therefore, improving the de-aliasing models can only be realized 

when using improved data from external sources (an exception is described in the following, 

where a method is introduced of how to improve current ocean tide models by satellite gravity 

field data). De-aliasing products can only minimize the aliasing problem to a certain extent, but 

cannot fight the original source which is undersampling of high-frequency signals.  
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Figure 5.3: Variability of the AO signal (top left) and of the difference signal between AO and AOD 

(top right) calculated up to SH d/o 100 for the first six hours of January 1st in 2002. Variability of the 

ocean tide model GOT4.7 (center left) and of the difference between GOT4.7 and EOT11a (center right) 

developed as sum of the eight major tidal constituents up to maximum SH d/o 100 for the twelfth hour 

of January 1st in 2002. All values are computed in terms of mm geoid height on a 1° x 1° grid. Degree 

RMS in mm geoid height of the same models for the same timestamps as shown in the spatial plots 

(bottom) together with the full AOHIS signal (black).  
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Orbit design and satellite formations 

Several studies have demonstrated that a mitigation of temporal aliasing errors can be achieved 

by using specific orbit design which is discussed in the following.  

 

Solving the problem of undersampling can be realized by sampling mass signals more 

frequently which can be achieved using multiple pairs of satellites. Thus, more observations are 

available and denser ground tracks can already be fulfilled within a shorter time period. 

Simultaneously, improving the spatial resolution without loosing temporal resolution can only 

be achieved by means of additional satellite tandems flying interleaved ground tracks (in case 

of satellite tandems having the same inclination). However, interleaving plays a minor role for 

multi-satellite formations having different inclinations, such as the Bender-type formation. In 

P-IV, Figure 1 shows that it is possible to generate short-term gravity field solutions containing 

data of 3 days sampled by a Bender-type mission, showing almost the same performance as 

30-day solutions retrieved by a single polar pair mission. Furthermore, the spatial resolution of 

the Bender-type formation compared to a single polar pair mission is strongly increased wrt. a 

dedicated temporal resolution. This demonstrates the enormous potential of a multi-satellite 

formation for temporal gravity field retrieval. 

 

In case of having two polar satellite pairs the spatial resolution can be increased by flying 

interleaved tandems, i.e. putting one pair in between the ground tracks of the other pair to avoid 

the overlap of the ground tracks from different orbits, for instance. This is demonstrated at the 

example of scenario C, where the initial RAAN of the second polar pair is offset in such a way 

that the configuration ensures optimal ground track coverage for a period of few days, providing 

near equidistant ground track crossings at the equator over this time frame 

(Wiese et al. 2011b; P-IV). Another method is to fly satellite tandems in time-shifted ground 

tracks if the orbital plane is to be desired identical for both pairs (Visser et al. 2010). 

 

Most of the future mission candidates with more than one satellite pair show an improved 

observation geometry that contributes to self-de-aliasing of mass signals to be observed due to 

more isotropic observations (cf. Figure 4.6, left column). In the context of a NGGM, examples 

of different multi-satellite pair architectures have already been discussed in detail in Chapter 2 

and were studied in detail in the publications P-I, P-II, P-III and P-IV. 
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However, due to the fact that the aliasing periods of geophysical signals to be observed strongly 

depend on the orbital parameters, it might be more effective to optimize the choice of orbital 

elements of a single GRACE-type tandem than flying more satellites. In case of tidal aliasing 

signals this has been demonstrated by Visser et al. (2010), who showed that a 5-day polar repeat 

orbit significantly reduce the aliasing of ocean tide model errors compared to an 8-day polar 

repeat orbit, due to shorter aliasing periods for dedicated tidal constituents, when simulating 

one year of gravity field retrieval of GRACE-type.  

 

In general, satellite orbits should be designed in such a way that they have at least one sub-

repeat cycle (e.g. 7 days) in addition to the long-repeat (e.g. 30 days). In this case the high 

spatial resolution of the long-term solution can be maintained, and it can make sense to estimate 

gravity field solutions within a shorter time span, such as 7 or 14 days, as the retrieval period is 

equal to the length of the sub-cycle or multiples of it, so that the gravity field retrieval is always 

supported by the densest possible ground track pattern. 

 

Sub-cycles can open the door for further orbit design techniques such as a constant longitudinal 

drift of the satellite orbit at the same rate within the sub-cycle period (e.g. 1.3° drift in one 

direction every 7 days, Pail et al. 2018). This approach aims at achieving a constantly high 

performance of the retrieved time-variable gravity field models by keeping the high temporal 

resolution of a sub-repeat and improving the spatial resolution in a long run.  

 

Gravity field retrieval is disturbed by temporal aliasing resonance effects already discussed in 

Chapter 4.2.3. Murböck (2015) showed that in case of a single polar pair a regularization 

method can be applied, which introduces pseudo zero observations for the affected SH orders, 

leading to a significant improvement in the gravity field retrieval. A method to avoid resonance 

order effects is to select optimal altitude bands for polar LEOs, i.e. around 301, 365, 421, and 

487 km (Murböck et al. 2013). 

 

Despite these facts contributing to a reduction of aliasing effects for a single-pair formation, 

mission architectures consisting of more than one pair of satellites with improved observation 

geometry and the possibility of generating short-term gravity field products of high quality 

should be preferred. Especially the improved observation geometry enables the application of 

co-parameterization techniques as powerful tools to further de-alias gravity field retrieval 

errors.  
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Co-parameterization of gravity field parameters 

Figure 5.2 indicates that mismodeling of atmosphere and ocean signals is one of the dominant 

sources of temporal aliasing errors due to high-frequency mass variations. Therefore, it is 

obvious to reduce these errors. Wiese et al. (2011b) proposed a method, which enables the 

mitigation of temporal aliasing effects by co-estimating low-resolution gravity fields at short 

time intervals (e.g. daily), together with the higher-resolution gravity field which is sampled at 

a longer time interval (e.g. 30 days). This approach allows to parameterize high-frequency 

information contained in the short-term gravity field solutions (mainly atmosphere and ocean) 

and results in a reduction of the temporal aliasing effects related to long-wavelengths 

geophysical signals that have, according to the Nyquist theorem, a period larger than twice the 

chosen sampling period of the short-period gravity retrieval. According to Wiese et al. (2011b), 

the largest amplitudes wrt. AO mismodeling errors arise at periods of 2, 4, and 8 days, 

increasing in magnitude at larger periods, and indicates that daily short-term gravity field 

estimates will provide the largest reduction in non-tidal temporal aliasing errors. The co-

estimation of such short-term fields requires a substantial amount of gravity field measurements 

and sufficient ground track homogeneity within this short time span. Multi-satellite formations 

can fulfill these requirements, and they can additionally improve the already higher quality of 

the gravity field retrieval due to the self-de-aliasing effect caused by an improved observation 

geometry. Due to these facts, the proposed co-parameterization technique is part of the gravity 

field processing in the RSS as well as the FSS software (Murböck 2015; Daras & Pail 2017), 

and is applied for future mission architectures discussed in P-IV (Bender-type, double polar 

pair), P-III (MOBILE), and in P-I (GETRIS). The results demonstrate that temporal aliasing 

errors due to non-tidal signals can be significantly reduced for longer-term gravity field 

solutions when short-term gravity fields are co-estimated. 

 

At the same time, this technique enables the generation of short-term gravity fields according 

to the chosen sampling frequency, which can be considered as a by-product of the gravity field 

processing. These products can serve as input for possible near-real time services for droughts 

and floods (Purkhauser & Pail 2019). As already mentioned before, daily snapshots of the time-

variable gravity field can be derived by means of a Kalman filter (Kurtenbach et al. 2009) as 

well. This approach aims at the derivation of daily variations of mainly hydrological signals by 

using a priori stochastic information from hydrological models. This information about the 

covariance matrix is replaced by a two-dimensional empirical covariance function depending 

on time and on the spatial distance and is evaluated at daily time steps. In connection with an 
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implicit recursive filtering (consolidation of satellite measurements, information from 

hydrological model, and information of predicted previous state vectors) taking place during 

the Kalman filter processing (which makes filtering in post-processing unnecessary), a 

comparatively high spatial resolution of SH d/o 40 of the Kalman filter derived daily snapshots 

can be achieved. In contrast, the co-parameterization method is based on the classical least 

squares adjustment approach without making use of external information provided by, e.g. a 

hydrological model, which is interpreted as a stochastic process in time within the Kalman filter 

process determining significantly the range of daily gravity field parameters to be estimated, 

and does not use information of already estimated short-term fields for subsequent short-term 

solutions within a long-term solution. It focuses mainly on the optimization of the long-term 

gravity field solution by additionally de-aliasing high frequency AO error signals.  

 

The maximum SH d/o of expansion of the short-term gravity fields to be co-estimated 

determines the performance of the long-term gravity field estimation and strongly depends on 

the quality of the gravity field measurements and thus, from the observation geometry of the 

mission architecture. In ESA’s ADDCON project, a multitude of different Bender-type satellite 

formations was investigated using the introduced co-parameterization technique. One of the 

main outputs of this study is that the maximum SH d/o of expansion for daily gravity fields is 

between 15 and 20 when focusing on an optimal long-term gravity field solution. A co-

parameterization beyond d/o 20 is feasible as well and increases the spatial resolution of the 

short-term gravity fields at the same time, but this is on the cost of the long-term solution. Here 

a compromise is necessary depending on where the focus lies. 

 

The high-low-type mission concept discussed in P-III offers an observation geometry that does 

not allow continuous satellite tracking of a dedicated MEO-LEO pair. Nonetheless, the co-

parameterization method can also be applied here due to the quality of the range observations. 

From Figure 5.2 (bottom) it is seen that aliasing due to hydrological signals is increased in the 

lower degrees compared to scenarios A, B, and D. This might be the reason for the co-

parameterization method being effective in reducing hydrological aliasing errors as well for the 

MOBILE formation (P-III, Figure 8 and 9). P-III demonstrates that the high-low tracking 

concept shows strongly reduced gravity field retrieval errors at very long wavelengths (low 

degrees) due to the strongly distinct radial observation component which is beneficial for the 

co-parameterization of low resolution short-term fields. However, the maximum SH d/o of 

expansion of the short-term fields is limited to values of about 10 (when focusing on an optimal 
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long-term solution) due to data gaps and the limited number of observations, at least for the 

minimum configuration of MOBILE (2 MEOs, 1 LEO). The same situation applies to the 

double polar pair formation, but here rather because of the observation geometry and not due 

to the number of observations (see P-IV).  

 

It is important to mention that this co-parameterization method hardly reduces tidal aliasing 

effects due to the fact that the 8 major solar and lunar tidal constituents have short periods of 

about 1 day (Q1, O1, P1, K1) and about half a day (N2, M2, S2, K2, P-II Table 2). Therefore, 

according to the Nyquist theorem, co-estimated ‘daily’ snapshots are not able to reduce tidal 

aliasing in the long-term gravity field solution. It might be argued that at least short-term gravity 

field co-estimations of frequencies at half a day could contribute to de-alias the aliasing effect 

caused by the daily tidal constituents (note that this cannot be applied to the K1 constituent 

since its period is a bit smaller than 1 day, see P-II Table 2). Using the Bender-type formation, 

test simulations have shown that a co-parameterization of half a day does not lead to a reduction 

of tidal aliasing effects since it can only consider tidal constituents which have periods of 

exactly 1 day and more and the remaining constituents (including M2 which shows the largest 

amplitude by far) are not taken into account. In order to consider the 8 major tidal constituents 

completely, at least a quarter-daily parameterization would be necessary. However, such an 

extreme high temporal resolution requires a larger number of satellites in order to ensure a 

sufficient ground track coverage which cannot be fulfilled by, e.g. a Bender-type architecture. 

 

For a further reduction of tidal aliasing errors, these facts lead to the application of another co-

parameterization technique, whereby tidal gravity field parameters are co-parameterized 

directly in terms of SH together with the nominal gravity field coefficients. This method has 

been used by the GRACE data processing group ITSG for the production of monthly GRACE 

products since release ITSG-Grace2018 (Kvas et al. 2019). In this case the method makes use 

of the full length of GRACE data (more than 15 years) which are necessary in order to separate 

the different tidal constituents from their aliases having periods of more years to some extent 

wrt. the GRACE orbit (e.g. K1 and K2, Mayer-Gürr et al. 2011). The estimated tidal parameters 

are added to the nominal ocean tide model, which defines a new modified de-aliasing tide model 

at the end, showing improvements in areas, where the GRACE mission benefits from its near-

polar orbit compared to data derived from altimetry missions, such as in polar region or coastal 

areas.   
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Investigations have shown that the co-parameterization of tidal constituents is hardly possible 

within time spans of few years for a GRACE-type mission (Mayer-Gürr et al. 2011; P-II). With 

regard to a NGGM, this finding can be obsolete as demonstrated in P-II. A similar approach as 

described above is used in this study, whereby tidal constituents are co-parameterized globally 

over time spans of up to 3 years for a Bender-type and a GRACE-type mission. Results indicate 

that already 1 year of gravity field observations of Bender-type is sufficient to co-estimate 

particular tidal constituents significantly, at least. The observation geometry of the double pair 

mission and methods of arranging the NEQs for parameterization of the non-tidal time varying 

signals, in combination with shorter aliasing periods of the tidal signals due to the inclined pair, 

lead to a better decorrelation amongst the different tidal constituents as well as between tidal 

and non-tidal signals. The estimated tidal constituents form a new ocean tide de-aliasing model. 

The application of this model for de-aliasing leads to significant reduction of tidal aliasing in 

the gravity retrieval errors. 

 

The method of co-parameterization of ocean tides can also be applied to mission architectures 

such as MOBILE or GETRIS. However, in order to co-estimate tidal parameters within time 

spans of few years, a sufficient number of observations is required. Because of the limited 

visibility between a LEO-MEO pair, a sufficient number of satellites is necessary (minimum 

configuration of 2 LEOs and 3 MEOs when assuming MOBILE architecture). Preliminary 

simulations have indicated that tide models for de-aliasing can also be improved with a high-

low-type mission architecture (Pail et al. 2016). 

 

The method of co-parameterizing tidal constituents within few years is restricted to the longer 

wavelength spectrum of about up to SH d/o 30. This is due to the enormous computational 

effort on the one hand, and due to increased aliasing effects from the tidal constituents having 

long aliasing periods (especially K1 and K2) in case of an increased SH expansion on the other 

hand, which would dramatically worsen the performance of the estimation process. Results of 

the studies executed in P-II and in Mayer-Gürr et al. (2011) indicate that tidal constituents with 

shorter aliasing periods (Q1, O1, N2, M2) can be co-parameterized significantly better than 

constituents that have longer aliasing periods such as K1, P1, K2, and S2. The latter additionally 

show increased correlations with non-tidal signals hampering the estimation performance. 

Further, it turned out that the K2 component of the tide model cannot be improved by using the 

respective co-parameterized values (as long as a polar satellite is part of the formation), so that 

this tidal constituent is currently being excluded from the optimization of the tide model 
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(Kvas et al. 2019). These findings demonstrate that ocean tide models can be improved only to 

a certain extent when using co-parameterization techniques, but already show a great benefit in 

terms of de-aliasing. 

 

Results presented in P-II are based on older versions of the ocean tide models EOT (EOT08a), 

serving as reference model, and GOT4.7, serving as true model, as well as an older software 

version of the FSS. Therefore, tidal constituents were re-estimated by using an updated version 

of the EOT model (EOT11a), an updated GOT4.7 model, and an updated FSS environment. 

The updated tide models lead to slightly smaller ocean tide model differences in the long 

wavelengths. Both models are correlated with each other to a certain extent as they are based 

on the same data sets provided by the different satellite altimetry missions. However, they are 

generated by using different empirical analysis methods and show different spatial resolutions 

(Savcenko & Bosch 2012) causing the errors presented in Figure 5.3 (center right). Simulations 

were executed by using the Bender-type formation according to Table 1 in P-II (assuming 

instrument errors which are equal to the ones of Sc. D) for time spans of 1 year (2002) and 3 

years (2002-2004), and parameters were resolved up to SH d/o 30. Additionally, the co-

parameterization method of estimating low resolution gravity fields (up to d/o 15) at short time 

scales (daily) was applied in parallel in order to decorrelate the system wrt. high frequency non-

tidal time-varying signals. The procedure of co-estimating ocean tides with FSS is identical to 

the one presented in P-II. Furthermore, the decorrelation technique of rearranging the NEQ 

matrix by separating the static gravity field parameters into blocks of few days, which is 

described in P-II (section 2.6), is applied here as well. In this context it is important to mention, 

that the static blocks are summed up with an interval of 7 days over a time span of 3 years since 

the Bender-type formation has a repeat orbit of 7 days. Due to implementation purposes of the 

FSS, the arrangement of the full NEQ matrix according to P-II (Figure 6) and the estimation of 

parameters is done by an external software where FSS generated daily NEQs serve as input. 

The system is solved by inverting the fully rearranged NEQ system. 

 

Instead of estimating the full AOHIS signal while co-estimating of tidal constituents as it was 

done in P-II, the AOD product was used to de-alias high frequency atmospheric and oceanic 

signals. Figure 5.4 shows the SH degree RMS of the 8 major tidal constituents in terms of the 

true signal, represented by the GOT4.7 model (red curve), and in terms of ocean tide model 

errors. The reference error signal is represented by the difference between the GOT4.7 and the 

EOT11a model (black curve), while the errors arising due to the co-parameterization process 
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are presented as differences between the GOT4.7 model and the co-estimated models (blue, 

green, yellow, and magenta curves). Next to the representation in the spectral domain, the true 

tide model signal and the tide model errors are plotted in the spatial domain (Figure 5.5 and 

Figure 5.6) in terms of half peak-to-peak amplitudes (see P-II, Eq. (10)) over 48 hours using a 

1° x 1° grid. The quantitative assessment of the model errors is shown in Table 5.1 in terms of 

global RMS values. Note that the values are dominated by the long wavelengths signals.  

 

Results demonstrate that after 1 year of co-parameterization of tidal constituents, ocean tide 

model errors can be reduced significantly only for M2 and O1 due to their large signal 

amplitudes and short aliasing periods (see Table 3 in P-II). In general, tide model errors can be 

reduced over the oceans for all tidal constituents (except for K2) even after 1 year of co-

parameterization (see Figures 5.5 and 5.6). However, due to correlations among non-tidal time-

varying signals (mainly hydrology and AO de-aliasing errors) and the tidal constituents, model 

errors arise over land. This is especially true for the S2 component showing near-semi-annual 

hydrological signals. An enhancement of the estimation period from 1 to 3 years leads to an 

improved tide parameter estimation due to a better decorrelation of the system. Results 

demonstrate a further reduction of model errors for M2 and O1 and show improvements in the 

tide model errors of N2 and Q1 compared to the reference model errors. P1, K1, and S2 hardly 

show reduced model errors after 3 years of co-estimation due to large aliasing periods 

(especially for K1), strong correlations among themselves including K2, and correlations with 

the non-tidal time-varying signals (see Figure 5 bottom in P-II). Results estimated over 3 years 

by using the co-parameterization method of estimating low resolution gravity fields at short 

time scales show small improvements for the P1 and K1 components wrt. the reference model 

errors, but larger improvements for the S2 component. In this way, even the parameters of K2 

can be estimated better, however, there is no reduction of errors visible compared to the 

reference model errors due to the small signal amplitude, the large aliasing period, and strong 

correlations with other constituents as well as non-tidal parameters. Results estimated over 3 

years by using the method of rearranging the NEQ system show similar error performances as 

for the results obtained by using the co-parameterization method of estimating low resolution 

gravity fields at short time scales. However, a reduction of errors is seen for the K1, S2, and K2 

components which can be explained by the additional consideration of non-tidal time-varying 

gravity field signal of up to max. d/o 30, contained in the 7-day blocks, instead of d/o 15, 

contained in the daily parameterization. Considering the RMS values in Table 5.1, the sum of 

all ocean tide model errors can be reduced by about 50% in a relative sense (when K2 is 
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excluded) compared to the reference model errors when co-estimating tidal constituents over 3 

years and applying the method of co-estimation of daily low resolution gravity fields. The 

largest reduction of error is seen for the M2 component showing a relative improvement by 

about 80%. If the method of rearranging the NEQ system is applied, the sum of all tide model 

errors can be reduced by about 43% in a relative sense (when K2 is included) compared to the 

reference model errors. Results indicate that further improvements can be achieved by 

increasing the time span of estimation in combination with the application of methods for 

decorrelation of tidal and non-tidal signals and by resolving of tidal parameters up to a higher 

SH d/o. 

 

 

Figure 5.4: SH degree RMS in mm geoid height of the 8 major tidal constituents for different error ocean 

tide models: reference difference model GOT4.7 – EOT11a (black), difference between GOT4.7 and 

the 1 yr estimated tide model (blue), difference between GOT4.7 and the 3 yr estimated tide model 

(green), difference between GOT4.7 and the 3 yr estimated tide model using the method of co-

parameterizing low resolution short term gravity fields (yellow), and the difference between GOT4.7 

and the 3 yr estimated tide model using the rearranged composition of the NEQ system (magenta), 

together with the true signal of the GOT4.7 model (red).  
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Figure 5.5: Half peak-to-peak spatial amplitudes in terms of mm geoid height for the 4 major diurnal 

tidal constituents for the following models: true ocean tide signal of the GOT4.7 model (first row), 

reference difference model GOT4.7 – EOT11a (second row), difference between GOT4.7 and the 1 yr 

estimated tide model (third row), difference between GOT4.7 and the 3 yr estimated tide model (fourth 

row), difference between GOT4.7 and the 3 yr estimated tide model using the method of co-

parameterizing low resolution short term gravity fields (fifth row), and the difference between GOT4.7 

and the 3 yr estimated tide model using the rearranged composition of the NEQ system (sixth row).  
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Figure 5.6: Half peak-to-peak spatial amplitudes in terms of mm geoid height for the 4 major semi-

diurnal tidal constituents for the following models: true ocean tide signal of the GOT4.7 model (first 

row), reference difference model GOT4.7 – EOT11a (second row), difference between GOT4.7 and the 

1 yr estimated tide model (third row), difference between GOT4.7 and the 3 yr estimated tide model 

(fourth row), difference between GOT4.7 and the 3 yr estimated tide model using the method of co-

parameterizing low resolution short term gravity fields (fifth row), and the difference between GOT4.7 

and the 3 yr estimated tide model using the rearranged composition of the NEQ system (sixth row). 
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Table 5.1: Global RMS values calculated from d/o 3 up to max. d/o 30 in mm geoid height for the 8 

major tidal constituents for the following models: true ocean tide signal of the GOT4.7 model, reference 

difference model GOT4.7 – EOT11a, difference between GOT4.7 and the 1 yr estimated tide model, 

difference between GOT4.7 and the 3 yr estimated tide model, difference between GOT4.7 and the 3 yr 

estimated tide model using the method of co-parameterizing low resolution short term gravity fields, 

and the difference between GOT4.7 and the 3 yr estimated tide model using the rearranged composition 

of the NEQ system. 

Ocean tide model Q1 O1 P1 K1 N2 M2 S2 K2 

GOT4.7 0.608 2.368 1.200 3.949 1.917 7.347 2.745 0.778 

GOT4.7 – EOT11a 0.030 0.096 0.068 0.116 0.042 0.129 0.082 0.079 

GOT4.7 – 1 yr estimation 0.036 0.055 0.064 0.119 0.059 0.065 0.135 0.476 

GOT4.7 – 3 yr estimation 0.020 0.027 0.057 0.109 0.037 0.043 0.121 0.430 

GOT4.7 – 3 yr* estimation 0.020 0.020 0.051 0.082 0.023 0.027 0.064 0.130 

GOT4.7 – 3 yr** estimation 0.026 0.026 0.057 0.079 0.038 0.041 0.056 0.054 

 

In order to validate the estimated tide models for tidal de-aliasing during gravity field 

processing, FSS simulations were performed with a retrieval period of 30 days (2002 January 

1-30), using the same Bender-type formation and corresponding force models and sensor noise 

specifications as for the co-estimation of ocean tides. As de-aliasing tide model, the estimated 

tide model over 3 years period using the rearranged composition of the NEQ system is used. 

As a reference, the results are compared with a gravity field retrieval, which uses the EOT11a 

tide model as de-aliasing model. The gravity field retrieval error is assessed by taking into 

account the full non-tidal signals (including AO de-aliasing) and by focusing on tidal errors 

exclusively, in order to highlight the effect of tidal aliasing. The comparison of these solutions 

displayed in Figure 5.7 shows reduced retrieval errors for the gravity field solutions where the 

estimated tide model is used as de-aliasing model. In case of considering tidal errors 

exclusively, errors are reduced of about 20%. The spatial plots of Figure 5.7 reveal that 

especially tidal errors at higher latitudes are reduced. In general, aliasing errors due to imperfect 

tide models (cf. Figure 5.3, center right) are reduced to a certain extent due to the self-de-

aliasing capability of the Bender-type formation, particularly at lower latitude areas. Errors at 

higher latitudes are less well de-aliased since the ground track of the inclined pair is restricted 

to latitudes of less than 70° in this case. The use of the estimated tide model as de-aliasing 

model can minimize this effect. However, error signals remain in terms of longitudinal stripes 

which are contained in the estimated tide model due to aliasing effects during the co-estimation 

process in combination with the observation geometry of the polar pair (cf. Figures 5.5 and 5.6). 

If non-tidal geophysical signals are included in the gravity field retrieval, temporal aliasing 
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errors are dominated mainly by the error of the AO de-aliasing leading to a reduction of retrieval 

errors of a little less than 20%.  

 

 

Figure 5.7: (top): degree RMS in cm EWH of gravity field retrieval errors due to sensor noise, tidal 

signals, non-tidal HIS signals, and signals due to AO de-aliasing (solid blue and red curves), degree 

RMS in cm EWH of gravity field retrieval errors due to sensor noise and tidal signals (dashed curves) 

based on the FSS wrt. the mean HIS for 30 days (black). The effect of temporal aliasing due to ocean 

tides is simulated by using the EOT11a model as reference (red curves) and by using the 3 yr estimated 

tide model using the rearranged composition of the NEQ system as reference (blue curves). (Bottom): 

Gravity field retrieval error in the spatial domain for the solution related to the red dashed curve of the 

top plot (left) and for the solution related to the blue dashed curve of the top plot (right). 

 

For the co-parameterization of ocean tides, satellite orbits should be ideally designed in such a 

way that they are able to sample the tidal signals as well as possible. In case of a multi-satellite 

pair formation, this can be solved by choosing interleaved orbits. In contrast, if the goal is to 

mitigate tidal aliasing by the mission formation itself, the orbit design should aim to measure 
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tidal mass variations as little as possible in order to keep the resulting aliasing effect small. 

When talking about double pair formations, this can be achieved not just by means of an 

improved observation geometry, but also by setting the orbit sampling of the ocean tides out-

of-phase (the phase difference sampled by two satellite orbits is 180°) so that the samples will 

cancel each other after combination, according to Liu (2019). This is possible for every partial 

tide individually, as they show a clear periodic pattern which reflects the phase sampling of the 

tides by the satellite orbits. However, the out-of-phase sampling should be kept for the whole 

mission duration. This can only be achieved when the orbits have the same nodal rates, 

implicating satellites having the same altitudes and inclinations. The Bender-type formation is 

not able to fulfill these requirements, while the double polar pair formation does. The results in 

this dissertation demonstrate that the Bender-type formation is to be preferred though. 

 

Post-processing techniques 

Mitigation of temporal aliasing errors in post-processing is to remove the aliasing errors from 

the recovered gravity field solutions. Methods that are typically applied in real-data post-

processing from GRACE and GRACE-FO are so-called ‘de-striping’ and ‘smoothing’ 

algorithms which are used in the frequency domain. Prominent representatives are the empirical 

decorrelation filter of Swenson & Wahr (2006), reducing the typical north-south oriented and 

correlated error structures of GRACE solutions from SH d/o 14, where striping effects typically 

start from, and the Gaussian smoothing algorithm applied over the entire spectrum, in order to 

reduce the remaining geophysical error signals in a second step. The approach of Swenson & 

Wahr (2006) is based on the assumption that the striping structures correspond to specific 

patterns in the SH coefficients. These patterns are removed by fitting polynomials to the 

respective sequences of SH coefficients. As this method follows an empirical approach, it 

turned out to be sub-optimal. Therefore, state-of-the-art methods to filter gravity field solutions 

are based on a more analytical approach, called DDK decorrelation filter (Kusche 2007). This 

filter is of the type ‘regularization’ which is based on a synthetic GRACE error covariance 

matrix, derived from orbit information, in combination with a static degree dependent signal 

variance. The concept of the DDK filter turned out to be promising, delivering superior results 

wrt. other filters. DDK filtered solutions with eight different filter strengths can be obtained for 

all International Centre for Global Earth Models (ICGEM) hosted GRACE and GRACE-FO 

time series via the ICGEM web portal (http://icgem.gfz-potsdam.de/ICGEM/).   
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However, Horvath et al. (2018) showed that even the DDK filter has a weak point, which is its 

static behavior, and he adopted a non-stationary variant of the DDK filter, the time-variable 

decorrelation filter VADER. By using full time-varying (e.g. monthly) error covariance 

information, this technique enables an average reduction of GRACE cumulative geoid height 

errors of up to 15% compared to the static DDK filter (Horvath et al. 2018). In the course of a 

NGGM, the error pattern of the gravity field retrieval can change a lot compared to a single 

GRACE-type mission (Figure 4.6). Due to the adaptability of the VADER filter, attributable to 

the use of full, e.g., month-to-month error covariance matrices, it can also be applied in multi 

pair formations without major modifications. Furthermore, it allows to vary the filter strength 

necessary to extract target signals from future missions. Therefore, in order to fully exploit the 

potential of a NGGM, this filter method can be a useful tool. The application of the VADER 

filter is also part of the post-processing discussed in P-IV. 

 

Next to spatial smoothing operators, there is also the possibility of temporal filtering of series 

of gravity field solutions. This method can be interesting, in particular wrt. ocean tide 

mismodeling errors as they show a recurring pattern over time and are restricted to fixed 

locations (Figure 5.3, center right). From the previous discussion it is known that tide model 

errors alias at particular frequencies. The idea is to estimate the amplitudes for those aliasing 

periods, covering at least 1 year of observations, together with a mean for the time-series of SH 

coefficients in a first step, and to correct the gravity field time-series by subtracting the 

estimated parameters and the mean in a second iteration (Visser et al. 2010; Liu et al. 2016). 

The estimation of the aliasing errors can be done either in the SH domain or in the spatial 

domain at individual grid cells. Results indicate that aliasing signals can be filtered out of the 

retrieved gravity field solutions and tidal aliasing errors can be reduced. Nonetheless, striping 

patterns are still present due to non-tidal aliasing signals requiring the application of further de-

striping and smoothing algorithms which have already been discussed. 

 

The application of filter techniques has always been part of the standard post-processing of 

GRACE data and is currently part of the standard post-processing of GRACE-FO data in order 

to derive gravity field products providing ‘clean’ (almost free of errors) mass variation signals 

that can be used by the community. At the same time, the filter methods lead to an undesirable 

and inevitable side effect of also filtering the signals one aims to observe. This can only be 

prevented by flying a mission architecture providing more isotropic gravity field observations, 

resulting in gravity field retrieval errors being reduced from temporal aliasing. In P-IV, it is 
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shown that the Bender-type architecture is able to provide ‘clean’ measurements especially at 

medium spatial scales (500 – 1.200 km) and does not necessitate any post-processing up to SH 

d/o 40 for monthly solutions. Therefore, the goal of a future gravity satellite mission should 

always be to generate mass change measurements that are as clean as possible in order to 

minimize the need for post-processing techniques. 

 



 

 

Chapter 6 

 

Conclusions and outlook 

 

When talking about future gravity field missions the literature agrees in two things: first, the 

temporal and spatial resolution of a time-variable gravity field solution can only be improved 

simultaneously by using more than one pair of satellites. Second, temporal aliasing due to high 

frequency atmospheric, oceanic, hydrological and tidal mass variations represents the largest 

error source in determining the Earth’s gravity field and needs to be reduced first in order to 

exploit the potential of improved sensor techniques. In this thesis, two paths were followed that 

are closely linked to achieve these goals: on the one hand, by using different innovative satellite 

mission architectures, and on the other hand, by applying advanced processing techniques. 

 

During the last 15 years, a variety of innovative satellite gravity field mission concepts have 

been developed. This thesis investigated the potential of some selected future satellite gravity 

field mission concepts quantitatively and qualitatively. In addition to already known mission 

architectures, such as the Bender-type formation, high-low-type formations, such as the 

MOBILE mission or the GETRIS concept, were analyzed and supplement the catalogue of 

potential NGGM formations. Despite the fact, that the high-low-type formation is not able to 

provide continuous measurements, compared to a GRACE-like formation, it demonstrated its 

potential of reducing errors due to temporal aliasing by showing a close-to isotropic error 

pattern, which is enabled by a multidirectional observation geometry. However, from a 

technical point of view, the implementation of the relative distance measurement unit in this 

mission concept is very challenging due to the very large distance between a MEO-LEO pair, 

which is constantly changing, and due to a changing observation angle. 

 

The favorable observation geometry of the high-low-type formation enables the application of 

gravity field processing techniques that are able to reduce temporal aliasing errors further. For 

the mitigation of aliasing errors caused by non-tidal mass signals, a method of co-estimating 

low resolution short-term gravity fields, which has already proven successfully for the Bender-

type mission, turned out to be beneficial as well. It could be shown that, in contrast to a GRACE-
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type mission, this technique can further reduce temporal aliasing errors arising for a high-low-

type formation. 

 

Results in this thesis reveal that tide errors play an important role in the total error budget as 

well. For this purpose, a method was investigated, which co-estimates ocean tide parameters 

over long time spans, in order to improve current tide models for de-aliasing. It turned out that, 

next to the long aliasing periods of dedicated constituents, correlations among tidal and non-

tidal signals represent one of the major error sources in co-estimating ocean tides. Therefore, 

strategies were applied, such as a special arrangement of NEQs or the additional co-estimation 

of low resolution short-term gravity fields discussed before, in order to decorrelate the system. 

It was shown that ocean tide models can be improved in the long wavelength spectrum by co-

estimating tidal parameters after only 1 year when using a Bender-type formation. It has also 

been demonstrated that this is hardly possible with a GRACE-type formation in such a short 

time span. Finally, it is interesting to mention that due to high complexity with orbital 

parameters and mass variations one aims to observe, tide errors currently pose the greatest 

challenge with regard to a NGGM.  

 

As in much of this work, it is common to express the error performance of a satellite gravity 

field mission in terms of SH degree error variances in the frequency domain, and in terms of 

global or regional plots in the spectral domain. These representations are generally restricted 

wrt. the temporal and spatial resolution. One part of this thesis dealt with the development of a 

more comprehensive method to combine a broad scale of spatial and temporal resolutions of 

the gravity field solutions in one plot, called STAG. This representation enables the direct 

tapping of gravity field retrieval errors out of a space-time continuum in a quantitative sense, 

and generates a connection to science requirements, simultaneously. In this way three mission 

candidates (GRACE-FO-like, double polar pair and Bender-type) were examined at different 

levels (e.g. the level of ‘raw’ retrieval errors or ‘post-processed’ retrieval errors) offering a 

complete gravity field retrieval error analysis, and providing information about a possible 

suitability as future mission. According to this analysis, once again the great potential of the 

Bender-type concept was demonstrated. 

 

The STAG analysis revealed the power of the post-processing techniques in reducing errors in 

the gravity field retrieval. However, the overall goal should be to prevent or reduce the need of 

post-processing as far as possible in order to keep as much signal content as possible. Therefore, 
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increasing the isotropy of the observable instead of simply increasing the sampling frequency 

is to be highlighted and represents one of the major outcomes of this thesis. 

 

All results presented in this thesis are based on simulations executed with two different software 

environments that are based on independent numerical methods. The comparison analysis in 

Chapter 4 and in P-II showed that, despite different functional models and differences in the 

processing, both software packages provide consistent results, in most cases. Due to a better 

approximation of reality, results derived by the FSS can be considered as more realistic, though. 

 

The application of the co-parameterization techniques within the gravity field processing 

discussed in this thesis are very sensitive to numerical stability. In case of the co-estimation of 

short-term gravity fields, the stability of the short-term NEQs plays a crucial role. Here, an 

enhanced numerical precision for the execution of the computational tasks (quadruple precision 

instead of double precision) could help to stabilize the total NEQ system and could improve the 

estimation performance (Daras et al. 2015). Furthermore, a regularization (e.g. a regularization 

according to Kaula (1966)) could be applied to the short-term gravity field parameters to be 

estimated, in order to further stabilize the system. A regularization would also be conceivable 

when co-estimating ocean tides. As the estimation performance suffers from strong correlations 

among non-tidal (especially the hydrological component) and tidal signals, a regularization of 

continental areas could help to free the estimated tide model from errors over these regions.  

 

The isotropic error behavior of the high-low-type mission concept represent the largest 

advantage of this mission architecture compared to others. In order to optimize the performance 

of this concept, gaps between consecutive observation periods of a LEO-MEO pair should be 

kept as short as possible by a more optimal placement of the satellites. In this context, one might 

think of placing the MEO satellites at different orbital planes by shifting the RAAN instead of 

simply offset the position when using the same orbital plane. The potential of the mission 

concept can be extended by adding additional LEOs and high orbiting satellites, such as 

geostationary satellites or navigation satellites, equipped with an inter-satellite-link which is 

able to perform range measurements. In this case, due to reasons of technical feasibility, the 

number of switches of the telescope of the relative distance measurement unit should be kept 

small which can be achieved by maintaining an inter-satellite-link between a dedicated LEO-

MEO pair as long as possible. 
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Next to the quality of the satellite gravity field observations, the life time of a mission is an 

important factor to ensure continuous observations of mass changes. Therefore, when planning 

a mission, it has to be estimated where the focus lies on. As an example, the Bender-type 

mission currently represents the best choice of providing gravity field measurements of high 

quality. However, satellites operate in altitudes where drag influences the mission duration 

considerably. In order to keep a certain altitude, a drag compensation system is necessary. An 

alternative concept could be high-low-type concept, where drag can be neglected, at least for 

the high orbiting satellites, which would increase their life time remarkably. The lifetime of the 

mission architecture is then determined by the LEO/s, which need the accelerometer in order to 

compensate for non-gravitational forces. Due to the large distance between a LEO-MEO pair, 

quality of the relative distance measurements is restricted and results in larger gravity field 

retrieval errors compared to a Bender-type formation. 

 

Finally, in the light of a NGGM, the herein evaluated mission architectures, processing 

techniques and visualization methods give a formidable overview about the current status in 

science and enable an improved insight into the quantity of mass change as essential climate 

variable. As the gravitational ‘potential’ is the geophysical quantity of interest in this thesis, the 

results presented provide information about the ‘potential’ of a mission architecture with regard 

to a possible applicability as future mission.  
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Short Summary 

The GETRIS concept aims at providing a platform for data transfer, clock synchronization, and 

ranging in space. Based on the GETRIS infrastructure, the potential of the high-low-type 

concept was evaluated by performing an error analysis of the major error sources contributing 

to the total error budged of the gravity field retrieval. Galileo satellites are used as MEOs since 

the mission concept is based on already existing infrastructure. Compared to a single polar pair 

formation, which was chosen as baseline scenario, it has been shown that the high-low-type 

formation (minimum configuration of 3 Galileo satellites and 1 LEO) is able to reduce the 

gravity retrieval errors significantly due to a multidirectional observation geometry by 

providing gravity field observations, which are much more isotropic than the ones provided by 

the single polar pair. An extension of the high-low-type formation by additional high- and low-

orbiting spacecraft showed that the capability of this concept can be further increased. Results 

also revealed that the inclusion of inclined LEOs does not show an improvement in the error 

budget compared to a polar-only solution. The error analysis demonstrated that the major error 

source arises from temporal aliasing due to non-tidal signals. It could be shown that the method 

of co-estimating short-term low resolution gravity fields is able to reduce these errors for a 
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high-low-type formation. As part of an already existing space-borne infrastructure, this concept 

can be a cost-efficient alternative compared to GRACE-type formations. 
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Abstract

The study ‘‘Geodesy and Time Reference in Space” (GETRIS), funded by European Space Agency (ESA), evaluates the potential and
opportunities coming along with a global space-borne infrastructure for data transfer, clock synchronization and ranging. Gravity field
recovery could be one of the first beneficiary applications of such an infrastructure. This paper analyzes and evaluates the two-way high-
low satellite-to-satellite-tracking as a novel method and as a long-term perspective for the determination of the Earth’s gravitational field,
using it as a synergy of one-way high-low combined with low-low satellite-to-satellite-tracking, in order to generate adequate de-aliasing
products. First planned as a constellation of geostationary satellites, it turned out, that an integration of European Union Global Nav-
igation Satellite System (Galileo) satellites (equipped with inter-Galileo links) into a Geostationary Earth Orbit (GEO) constellation
would extend the capability of such a mission constellation remarkably. We report about simulations of different Galileo and Low Earth
Orbiter (LEO) satellite constellations, computed using time variable geophysical background models, to determine temporal changes in
the Earth’s gravitational field. Our work aims at an error analysis of this new satellite/instrument scenario by investigating the impact of
different error sources. Compared to a low-low satellite-to-satellite-tracking mission, results show reduced temporal aliasing errors due to
a more isotropic error behavior caused by an improved observation geometry, predominantly in near-radial direction within the inter-
satellite-links, as well as the potential of an improved gravity recovery with higher spatial and temporal resolution. The major error con-
tributors of temporal gravity retrieval are aliasing errors due to undersampling of high frequency signals (mainly atmosphere, ocean and
ocean tides). In this context, we investigate adequate methods to reduce these errors. We vary the number of Galileo and LEO satellites
and show reduced errors in the temporal gravity field solutions for this enhanced inter-satellite-links. Based on the GETRIS infrastruc-
ture, the multiplicity of satellites enables co-estimating short-period long-wavelength gravity field signals, indicating it as powerful
method for non-tidal aliasing reduction.
� 2017 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Gravity field; Inter-satellite-link; Temporal aliasing; Galileo
1. Introduction

Inter-satellite links (ISLs) can be used for three different
purposes: ranging, clock synchronization and data trans-
fer. Therefore they are used in a broad spectrum of appli-
http://dx.doi.org/10.1016/j.asr.2017.01.028

0273-1177/� 2017 COSPAR. Published by Elsevier Ltd. All rights reserved.
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cations like orbit determination, data exchange,
experiments in fundamental physics and gravity field recov-
ery. In each discipline satellite systems are needed to fulfill
these tasks. Although not fully operational today, the
future of Galileo (Barlier, 2005) is discussed already now.
An interesting question is if inter-Galileo links should be
integrated to allow data transfer and better orbit determi-
nation because of clock synchronization and precise rang-
ing (Amarillo et al., 2008). The questions discussed in
fundamental physics are: is it better to operate optical
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clocks, even if these instruments are currently not working
continuously, in space or on ground (Schiller et al., 2007)?
And in space, which orbit is the best? How can the precise
clock information be transferred to the experiment on
ground or in space? ESA has already an answer to the
question how to get along with rising data volumes on
Earth explorer missions in low Earth orbits: the European
Data Relay Satellite System (EDRS, Agnew et al., 2012).
At least three geostationary satellites build the constella-
tion to collect great amount of data from LEO satellites
and transfer it to ground. In future, Sentinel satellites
which need to have high data transmission rates (e.g. actu-
ally the Sentinel-1A, B and Sentinel-2A, B satellites,
TESAT, 2016) will be equipped with an optical link for
data transfer to EDRS satellites.

All three tasks, namely clock synchronization, data
transfer, and ranging, can be achieved with the same link
simultaneously. GETRIS studied this synergy and dis-
cussed the versatile potentials of highly accurate two-way
inter-satellite and space-to-ground links for multi-static
Synthetic Aperture Radar (SAR) measurements, altimetry,
gravimetry, and relativistic geodesy (Schäfer et al., 2013).
Proposing a constellation where GEO satellites equipped
with high precision clocks are integrated in a Galileo sys-
tem in Medium Earth Orbit (MEO) and assuming inter-
satellite ranging between GEO-MEO, MEO-MEO, and
MEO-LEO or GEO-LEO (Schlicht et al., 2014), a versatile
infrastructure for in-space and space-to-ground data trans-
Fig. 1. The GETRIS constellation for gravity field recovery. The advantages
mission, as the data link is also a high precision ranging link. This allows a c
fer, clock synchronization, orbit and gravity field determi-
nation can be established. The constellation for gravity
field recovery is shown in Fig. 1.

The GETRIS concept is not only based on existing satel-
lite constellations such as Galileo and EDRS, but also on
existing link structures, like the two-way optical data trans-
fer link between GEO and LEO in the EDRS concept. The
readiness of the optical two-way link technology has
already been proven, shown by inter-satellite laser commu-
nication tests of ESA’s ARTEMIS satellite (Tolker-Nielsen
and Oppenhauser, 2002), and their capability for ranging is
analyzed in Schäfer et al. (2013). In 2014 the first digital
pictures were transferred via laser from a LEO satellite
(Sentinel-1A with a laser terminal working at 1.8 Gbit/s,
TESAT, 2016) to a GEO satellite (Alphasat with a laser
terminal working at 5.6 Gbit/s, TESAT, 2016) which is
part of the EDRS concept. Furthermore GETRIS studied
the capability of the phase modulation technique of an
optical carrier and came to the conclusion, that it is capable
of achieving ranging precision of some micrometers in
some seconds of integration time without the need to ana-
lyze the phase of the carrier (Schäfer et al., 2013). This
would be a factor of 1000 improvement with respect to
standard microwave Global Positioning System (GPS)
technology. Making use of this precision puts demands
on precise knowledge of satellite center-of-mass and atti-
tude. The technical realization of such optical two-way
links for gravity retrieval is not yet explored on Galileo,
can be seen in the LEO orbit which makes every mission a gravity field
ontinuous gravity field recovery with high temporal resolution.
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but should be investigated in the future. The application of
these innovative links within a simulation environment is
discussed in this paper.

One of the main error contributors in gravity field recov-
ery are temporal aliasing errors (Flechtner et al., 2016) aris-
ing for both, low-low satellite-to-satellite-tracking (SST) as
well as for high-low SST concepts. This kind of errors is
generated from undersampling geophysical signals which
have, according to the Nyquist sampling theorem
(Nyquist, 1928), a period less than twice the sampling per-
iod of the mission. To get appropriate temporal gravity
field solutions from Gravity Recovery and Climate Exper-
iment (GRACE, Tapley et al., 2004), representing a combi-
nation of microwave low-low and high-low SST with two
satellites flying on the same orbit with a distance of about
200 km, with spatial scales of �300 km and below, destrip-
ing and filtering methods (e.g., Swenson and Wahr, 2006),
are necessary during the post-processing. Traditionally, the
temporal resolution of the GRACE data products has been
30 days (Tapley et al., 2004) since its launch in 2002. How-
ever, also products in shorter time periods like 10 days
(Bruinsma et al., 2010; Tapley et al., 2013), and even daily
solutions (Kurtenbach et al., 2009; Mayer-Gürr et al.,
2016) using Kalman filter methods are available. Using
GETRIS as a tracking infrastructure and increasing the
number of LEO satellites allows a gravity field recovery
in daily time periods as well (see Section 3.3). We will show
that a weekly or even shorter gravity field solution with
higher spatial resolution and reduced error structures than
achieved with a low-low SST constellation is possible with
the modified Galileo constellation and just one LEO satel-
lite. In contrast to typical gravity field solutions from low-
low SST, the effort in the post-processing to obtain a grav-
ity solution with superior spatial resolution would be
reduced or even not be required for GEO-LEO and
MEO-LEO tracking.

Gravity field missions such as GRACE are the unique
monitoring technology to observe mass changes in the sys-
tem Earth directly. Since these mass transport processes are
sensitive indicators of climate change, the design and plan-
ning of future gravity field missions are of great impor-
tance. The GRACE mission provides important
information about mass changes due to continental hydro-
logical processes (Schmidt et al., 2008; Tiwari et al., 2009),
ice mass loss in Greenland and Antarctica (Shepherd et al.,
2012; Velicogna et al., 2014), assessment of mass changes of
glaciers and ice caps, such as in Alaska, the Canadian Arc-
tic, Patagonia, and Himalaya (Gardner et al., 2013), sea
level rise (Willis et al., 2010), and ocean bottom pressure
variations (Chambers and Willis, 2010). In order to con-
tinue the observation of the spatial and temporal variations
of the Earth’s gravitational field and to mitigate any data
gaps, it is of utmost importance to have satellites available
continuing to measure those signals. Therefore, a GRACE
Follow-On mission is currently being developed and is
planned to be launched end of 2017 (Watkins et al.,
2015). In addition to the same microwave ranging system
as on GRACE, the GRACE Follow-On mission will
include an inter-satellite laser ranging interferometer as
demonstrator (Sheard et al., 2012). The accuracy of the
SST observations is thereby increased, however, the prob-
lem of temporal aliasing remains preserved. Gravity field
recovery in the GETRIS concept is not considered as a
dedicated satellite gravity mission, but rather as a spin-off
in order to ensure continuous longtime observation of the
Earth’s gravity field without data gaps in high temporal
resolution (better than GRACE), allowing to reduce the
aliasing errors and to improve the de-aliasing models.
Therefore it is meant as a fundamental basis for future high
precision gravity field missions, which would otherwise suf-
fer from non-adequate de-aliasing models, to determine
continuously ice mass losses, sea level rise and hydrological
variations.

A further concept of future gravity missions regarding
low-low SST with a better observation geometry than
GRACE is the pendulum formation where two satellites
are on slightly shifted orbits in such a way that the line
of sight (LoS) between them does not only contain along-
track but also cross-track components (Sharifi et al.,
2007). In several studies the benefits of introducing a sec-
ond pair of satellites were investigated, such as Wiese
et al. (2011a,b), Elsaka et al. (2014) or Loomis et al.
(2012), showing a reduction of temporal aliasing errors
and an improvement of the isotropic error characteristics
of the system (Wiese et al., 2011a; Murböck et al., 2014;
Daras, 2016).

This study is concerned to the question: How can a glo-
bal ISL infrastructure, like it is proposed for a GETRIS
constellation, contribute to the topic of gravity field recov-
ery? The assumption is that a constellation of Galileo, geo-
stationary satellites and LEOs is equipped with ISLs with a
precision of one micrometer. This will offer the opportunity
for gravity field recovery with a long-time perspective.

Especially the links GEO-LEO and MEO-LEO are
interesting alternatives to GRACE-like missions for gravity
field recovery. Schlie et al. (2014) already showed in first
closed-loop simulations, that a tracking constellation of
two GEOs and one LEO in a GRACE-like constellation
can provide temporal gravity fields showing a better perfor-
mance than GRACE, with significantly reduced error
structures. This is due to the fact that GEO-LEO tracking
represents a combination of different viewing directions,
dominated by the near-radial component of the Earth
gravity field, thus reducing the intrinsic anisotropic error
structure of a predominantly low-low SST along-track
ranging set-up. Due to a better orbit determination and
observation geometry, we adapted the GETRIS infrastruc-
ture from GEO to Galileo satellites for gravity field
recovery.

In this study a multitude of numerical simulations was
executed, using Galileo-LEO ISLs under conditions, which
are explained in the following section. All relevant error
components and their impact on the gravity retrieval are
investigated and quantified. In Table 1 the error budget



Table 1
Error budget of the GETRIS infrastructure for gravity field recovery. Error contributions which are considered in the simulations are check marked.

Instruments Aliasing Processing

Two-way high-low SST Temporal aliasing Conditioning U

� Stochastic noise U � Ocean tides U
� Systematics (bias, trend) � Non-tidal induced (mainly atmosphere and ocean) U

Accelerometer (LEO) � Correlations between tidal, non-tidal signals and instruments + SRP U Stochastic modelling U

� Stochastic noise U

� Systematics (bias, scale factor) Spatial aliasing
MEO/GEO disturbance

� Solar radiation pressure U Data gaps U
Star tracker

� Stochastic noise
� Systematics

Positioning
� Stochastic noise
� Systematics
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of the GETRIS infrastructure for gravity recovery is listed.
Here, error contributions which are considered in our anal-
yses are indicated by checkmarks and are investigated and
discussed in the following sections.

The logic of this paper is as follows: In Section 2 the
numerical mission simulation is discussed, including simu-
lation environment, observation equations and stochastic
modelling. Section 3 shows the results containing a repre-
sentation of the major error contributors and methods to
reduce temporal aliasing errors. Section 4 summarizes the
results, and in Section 5 a short outlook of possible future
work is given.

2. Numerical mission simulations

2.1. Mission simulation environment and observation

equations

The used mission simulator is a numerical linear closed-
loop simulator (Murböck and Pail, 2014; Murböck, 2015).
As a first step circular repeat orbits are computed analyti-
cally (see Section 2.2). Second, linear observations for each
epoch up to a maximum degree and order (d/o) are calcu-
lated from static and time varying background gravity field
models (see Table 2) by spherical-harmonic (SH) synthesis.
The SH coefficients for the ocean tides are computed from
pro- and retrograde ocean tide coefficients and are used as
a difference of two ocean tide models, FES2004 (Lyard
et al., 2006) and EOT08a (Savcenko and Bosch, 2008),
Table 2
Model definitions.

Models Name

Static gravity field model GO_CONS_GCF_2_TIM_R4
(Pail et al., 2010)

Non-tidal gravity field model ESA AOHIS (Gruber et al., 2011)
Ocean tides difference model FES2004 - EOT08a

(Lyard et al., 2006; Savcenko
and Bosch, 2008)
containing the eight major tidal constituents. This model
difference is assumed to be representative for ocean tide
model errors. The SH coefficients for the non-tidal
temporal variations are computed from models containing
atmospheric, oceanic, hydrological, ice and solid Earth
(AOHIS) mass variations for January 2001 with a six
hourly resolution (Gruber et al., 2011), linearly interpo-
lated to the observations. The SST observations

l̂high-low SST shown in Eq. (1) are computed in terms of
inter-satellite gravitational acceleration differences in LoS
direction which corresponds to the difference vector
between the position vectors of a Galileo-LEO satellite
pair. According to Murböck (2015) the functional model
is given by

l̂high-low SST ¼ hDagrav;Dr0i: ð1Þ
D describes the difference between the two satellites, Dagrav
are the gravitational acceleration differences containing the
gravitational potential gradient differences, and Dr0 is the
unit vector pointing from one satellite to the other. The
measurements of the laser ranging instrument represent
the total contribution to the LoS acceleration differences
Datotal from which the non-gravitational part Danon-grav
has to be subtracted, i.e.

hDagrav;Dr0i ¼ hDatotal;Dr0i � hDanon-grav;Dr0i: ð2Þ
Assuming that the LEOs are equipped with accelerome-

ters, we require LoS acceleration differences, which are
already reduced from the non-gravitational forces, accord-
ing to the stochastic error assumptions of the accelerometer
and optical laser link (explained later in this section) in our
simulations.

An ISL exists if specific conditions are met, which are
described in the following. The minimum elevation angle
of visible Galileo satellites observed by a LEO is 15�. This
value is chosen to establish an optical connection via laser
telescopes where the angle to see a Galileo satellite from a
LEO and reverse is not too flat (depending on the angle tol-
erance of the telescope), in order to ensure a high quality of
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the observations. Furthermore, additional restrictions
regarding the number of possible ISLs on Galileo and
LEO satellites are set. Assuming that two ISL terminals
(telescope plus necessary electronics for data and range
desynchronization out of the signals) for the Galileo and
one terminal for the LEO are available, one Galileo satel-
lite can track two LEOs simultaneously, and one LEO
can track only one Galileo satellite. The criterion for the
selection which ISL to set up is the smallest radial distance
between a satellite pair to ensure observations of high qual-
ity regarding the radial observation component. This con-
dition plays an important role for constellations with more
satellites (e.g. four or six LEOs or six Galileo satellites),
where several links for one satellite are possible simultane-
ously. Due to the observation geometry of the Galileo-
LEO satellite pairs and the changing satellite links, data
gaps arise for every satellite pair, leading to non-
continuous measurement time series of these pairs.

In addition to the static and time varying input gravity
fields and satellite orbits, in the next step noise is added
to the observations in terms of time series according to
the power spectral density (PSD) in Fig. 2. For SST obser-
vations there are two main noise sources disturbing the
observations: the accelerometer with a GRACE-like accu-
racy of 10�10 m/s2/sqrt(Hz) above 1 MHz (Tapley et al.,
2004) located in the center-of-mass of the LEO satellite,
observing non-gravitational forces acting on the LEO
which will be subtracted from the observed LoS accelera-
tion, and the relative distance measurement sensor (optical
two-way link with a micrometer ranging accuracy around
1 MHz, Schäfer et al., 2013). The accelerometer noise (dark
blue curve) dominates the lower frequency band where the
largest temporal mass variations occur. For higher fre-
quencies the distance measurement sensor (green curve) is
Fig. 2. Power spectral density (PSD) of different colored noise contribu-
tions – solar radiation pressure (SRP) parameters in terms of accelerations
(cyan), accelerometer noise (blue), ISL noise (green), together with the
inverse filter (red). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
the dominating error source. In this noise model, the rang-
ing noise has been transformed to an equivalent noise in
terms of acceleration differences by double differentiation.
In the case of Galileo-LEO SST, disturbing accelerations
due to solar radiation pressure (SRP) acting on the Galileo
satellites arise additionally. Present Galileo satellites are
not equipped with accelerometers, and this is not planned
in future. Assuming that no accelerometers are on-board
the Galileo satellites, the SRP are calculated with the Ber-
nese GNSS software (Dach et al., 2015) using a Galileo-like
box-wing model (Montenbruck et al., 2015). The computed
parameters represent the full impact of the disturbing
accelerations due to SRP as measurement noise, acting
on the Galileo satellites (cyan curve). The SRP is projected
on the LoS between a LEO-Galileo pair and added to the
combined noise time series of accelerometer and ISL. How-
ever, the influence of the SRP accelerations for gravity
retrieval turned out to be marginal. Gravity retrieval simu-
lations with full error budget (temporal aliasing errors due
to time variable gravity observation noise) show that the
contribution of the MEO-orbit error on the temporal grav-
ity solution due to SRP accelerations is smaller than 1%.
The largest non-gravitational acceleration acting on the
LEO is atmospheric drag. In contrast to GRACE the atti-
tude of the Galileo and LEO satellites in a LEO-Galileo
pair changes permanently with respect to each other and
the magnitudes of the non-gravitational forces acting on
the high and low orbiting satellites are very different, lead-
ing to the assumption, that accelerometers on board the
LEO satellites are necessary. This topic needs to be further
analyzed in future. The instrumental error budget consists
then of accelerometer noise, ISL noise, and SRP and is
always considered as one common unit, whereas the latter
is not an instrumental error of course. The sum of these
three error contributions has a noise level of 10�9–
10�10 m/s2/sqrt(Hz) in the measurement bandwidth
approximately between 0.2 and 10 MHz.

In addition to the stochastic noise of the instruments on-
board the satellites, also systematic errors arise from
accelerometers and ISLs due to biases and scale factor vari-
ations in the accelerometer, the attitude and center-of-mass
variations. Systematic effects acting on accelerometers on-
board LEO satellites are usually determined in preprocess-
ing methods before estimating gravity fields, or are co-
estimated (Tapley et al., 2004; Klinger and Mayer-Gürr,
2016). These effects are neglected in the simulations and
not discussed in this paper. Further contributions to the
measurement errors not analyzed in this paper come from
center-of-mass variations on the Galileo and LEO satel-
lites, imperfect attitude determination of the Galileo and
LEO satellites as well as systematic errors on the link due
to relative accelerations. Whereas the last points have to
be discussed in the realization of the links, some potential
changes on Galileo second generation can be seen positive
in this regard. This includes the use of star trackers for atti-
tude determination (Tossiand, 2016), the doubled mass of
the satellites and the ion thrusters for orbit control (ESA,



Fig. 3. SH degree RMS in mm geoid height of differences with respect to
the mean reference gravity field for the constellation Galileo 1, 2, 3 with
LEO 1, 3, 5, 7, computed with the reduced scale simulator (blue) and with
the full scale simulator (red), together with the 11 day mean AOHIS
reference (black). All simulations are computed with full input signal
(static + non-tidal gravity field + ocean tides differences + instrumental
errors together with SRP). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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2016). The use of ion thrusters will allow a much finer tun-
ing of the acceleration level. The larger solar arrays needed
for the provision of the thrusters with electric power and
the center-of-mass variations due to their attitude control
have to be taken into account. Especially the attitude con-
trol may become more important and needs to be analyzed
in future. The geolocation of the satellites for the evalua-
tion of the ISLs does not contribute significantly to the
error budget and is neglected in this study as well.

The total stochastic model for the observations is approx-
imated by a second order Butterworth auto regressive mov-
ing average (ARMA) filter model. This means that no
weighting matrix representing corrections among the obser-
vations is set up explicitly, but the design matrix on the left
side of the normal equation system, as well as the observa-
tion vector on the right side are filtered column wise by this
ARMA filter, in order to decorrelate it (Pail and Plank, 2002;
Siemes, 2008). The estimation of the filter is done in the spec-
tral domain, choosing the filter coefficients in a way, that the
absolute frequency response of the filter approximates the
inverse of the amplitude spectrum of the noise in the obser-
vations (see Fig. 2 red curve). Due to filter warm-up effects
the first 1000 epochs are neglected when setting up the nor-
mal equation system. Furthermore it should be noted, that
we assume consistent behavior of errors and the same instru-
ment error noise levels for high-low and low-low SST simu-
lations in order to enable a fair comparison of the general
behavior of the two mission concepts and to assess and eval-
uate their relative performance under the same conditions
(see Section 3.2 and Figs. 6 and 7). Of course, such as it is
planned for GRACE Follow-On, a much higher ranging
accuracy (10’s of nm, Sheard et al., 2012) than the microm-
eter for the optical link is foreseen. As mentioned in Sec-
tion 1, a GETRIS infrastructure is not planned to
substitute further gravity field missions of very high accu-
racy, but rather to allow a continuous gravity field recovery
with high accuracy to reduce the aliasing errors.

The goal is the determination of all SH coefficients up to a
maximum SH degree of 70 from gravitational observations
covering 11 days. In a last step this is done by inverting full
normal equations of a least squares system based on a stan-
dard Gauss-Markov model, using weighted least squares
with weights in accordance with the simulated instrument
noise levels. The resulting gravity fields can directly be com-
pared with the input reference fields (see Table 2). To analyze
the gravity retrieval errors of the estimated gravity field solu-
tions in terms of SH coefficients, the static and time varying
reference fields have to be subtracted from the estimated
gravity fields. In case of non-tidal signals a mean AOHIS
field, averaged over 11 days, is used. The tidal signals have
already been considered directly as a difference input model,
therefore a subtraction is not necessary.

Although the method based on LoS acceleration differ-
ences might not be used for practical application, it is a
valuable approach for simulation, because the associated
observation equations are linear, and thus linearization
and iteration are not needed to estimate the unknown SH
gravity field coefficients. A cross-comparison with a full-
scale simulator (Daras et al., 2015; Daras, 2016), based
on numerical orbit integration (Yi, 2012) and short-arc
approach (Mayer-Gürr, 2006), which has already been suc-
cessfully applied in real data applications to recover
satellite-only gravitational field models for Challenging
Minisatellite Payload (CHAMP), GRACE (Mayer-Gürr,
2006) and for Gravity field and steady-state Ocean Circula-
tion Explorer (GOCE, Yi, 2012; Schall et al., 2014) demon-
strates, that the results obtained with the method used in
the present study (reduced scale simulations) and the
related conclusions are representative (see Fig. 3). Both
solutions are simulated with full input signal (see Sec-
tion 3.1) and show great consistency in the long-wave
range, up to degree 20. The differences in the higher fre-
quencies show smaller residuals in the reduced scale case
nearly by a factor of 2 and can be explained by the different
processing and simulation methods in the respective simu-
lator. For detailed information regarding the full scale sim-
ulations refer to Daras (2016).
2.2. Satellite configurations and orbits

Previous simulations (Schlie et al., 2014) demonstrated
an improved temporal gravity field solution with already



Table 3
Orbit parameters.

Satellite Altitude [km] Inclination
[degree]

Revolutions/nodal days
in one repeat orbit

Ascending node
[degree]

Initial mean anomaly
[degree]

Galileo 1, 2, 3 23,222 56 17/10 0 0, 120, 240
Galileo 4, 5, 6 23,222 56 17/10 240 106.66, 226.66, 346.66
LEO 1, 2, 3 467 89 412/27 0, 30, 45 0
LEO 4, 5, 6 467 89 412/27 60, 90, 120 0
LEO 7, 8, 9 467 89 412/27 135, 150, 180 0
LEO 10, 11, 12, 13 467 89 412/27 225, 240, 270, 300 0
LEO 14 468 70 470/31 180 0
LEO 15 468 70 470/31 270 0
LEO 16 467 89 412/27 0 1.67

Table 4
Satellite constellations and corresponding number of observations.

Satellite constellation Number of observations (Galileo 1, 2, 3) Number of observations (Galileo 1, 2, 3, 4, 5, 6)

LEO 1 92,965 –
LEO 1, 3 174,791 187,187
LEO 1, 4 163,172 188,015
LEO 1, 5 149,267 187,930
LEO 1, 9 183,433 188,066
LEO 1, 14 171,492 –
LEO 1, 3, 5, 7 244,831 346,008
LEO 1, 4, 6, 9 263,445 346,346
LEO 1, 5, 9, 12 249,039 358,429
LEO 1, 5, 14, 15 247,115 –
LEO 1, 2, 4, 5, 6, 8 281,713 403,393
LEO 1, 3, 5, 7, 9, 10 317,927 454,492
LEO 1, 4, 6, 9, 11, 13 315,989 461,545
LEO 1, 16 (low-low SST) – 94,040 –
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two ISLs (2 GEOs, 1 LEO) compared to low-low SST. In
order to obtain a full coverage of the Earth with Galileo-
LEO SST, it is necessary to have three Galileo satellites
in a suitable constellation (a mean anomaly separation of
120� is chosen) to ensure a full coverage of the Earth and
a LoS to one LEO at every time. Therefore, three Galileo
satellites at typical Galileo orbits flying in the same orbital
plane constitute the basis of all executed closed-loop simu-
lations. The number of LEOs varies between two, four and
six, flying in different orbital planes. Table 3 gives an over-
view of the orbit parameters of all simulated satellite orbits.
All of them have certain repeat cycles, after which the satel-
lites reach the same position on Earth again. The parame-
ters for such orbits are computed analytically after Vallado
(2013). The repeat period for almost all LEO satellites used
in the simulations is 27 nodal days, in which the satellites
complete 412 orbital revolutions. The advantage of a
repeat orbit is the stable ground track pattern and related
stable gravity model quality. All LEO orbits are nearly
polar orbits (inclination 89�) to ensure a global coverage
of the Earth. One exception are the LEO satellites 14 and
15 with an inclination of 70� which was considered to
investigate if a constellation of Galileo and two/four
LEO satellites in Bender configuration (Bender et al.,
2008) is able to improve the spatial and temporal resolu-
tion. In the case of low-low SST this was demonstrated,
e.g., by Visser (2010), Wiese et al. (2011a), and Murböck
and Pail (2014).

The satellite orbits are calculated by nominal Keplerian
elements and are assumed to be circular. Therefore no orbit
perturbations derived from GPS high-low SST observa-
tions are considered for the LEO satellites, as well as for
the Galileo orbits. The ISLs are assumed to be optical
two-way links (laser interferometer) with error levels corre-
sponding to those discussed in Section 2.1. The sampling
interval is chosen to be 10 s for both, the satellite positions
and the observations in terms of acceleration differences
along the LoS. Altogether, 10 different constellations with
3 and 6 Galileo satellites are simulated over a time span
of 11 days each (see Table 4). This relatively short time
span is used to investigate high-frequency temporal varia-
tions in the gravity field representing one of the major goals
of future satellite gravity missions (Wiese et al., 2011b).
Even with an 11 day mean, an almost complete coverage
of the Earth can be ensured by the GETRIS infrastructure.
Altogether, the number of observations within 11 days is
already enough for constellations with one LEO to ensure
sufficiently good conditioning of the normal equation sys-
tem, meaning that the errors caused thereby are below
the instrumental errors and are therefore negligible. The



M. Hauk et al. / Advances in Space Research 59 (2017) 2032–2047 2039
ascending node differences between the LEO satellites fly-
ing in a certain constellation vary, in order to investigate
possible influences due to the geometry of the system on
the gravity field solutions and to find beneficial configura-
tions for gravity field retrieval. As a reference, also a low-
low SST satellite pair (LEO 1 and 16) is simulated, flying
with an inter-satellite distance of about 200 km at the same
altitude and with the same repeat orbit conditions as the
other LEO orbits (see Table 3). For this pair the same error
models for the ISL and the accelerometers as for the high-
low SST simulations are assumed.
Fig. 4. SH degree RMS in mm geoid height of differences with respect to
the mean reference gravity fields for the constellation Galileo 1, 2, 3 with
LEO 1, 3, 5, 7 based on input signals static + AOHIS (red), static + ocean
tides (blue), static + AOHIS + ocean tides + instrumental noise and SRP
(green), and static + instrumental noise and SRP (brown) together with the
formal error (cyan), the static reference (gray) and the 11 day mean
AOHIS reference (black). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 5. SH degree RMS in mm geoid height of differences with respect to
the mean reference gravity field for the constellations: Galileo 1, 2, 3 with
LEO 1, 3 (red), LEO 1, 3, 5, 7 (green), LEO 1, 3, 5, 7, 9, 10 (blue) and
Galileo 1, 2, 3, 4, 5, 6 with LEO 1, 3 (red dashed), LEO 1, 3, 5, 7 (green
dashed), LEO 1, 3, 5, 7, 9, 10 (blue dashed) together with the 11 day mean
AOHIS reference (black). All simulations are computed with full input
signal (static + non-tidal gravity field + ocean tides differences + instru-
mental errors together with SRP). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
3. Results

3.1. Error contributions

The impact of individual error sources in the simulation
results is assessed separately. Thus, conclusions regarding
tidal, non-tidal and instrumental error contributions acting
on the temporal gravity solution can be drawn. Fig. 4
shows, as an example, the comparison of solutions with dif-
ferent signal and noise input (in contrast to the solutions
shown in Figs. 3 and 5–8, where full signal and noise is
put in: static plus non-tidal gravity field plus ocean tides
differences plus instrumental errors together with SRP) in
terms of SH degree RMS in mm geoid height values based
on a constellation with three Galileo and four LEO satel-
lites. The shown gravity field retrieval errors, called ‘‘resid-
uals” result from subtracting the input reference gravity
fields from the estimated gravity fields. These residuals then
represent the ‘‘true errors” and are dominated by temporal
aliasing. The results in Fig. 4 show that the dominant error
source up to SH degree 50 is caused by temporal aliasing of
the AOHIS signal (red curve), whereas the error of the
ocean tide signal is larger in higher degrees (blue curve).
This is due to the fact that AOHIS signals are contained
in the lower frequency ranges with the Earth’s largest tem-
poral mass variations, especially due to atmosphere and
ocean. On the other side, ocean tide signals are of higher
frequency with amplitudes becoming greater than those
of AOHIS signals with increasing SH degree. This is fur-
ther analyzed in Table 5, which gives an overview of the
percentage of tidal, non-tidal, instrumental errors plus
SRP and correlations arising among these signals, in terms
of squared global RMS values in mm geoid height for 10
Galileo-LEO constellations, calculated up to SH degree
and order 30, 50, and 70. All global RMS values presented
in this paper are computed from the gravity field retrieval
errors, evaluated on a global grid, calculated over all grid
cells (1� � 1�), and are weighted depending on the cosine
of the latitude. The error budget is composed as follows:

r2
total ¼ r2

aohis þ r2
ocean tides þ r2

instrþsrp � a ð3Þ

where r2
total describes the total error budget assembled by

the separate errors due to non-tidal signal (r2
aohis), tidal



Fig. 6. SH degree RMS in mm geoid height of differences with respect to the mean reference gravity field for the constellations: Galileo 1, 2, 3 with LEO 1
(red), low-low SST with LEO 1, 16 (olive) and approximated GRACE 11 day errors (computed from scaled residuals of long term monthly CSR Release 05
solutions with respect to an empirical nine parameter model) (blue), together with the 11 day mean AOHIS reference (black) (a). Geoid height differences in
mm calculated for SH coefficients up to degree and order 50 for the constellations: Galileo 1, 2, 3 with LEO 1 (b) and low-low SST with LEO 1, 16 (c). The
simulations are computed with full input signal (static + non-tidal gravity field + ocean tides differences + instrumental errors together with SRP). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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signal (r2
ocean tides), instrumental noise and SRP (r2

instrþsrp)

and correlations among these signals (a), given by

a ¼ 2ðraohis; ocean tides þ raohis; instrþsrp þ rocean tides; instrþsrpÞ:
ð4Þ

Due to the correlations, simulations with full input sig-
nal (static plus non-tidal gravity field plus ocean tides dif-
ferences plus instrumental errors together with SRP)
show a different error budget than simulations where the
different signals were fed in separately and summed up in
the end. The results show, that tidal and non-tidal temporal
aliasing errors constitute the largest part (�99%) of the
total error, dependent on the number of satellites, the over-
all constellation and the related spatial resolution. The
remaining errors (see Fig. 4, brown curve) are caused by
instrumental noise of accelerometer and ISL together with
the effect of SRP (<1%), playing only a minor role in the
error budget of the system. According to the observation
geometry and the maximum SH degree of resolution, the
effect of the correlations is between ±0% and ±30% (see
Table 5, fifth column) indicated by the fact, that the sum
of non-tidal, tidal and instrumental errors plus SRP is
not 100%. In Fig. 4 formal errors (dashed cyan curve)
expressing propagated instrumental noise plus SRP and
observation geometry are displayed as well, showing that
the performance is not limited by the noise of the instru-
ments and SRP, but rather by temporal aliasing errors. It
should be noted, that the calculated gravity field retrieval
errors representing the instrumental errors and SRP
(brown curve) do not perfectly coincide with the formal
errors, due to the fact that the inverse filter (see Fig. 2,
red line) does not fit exactly the colored noise time series
in which the SRP is not considered by the filter, especially
in the lower frequencies.

Altogether, the simulations indicate that the error bud-
get is dominated by temporal aliasing errors caused by
undersampling of geophysical (mainly atmosphere, ocean,
and ocean tides) signals. To improve the temporal gravity
solution, we investigate methods for reducing temporal
aliasing errors.
3.2. Methods for reduction of temporal aliasing errors

In order to reduce the effect of the gravity field retrieval
errors, there are different methods, like co-estimating SH
coefficients which parameterize high frequency mass varia-
tions with large spatial scales (see Section 3.3). Another
method is to sample signals more frequently by using mul-
tiple pairs of satellites. This is the primary strategy pursued



Fig. 7. SH degree RMS in mm geoid height of differences with respect to the mean reference gravity field for the constellations: Galileo 1, 2, 3 with LEO 1,
9 (red) and with LEO 1, 5, 9, 12 (green) and Galileo 1, 2, 3 with LEO 1, 14 (blue) and with LEO 1, 5, 14, 15 (yellow) together with the 11 day mean AOHIS
reference (black) (a). Geoid height differences in mm calculated for SH coefficients up to degree 50 for the constellations: Galileo 1, 2, 3 with LEO 1, 9 (b)
and Galileo 1, 2, 3 with LEO 1, 14 (c). The simulations are computed with full input signal (static + non-tidal gravity field + ocean tides differences
+ instrumental errors together with SRP). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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with the GETRIS concept in our work. The multiplicity of
Galileo-LEO satellite pairs also gives us the opportunity to
estimate temporal gravity field solutions in shorter time
intervals than the 11 day solutions presented in this paper.
Investigating the influence of the number of satellite pairs
on the gravity field solution, simulations with two, four
and six LEO satellites together with three and six Galileo
satellites are carried out. Fig. 5 shows the SH degree
RMS in mm geoid height values for temporal gravity field
estimations for these constellations. For simulations with
three or six Galileo satellites, the plotted curves show a
reduction of gravity field retrieval errors in general, when
increasing the number of LEOs. This seems to be different,
when looking at the green and blue dashed curves (4
LEO/6 GAL and 6 LEO/6 GAL), where a significant dif-
ference between them can be seen for SH degrees up to
10. This is caused by SST observations which are not the
same for both constellations. Obviously, the observations
which are generated by the two additional LEO satellites
(LEO 9 and 10) compared to the four LEO case, are of
poorer quality in the very low SH domain due to an obser-
vation geometry, which is not optimal. Another reason
might be the fact, that the gravity retrieval errors are dom-
inated by temporal aliasing which is non-stationary. Hence,
an increased number of satellites does not necessarily have
to result in an improved gravity field retrieval in some
cases. The simulations show that the geometry of a high-
low SST satellite constellation has a crucial role for observ-
ing the Earth’s gravitational field depending on the maxi-
mum degree, differing up to RMS values of 0.15 mm
(geoid height differences) for maximum degrees 30 and
50, and up to 1.43 mm for simulations calculated until
maximum degree 70 (for configurations with three Galileo
satellites, see Table 7, second column). Increasing the num-
ber of Galileo satellites especially makes sense if more than
two LEOs are available due to the assumption that one
LEO satellite can track only one Galileo satellite. More
LEOs lead to an enhanced number of high-low SST obser-
vations and an improved ground track density, resulting in
an improved spatial sampling of the gravity field. In gen-
eral, spatial aliasing errors do not have an influence on
our estimated gravity field solutions due to the low resolu-
tion (maximum SH degree of 70). Table 6 shows the corre-
sponding RMS values in terms of mm geoid height for the
simulations described in Fig. 5. By using the number N of
observations for the satellite constellations (see Table 4), an
expected value regarding the reduction of gravity field
retrieval errors due to an enhanced number of LEO or
Galileo satellites can be calculated (see Table 6, third and

fourth column), based on the
ffiffiffiffi

N
p

assumption of uncorre-



Table 5
Percentage of tidal, non-tidal and instrumental plus SRP errors together
with errors due to correlations of these signals, with respect to the total
error (sum of different error contributions) in terms of squared global
RMS values in mm geoid height (latitude dependent weighting) for 10
Galileo-LEO constellations with Galileo satellites 1, 2, 3, calculated for
SH coefficients up to degree 30, 50 and 70.

Satellite constellation AOHIS
error [%]

Ocean tides
error [%]

Instrumental
+ SRP error
[%]

Correlation
error [%]

Max. SH degree: 30

LEO 1, 3 49.5 56.5 0.1 �6.0
LEO 1, 4 52.9 63.3 0.1 �16.3
LEO 1, 5 60.2 36.9 0.1 2.7
LEO 1, 9 50.1 59.3 0.1 �9.5
LEO 1, 3, 5, 7 48.1 33.3 0.3 18.3
LEO 1, 4, 6, 9 67.3 45.3 0.2 �12.8
LEO 1, 5, 9, 12 77.0 45.4 0.2 �22.5
LEO 1, 2, 4, 5, 6, 8 63.0 29.5 0.2 7.3
LEO 1, 3, 5, 7, 9, 10 50.9 46.4 0.2 2.4
LEO 1, 4, 6, 9, 11, 13 85.6 46.7 0.2 �32.5

Average 60.5 46.3 0.2 ±13.0

Max. SH degree: 50

LEO 1, 3 59.8 42.2 0.2 �2.3
LEO 1, 4 61.2 41.9 0.3 �3.4
LEO 1, 5 56.0 37.6 0.3 6.1
LEO 1, 9 53.7 50.1 0.2 �4.0
LEO 1, 3, 5, 7 52.5 31.1 0.5 15.9
LEO 1, 4, 6, 9 65.6 41.1 0.4 �7.1
LEO 1, 5, 9, 12 65.5 39.7 0.3 �5.5
LEO 1, 2, 4, 5, 6, 8 64.5 30.4 0.4 4.7
LEO 1, 3, 5, 7, 9, 10 57.2 36.6 0.4 5.8
LEO 1, 4, 6, 9, 11, 13 74.9 41.9 0.4 �17.1

Average 61.1 39.3 0.3 ±7.2

Max. SH degree: 70

LEO 1, 3 23.9 65.5 0.2 10.5
LEO 1, 4 32.2 56.5 0.3 10.9
LEO 1, 5 28.4 71.6 0.3 �0.3
LEO 1, 9 41.5 54.0 0.4 4.1
LEO 1, 3, 5, 7 31.7 63.0 0.5 4.7
LEO 1, 4, 6, 9 35.6 64.9 0.6 �1.1
LEO 1, 5, 9, 12 30.4 74.8 0.4 �5.6
LEO 1, 2, 4, 5, 6, 8 46.1 80.5 0.4 �27.0
LEO 1, 3, 5, 7, 9, 10 31.2 57.8 0.3 10.8
LEO 1, 4, 6, 9, 11, 13 37.1 60.9 0.5 1.6

Average 33.8 65.0 0.4 ±7.7

Fig. 8. SH degree RMS in mm geoid height of differences with respect to
the mean reference gravity field of daily solutions (different colors)

computed from the Wiese approach, together with the mean daily AOHIS
changes (black) for the constellation Galileo 1, 2, 3 with LEO 1, 3, 5, 7.
The simulations are computed with full input signal (static + non-tidal
gravity field + ocean tides differences + instrumental errors together with
SRP). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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lated, or, in our case, decorrelated observations. Compared
to the expected values, the RMS values of the gravity field
retrieval errors coincide (increasing the number of LEOs
from four to six and Galileo satellites from three to six)
or even exceed the expectation (increasing the number of
LEOs from two to four). The latter is explained by the dif-
ferent observation geometry when using satellite constella-
tions with changing numbers of LEO satellites as well as
the fact, that the RMS values are computed from a non-
stationary process (dominated by temporal aliasing), as
previously mentioned.

Analyzing the temporal gravity field solution shown in
Fig. 6a simulated with a constellation of one LEO (LEO
1) and three Galileo satellites (red curve), one can conclude
that the maximum achievable spatial resolution of the
11 day temporal gravity field solution (signal-to-noise ratio
equals 1) is located at approximately SH degree 39.
Increasing the number of LEO and Galileo satellites leads
to a resolution close to SH degree 50 (see Fig. 5). For the
low-low SST solution, consisting of one pair of LEO satel-
lites (LEO 1 and 16, see Fig. 6a olive curve) with the same
observation noise assumptions the crossover is in the range
of SH degree 20–25. The residuals in the spatial domain
shows the typical error structures for a low-low SST solu-
tion (Fig. 6c). In contrast, the pattern for a high-low SST
solution (Fig. 6b) is more homogeneous and the striping
structures are strongly reduced, which is a direct conse-
quence of the observation geometry, representing a combi-
nation of multiple viewing directions, dominated by the
near-radial direction. Furthermore, the results should be
compared with realistic GRACE errors approximated by
residuals of CSR Release 05 solutions (Bettadpur, 2012;
Dahle et al., 2012). Most of the signal in these long term
monthly solutions (2003–2010 is used) is reduced by
subtracting a nine parameter model (constant, linear,
quadratic, annual, semi-annual, and 161 days). The RMS
of the monthly residuals for the year 2007, where GRACE



Table 6
Global RMS values in mm geoid height (latitude dependent weighting) calculated for SH coefficients up to degree 50 for constellations of 2, 4 and 6 LEO
satellites with 3 or 6 Galileo satellites together with the expected improvement increasing the number of LEO and Galileo satellites.

Satellite constellation RMS
[mm]

Expected improvement for
2? 4 and 4 ? 6 LEOs in RMS [mm]

Expected improvement for
3? 6 GAL in RMS [mm]

LEO 1, 3 GAL 1, 2, 3 0.62
LEO 1, 3, 5, 7 GAL 1, 2, 3 0.44 0.53
LEO 1, 3, 5, 7, 9, 10 GAL 1, 2, 3 0.41 0.38
LEO 1, 3 GAL 1, 2, 3, 4, 5, 6 0.61 0.59
LEO 1, 3, 5, 7 GAL 1, 2, 3, 4, 5, 6 0.36 0.46 0.37
LEO 1, 3, 5, 7, 9, 10 GAL 1, 2, 3, 4, 5, 6 0.33 0.32 0.35
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met the altitude chosen in this study, are scaled by a factor

of
ffiffiffi

3
p

to account for the shorter observation period. This is
assumed to be a good comparison in this case and the
corresponding SH degree RMS curve is shown in Fig. 6a
(blue curve). The GETRIS errors stay clearly below the
CSR Release 05 errors, which confirms, that multiple
optical two-way high-low SST observations lead to reduced
gravity field retrieval errors compared to the low-low SST
method with two polar LEO satellites. However, differ-
ences between the simulated low-low SST constellation
(olive curve) and the real GRACE CSR solution (blue)
appear. This is because differences in the processing algo-
rithms, in the ranging noise and in the signals causing the
dominating temporal aliasing effects. These results lead to
the conclusion that an improvement of the spatial resolu-
tion in temporal gravity fields using a multiplicity of
high-low orbiting satellite pairs is one of the greatest bene-
fits of a GETRIS configuration.

Investigations regarding inclined LEO orbits for low-
low SST observations like the Bender configuration
(Bender et al., 2008) show improved temporal gravity field
solutions due to a better observation geometry. Our simu-
lations indicate a different impression for optical two-way
high-low SST observations. Fig. 7a shows the gravity field
retrieval errors in terms of SH degree RMS in mm geoid
height for constellations with two (LEO 1 and 9) and four
(LEO 1, 5, 9 and 12) polar LEO orbits (red and green
curve) and for constellations with one polar/inclined
(LEO 1 and 14) and two polar/inclined (LEO 1, 5, 14
and 15) LEO orbits (blue and yellow curve), based on three
Galileo satellites respectively. The corresponding RMS val-
ues derived from the global geoid height differences (see
Fig. 7b and c) are given with 0.65 mm for the solution with
two polar LEO orbits, and 0.8 mm for the solution with
one polar and one inclined LEO orbit. Evidently, there is
no decrease of gravity field retrieval errors when using
inclined LEO orbits for Galileo-LEO ISLs. The spatial
view shows slightly increased errors in high latitudes for
the inclined solution due to the polar gap of the satellite
pair. Furthermore a reduction of errors in low latitudes is
hardly visible, even though there is a significant reduction
of striping structures. Thus, a Bender-like configuration
might have certain advantages for GETRIS as well.
3.3. Estimation of low degree and order temporal gravity

fields at short time intervals

Next to the improvement of the spatial sampling of the
gravity field, the GETRIS configuration with its array of
high-low orbiting satellite pairs also allows an improved
temporal sampling and can further reduce temporal alias-
ing errors, which will be one of the limiting error sources
of future gravity missions, as shown in Section 3.2. Apart
from a posteriori filtering, reducing the effect of temporal
aliasing errors can be done by increasing the number of
satellites, changing the observation geometry (both dis-
cussed in Section 3.2) or improving the non-tidal and ocean
tide models in order to reduce the disturbing high-
frequency signals to a larger extent. Another method is
the so-called Wiese approach (Wiese et al., 2011b; Daras,
2016), with the goal of co-estimating low degree and order
gravity fields at short time intervals. When high-frequency
signals are parameterized and thus estimated, they are pre-
vented from aliasing into the solution. Additionally, spatial
aliasing is avoided as high degree and order terms are
simultaneously estimated, as occurred in all previous simu-
lations. The time interval to estimate a low degree and
order gravity field is set to one day according to Wiese
et al. (2011b), who found out that daily estimates provide
the largest reduction in temporal aliasing errors, as there
is a substantial amount of power between periods of two
and four days for atmosphere and ocean signals. In order
to find out the maximum SH degree for estimating low
degree and order gravity fields, Galileo-LEO simulations
with different maximum degrees (between 5 and 30) are
investigated. The results indicate that the reduction of tem-
poral aliasing errors due to non-tidal signals is largest at
maximum SH degree 10. Since a higher maximum degree
has a negative impact on the low degree and order gravity
field solution with full input signal, the maximum degree
was set to 10 as a compromise. It turned out that estimat-
ing low degree and order gravity fields only improves tem-
poral aliasing errors resulting from non-tidal signals. One
reason for this is that the main periods of ocean tide signals
are much shorter (diurnal and semidiurnal) than those of
non-tidal signals and a coupled effect of the satellite orbital
motion and the ocean tides arises additionally. Therefore



Table 7
Global RMS values in mm geoid height (latitude dependent weighting) for 10 Galileo-LEO constellations with Galileo satellites 1, 2, 3, with and without
the Wiese-approach (1-day time interval; maximum SH degree 10) calculated for SH coefficients up to degree 30, 50 and 70 over a time span of 11 days.
The simulations are computed with full input signal (static + non-tidal signal + ocean tides differences + instrumental errors together with SRP, column 2
and 3) together with the percentaged improvements m1, and with full input signal except ocean tides (static + non-tidal signal + instrumental errors
together with SRP, column 5 and 6) together with the percentaged improvements m2. Additionally, global RMS values (latitude dependent weighting) of
the 11 day mean AOHIS gravity field are given.

Satellite
constellation

RMS (no Wiese)
[mm]

RMS (Wiese)
[mm]

m1 [%] RMS (no Wiese, without
ocean tides) [mm]

RMS (Wiese, without
ocean tides) [mm]

m2
[%]

RMS (AOHIS field)
[mm]

Max. SH degree: 30 4.882
LEO 1, 3 0.420 0.425 �1.2 0.292 0.221 24.3
LEO 1, 4 0.336 0.320 4.8 0.236 0.171 27.5
LEO 1, 5 0.412 0.329 20.1 0.323 0.194 39.9
LEO 1, 9 0.493 0.425 13.8 0.343 0.209 39.1
LEO 1, 3, 5, 7 0.279 0.240 14.0 0.205 0.143 30.2
LEO 1, 4, 6, 9 0.308 0.285 7.5 0.246 0.140 43.1
LEO 1, 5, 9, 12 0.357 0.283 20.7 0.299 0.153 48.8
LEO 1, 2, 4, 5, 6, 8 0.340 0.276 18.8 0.276 0.158 42.8
LEO 1, 3, 5, 7, 9, 10 0.280 0.239 14.6 0.204 0.139 31.9
LEO 1, 4, 6, 9, 11, 13 0.317 0.249 21.5 0.274 0.134 51.1

Average 13.5 37.9

Max. SH degree: 50 4.903
LEO 1, 3 0.624 0.555 11.1 0.482 0.351 27.2
LEO 1, 4 0.558 0.538 3.6 0.435 0.328 24.6
LEO 1, 5 0.666 0.596 10.5 0.507 0.331 34.7
LEO 1, 9 0.652 0.507 22.2 0.474 0.308 35.0
LEO 1, 3, 5, 7 0.437 0.352 19.5 0.331 0.226 31.7
LEO 1, 4, 6, 9 0.446 0.401 10.1 0.357 0.241 32.5
LEO 1, 5, 9, 12 0.526 0.408 22.4 0.421 0.222 47.3
LEO 1, 2, 4, 5, 6, 8 0.475 0.374 21.3 0.385 0.237 38.4
LEO 1, 3, 5, 7, 9, 10 0.409 0.329 19.6 0.315 0.205 34.9
LEO 1, 4, 6, 9, 11, 13 0.425 0.352 17.2 0.354 0.215 39.3

Average 15.8 34.6

Max. SH degree: 70 4.910
LEO 1, 3 4.342 3.326 23.4 2.170 1.194 45.0
LEO 1, 4 3.572 3.935 �10.2 2.093 1.137 45.7
LEO 1, 5 4.046 3.802 6.0 2.168 1.232 43.2
LEO 1, 9 2.907 2.319 20.2 1.889 1.115 41.0
LEO 1, 3, 5, 7 2.670 2.331 12.7 1.520 0.828 45.5
LEO 1, 4, 6, 9 2.169 2.217 �2.2 1.293 0.853 34.0
LEO 1, 5, 9, 12 2.375 2.158 9.1 1.304 0.730 44.0
LEO 1, 2, 4, 5, 6, 8 2.905 2.550 12.2 1.853 0.933 49.6
LEO 1, 3, 5, 7, 9, 10 2.394 2.135 10.8 1.387 0.707 49.0
LEO 1, 4, 6, 9, 11, 13 1.808 1.630 9.8 1.115 0.703 37.0

Average 9.2 43.4

Total average 12.8 38.6
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ocean tide signals cannot be reconstructed with its sampled
representation in 1-day intervals according to the Nyquist
theorem.

The Wiese approach is applied to 10 different Galileo-
LEO simulations estimating temporal gravity fields up to
SH degree and order 30, 50 and 70. Table 7 shows the glo-
bal RMS values in mm geoid height for temporal gravity
field solutions estimated with and without an additional
estimation of temporal gravity fields at short time intervals,
together with percentaged changes t. For certain configura-
tions, the results show improvements of more than 20% for
simulations computed with full input signal, (column 2 and
3) and up to 50% for simulations where the ocean tides are
omitted (column 5 and 6) regarding temporal aliasing
reduction when using the Wiese approach. Few results
have negative values (see fourth column) associated with
the satellite constellation and the observation period. The
totality of the results shows that the potential of this
approach can be fully exploited by a possible GETRIS mis-
sion using multiple satellite pairs, which contribute to
obtain short time temporal gravity field solutions. As a
side-product, daily gravity fields are generated using the
Wiese approach. Fig. 8 shows the gravity field retrieval
errors of daily solutions (colored curves) of a Galileo-
LEO constellation (Galileo 1, 2, 3 and LEO 1, 3, 5 and
7), which were co-estimated. The comparison with the
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mean daily changes of the non-tidal signals (black curve)
shows, that these daily changes can be determined with this
constellation with a signal-to-noise ratio better than one
until SH degree 7 for all single days, and until SH degree
10 for some days.

4. Conclusions

In this paper, we investigate the possibility to measure
temporal mass variations on Earth with the high-low SST
method using Galileo and LEO ISLs as a novel gravity
observation method, embedded in a GETRIS configuration.
Based on closed-loop simulations, many temporal gravity
field solutions are estimated with a least squares system
inverting full normal equations over a time span of 11 days.
Error contributions for Earth gravity recovery caused by
tidal, non-tidal (gravitational), and instrument noises have
been systematically investigated with various high-low satel-
lite configurations. Assuming realistic observation noise, an
error analysis of the system is executed, indicating that tidal
and non-tidal signals are the major error contributors,
whereas instrument errors play only a minor role. Further-
more, errors due to correlations between tidal, non-tidal
and instrumental signals contribute additionally to the error
budget. Some error sources are not considered in this study
like systematic effects of accelerometer and ISL or errors of
star trackers. The former can be estimated in post-
processing strategies (accelerometer bias) or are negligible
in case of the optical link (due to the two-way technique).
The effect of star tracker errors and the resultant coupling
effect with accelerometer errors have to be analyzed in future
studies. They might have larger effects as for a GRACE-like
low-low SST formation because of larger variations of the
relative attitude of the satellites.

The results in this study show that the potential of high-
low SST observations arises especially due to an observa-
tion geometry with different viewing directions, but pre-
dominantly in near-radial direction, resulting in a more
isotropic error behavior and a reduction of temporal alias-
ing errors, which is a direct consequence of the increased
isotropic error behavior, and spatial resolutions up to SH
degree 50 for a temporal resolution of 11 days without
any post-processing. This capability can be increased with
a higher number of high- and low-orbiting satellites. Test-
ing different Galileo-LEO configurations, there is no speci-
fic constellation providing the best solutions for all tested
cases. The resulting gravity field solution depends on the
number of satellite pairs and the maximum degree of reso-
lution. Therefore the optimal constellation is hard to find
and the variety of possible satellite configurations is nearly
unlimited. Next to the high spatial resolution, the multi-
plicity of satellites in the environment of GETRIS gives
us the possibility to sample mass variations more fre-
quently. The used LEO satellites fly almost exclusively in
polar orbits. However, also constellations with additional
inclined LEO orbits are simulated investigating a possible
reduction of residual errors. In comparison to a polar-
only solution, the result does not show an improvement
in the error budget. The analysis of the gravity field retrie-
val errors point out, that temporal aliasing errors in lower
SH degree and orders mainly arise from non-tidal signals.
In order to reduce this error contribution, daily low degree
and order gravity fields are co-estimated up to SH d/o 10.
Here the GETRIS configuration allows for the determina-
tion of daily gravity field changes of high quality leading to
a decrease of temporal aliasing errors due to non-tidal mass
changes up to 20% for the high degree and order solutions.
Finally one can conclude that a possible GETRIS infras-
tructure contributes with its multiplicity of high- and
low-orbiting satellites to an improved spatial and temporal
sampling of the Earth’s gravity field and fulfills the need of
a sustained observation of mass variations in the Earth sys-
tem and its sub-systems.

5. Outlook

The high-low SST simulation results presented in this
paper are based exclusively on Galileo-LEO pairs. First
test simulations have already shown that the SST method
using GEO-LEO observations under simplified assump-
tions, provides high-quality temporal gravity solutions as
well. In the next step different GEO-LEO constellations
should be investigated under similar conditions prevailed
in the Galileo-LEO simulations and compared with each
other. Furthermore simulations with constellations consist-
ing of a mixture of high-low and low-low SST observations
are also conceivable. In this study, high-low SST observa-
tions are used for a specific Galileo-LEO satellite pair,
when the ISL is as radial as possible. Another possibility
is to adopt a strategy where ISLs are as long and continu-
ous as possible, minimizing the problem of the moving tele-
scopes (changing frequencies of the signals) due to the
changing satellite links, simultaneously. Aside, one of the
most important fields of research is the mitigation of tem-
poral aliasing errors, which will be one of the limiting
sources of error for possible future gravity missions. For
a higher spatial resolution of temporal gravity fields a
reduction of temporal aliasing errors due to ocean tides is
inevitable in future. First results show that co-estimation
of ocean tide parameters over long time spans (several
years) using high-low SST Galileo-LEO observations can
contribute to improve existing ocean tide models, leading
to strongly improved temporal gravity solutions (Pail
et al., 2016).
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Short Summary 
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models, and consequently the reduction of tidal aliasing effects. Results of simulations 

performed by two different software environments demonstrated that, compared to the single 

near-polar pair, the Bender-type formation is able to improve current ocean tide models in the 

lower wavelength spectrum and can further reduce errors due to mismodeling of tidal signals. 

The simulations revealed the high complexity of the tides with the underlying satellite orbit 

during gravity field retrieval. This includes almost similar aliasing periods for dedicated tidal 

constituents causing correlations among each other on the one hand, and completely different 

and long aliasing periods (>10 years) on the other hand, making a co-estimation of the 

corresponding tidal constituents within time spans of few years very challenging. Furthermore, 

representations of correlations showed dependencies between dedicated tidal constituents and 
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effects, methods to consider non-tidal high frequency mass variations are used on the level of 

NEQs, such as the rearrangement of the NEQ through the diagonal sequence of additional static 

gravity field coefficient blocks including observations of few days, or the parallel co-estimation 

of short-term low resolution gravity fields. By means of these techniques, the great potential of 
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the Bender-type mission to co-estimate ocean tides could be increased resulting in significantly 

reduced tidal aliasing effects during nominal gravity field retrieval. 
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S U M M A R Y
Current temporal gravity field solutions from Gravity Recovery and Climate Experiment
(GRACE) suffer from temporal aliasing errors due to undersampling of signal to be recovered
(e.g. hydrology), uncertainties in the de-aliasing models (usually atmosphere and ocean) and
imperfect ocean tide models. Especially the latter will be one of the most limiting factors
in determining high-resolution temporal gravity fields from future gravity missions such as
GRACE Follow-On and Next-Generation Gravity Missions (NGGM). In this paper a method
to co-parametrize ocean tide parameters of the eight main tidal constituents over time spans of
several years is analysed and assessed. Numerical closed-loop simulations of low-low satellite-
to-satellite-tracking missions for a single polar pair and a double pair Bender-type formation
are performed, using time variable geophysical background models and noise assumptions
for new generation instrument technology. Compared to the single pair mission, results show
a reduction of tide model errors up to 70 per cent for dedicated tidal constituents due to an
enhanced spatial and temporal sampling and error isotropy for the double pair constellation.
Extending the observation period from 1 to 3 yr leads to a further reduction of tidal errors
up to 60 per cent for certain constituents, and considering non-tidal mass changes during the
estimation process leads to reductions of tidal errors between 20 and 80 per cent. As part of a
two-step approach, the estimated tide model is used for de-aliasing during gravity field retrieval
in a second iteration, resulting in more than 50 per cent reduction of ocean tide aliasing errors
for a NGGM Bender-type formation.

Key words: Gravity; Satellite; Geodesy; Spherical harmonics; Tides.

1 I N T RO D U C T I O N

Satellite gravity field missions such as the Challenging Minisatellite Payload (CHAMP; Reigber et al. 1999, 2003) and the Gravity Recovery
and Climate Experiment (GRACE; Tapley et al. 2004) missions are unique tools for observing mass transport processes in the Earth system.
CHAMP was based on high-low satellite-to-satellite tracking (SST) exploiting the Global Positioning System (GPS; Xu 2003) over a time
span of 10 yr. Non-conservative accelerations were measured by an on-board accelerometer. The accuracy of the CHAMP orbit information
derived from GPS allowed resolving only the long wave range of the time varying gravity field, with spatial scales of ∼1000 km (e.g. Baur
2013). A similar performance can be achieved by analysing the perturbed orbit of other Low Earth Orbiters (LEOs) such as, for example,
the Swarm satellites (Encarnação et al. 2016). The GRACE mission was based on a combination of K-band microwave low-low intersatellite
ranging between two identical satellites in the same orbit at a distance of about 220 km with micrometre precision, and high-low GPS SST plus
accelerometer observations. GRACE reached spatial scales of the temporal gravity field of ∼300 km and below. Traditionally, the temporal
resolution of the GRACE data products has been 30 d (Tapley et al. 2004), but also products with shorter time periods like 10 d (Bruinsma
et al. 2010; Tapley et al. 2013) and even daily solutions (Kurtenbach et al. 2009; Mayer-Gürr et al. 2016) using Kalman filter methods are
available. The observed mass flux signals from GRACE include changes due to continental hydrological processes (Rodell et al. 2009; Tiwari
et al. 2009), ice mass melting in Greenland and Antarctica (Luthcke et al. 2013; Velicogna et al. 2014), sea level rise (Willis et al. 2010),
ocean bottom pressure variations (Chambers & Willis 2010), variations due to atmospheric circulation (Forootan et al. 2014) and events
contributing to changes in the solid Earth signal like earthquakes (Han et al. 2013) or sustained glacial isostatic adjustment (Ivins et al. 2011).

In order to resolve the time varying mass changes on a global scale, a ground track coverage of the satellite constellation with sufficient
spatial and temporal resolution is necessary. Geophysical signals with periods shorter than the temporal resolution of the mission will alias
into the solutions. This holds for not only tidal signals with mainly semi-diurnal and diurnal periods, but also non-tidal mass variations, where
especially atmospheric and ocean signals show large amplitudes in the high-frequency range (Murböck et al. 2014). De-striping and filtering
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techniques (e.g. Swenson & Wahr 2006; Kusche 2007; Werth et al. 2009; Horvath 2017) are applied a posteriori in order to reduce striping
effects, which are caused on the one hand by the anisotropic error behaviour resulting from along-track intersatellite ranging, and on the other
hand from temporal aliasing errors (Flechtner et al. 2016) due to undersampling of high-frequency geophysical signals which have, according
to the Nyquist sampling theorem (Nyquist 1928), a period of less than twice the sampling period of the mission. However, due to filtering,
the observed mass variations are smoothed and reduced in amplitude. Unfiltered time varying gravity field products from satellites usually
show these aliasing effects due to imperfect background geophysical models, which are used in order to take into account high-frequency
mass variations (related to atmosphere and ocean signals) in the processing of GRACE data by removing their effect on the satellite orbits
and intersatellite range measurements. All errors of the high-frequency mass variations which are present in the de-aliasing models (errors in
the modelling of mass changes due to atmosphere, ocean currents and ocean tides) alias into the gravity solution (Han et al. 2005, 2007; King
et al. 2011; Daras & Pail 2017). In this context it is to mention that errors in ocean tide models are considered as one of the major sources
of error in the determination of temporal gravity field models from GRACE data (Knudsen & Andersen 2002; Seo et al. 2008). Numerical
simulations have shown that the errors in ocean tide models are potentially the limiting source of accuracy for NGGMs (Visser 2010; Visser
et al. 2010; Wiese et al. 2011a; Daras & Pail 2017).

The next satellite gravity field mission GRACE Follow-On is planned to be launched in May 2018 (Flechtner et al. 2018). The mission
is intended to act as a bridge connecting the original GRACE mission to the future NGGMs. The instruments are slightly modified compared
to those used in GRACE, and additionally the GRACE Follow-On mission will include an intersatellite laser ranging interferometer as
demonstrator (Sheard et al. 2012). The accuracy of the SST observations is thereby increased to a few 10s of nanometre. For NGGMs, in
addition, also the accuracy of the accelerometers is expected to be improved in the lower frequency band, for example, by the use of cold-atom
interferometry (Carraz et al. 2014). However, the problem of temporal aliasing remains, preserving the need for improved de-aliasing models
(especially ocean tide models), in order to fully exploit the potential of new sensors and multipair satellite constellations regarding spatial
and temporal resolution.

Methods to reduce ocean tide model errors are analysed in Visser et al. (2010), where a number of (post-)processing methods has
been investigated, including the temporal filtering of time-series of gravity field solutions, the spatial smoothing of these time-series and
evaluation of solutions for different geographical regions. It was also shown that enhanced satellite constellations such as dual- and quad-
tandem GRACE-type missions and dual-tandem Bender-type (Bender et al. 2008) missions enable further mitigation of aliasing effects due
to ocean tides. The Bender-type mission, consisting of one near-polar pair and one inclined pair, allows the combination of two anisotropic
measurements taken in different directions, which increases the isotropy of the combined system. Furthermore, the constellation is proved to
be beneficial for improved gravity field processing methodologies, where low-resolution gravity field solutions are co-parametrized for short
periods (e.g. daily) together with the long-term solutions (e.g. 11-d solution, Wiese et al. 2011b). The enhanced spatio-temporal sampling
enables a self-de-aliasing of high-frequency atmospheric and oceanic signals (Daras & Pail 2017; Hauk et al. 2017). However, this processing
strategy is restricted to mitigating only the non-tidal high-frequency signals (especially atmosphere and ocean) due to their periods of mostly
2 d and longer. In contrast, the eight major solar and lunar ocean tide constituents have periods of 1 d (Q1, O1, P1, K1) and half a day (N2, M2,
S2, K2, Pugh 1996), hampering a co-parametrization of tidal signals within a daily parametrization (further on called Wiese parametrization)
due to the Nyquist sampling theorem, as it has been demonstrated also numerically by Daras & Pail (2017).

In general, the accuracy of ocean tide models is significantly worse in coastal regions, over continental shelves and in polar oceans,
causing a large part of the ocean tide aliasing problem. The state-of-the-art ocean tide models have significant errors for S2 and M2, for
example, in Antarctica (King & Padman 2005; Wünsch et al. 2005), which are due to poor or missing altimetry and tide gauge data in high
latitudes, where the observations are restricted either due to the inclination (TOPEX/Poseidon) or due to the presence of sea ice (ERS-1,
ERS-2, Envisat and ICESat). Furthermore, ocean tide models are still not able to predict the water level in shallow water with sufficient
precision (Bosch et al. 2009).

Estimating global mass variations due to ocean tides with GRACE requires time spans of several years, as the major tidal constituents
have known alias frequencies with periods between 9 d (for Q1 and N2) and 2725 d (for K1) within the GRACE data (Ray & Luthcke 2006)
leaving the errors of these constituents almost unreduced in monthly gravity field solutions (Knudsen & Andersen ). The extended length of
the GRACE data time-series of more than 15 yr provides the possibility to estimate corrections to the amplitudes and phases of the major
solar and lunar ocean tidal constituents from dedicated ocean tide models (Han et al. 2005, 2007, 2010; Killett et al. 2011; Mayer-Gürr et al.
2012a; Wiese et al. 2016), predominantly for latitudes higher than 66◦, where tide models contain great deficiencies, due to the fact that they
are based to a large extent on satellite altimetry data. However, the estimated corrections are limited to small regions on the Earth, thus the
improvement of background tide models is not global. This leads to the conclusion that estimating ‘global’ mass variations due to ocean tides
with observations from a single polar satellite pair is not possible, which is also demonstrated in this paper.

In this study, we follow the philosophy to estimate the eight major tidal constituents for the whole Earth’s surface. The methodology
follows a two-step approach. In the first step, an ocean tide model is co-parametrized in terms of spherical-harmonics (SH) over long time
spans of several years, together with the long-term gravity field solutions for a Bender-type (Bender et al. 2008) NGGM and a single near-polar
pair constellation. The latter includes static and non-tidal time variable geophysical signals. In the estimation process realistic instrumental
error assumptions (for accelerometer, intersatellite-laser-link, star-sensors, residual drag and orbit errors) in terms of different coloured noise
contributions were applied. In a second step, the estimated tide model is used as a de-aliasing model to improve the temporal gravity field
solution from an NGGM.
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Table 1. Orbit parameters for satellite constellations.

Satellite pair Altitude (km) Inclination (◦)
Revolutions/nodal days

in one repeat orbit Satellite distance (km) Drift rate/nodal days (◦/d)

Near-polar 340 89 110/7 100 1.3/7
Inclined 355 70 109/7 100 1.3/7

The numerical simulations were executed using two different simulation environments of different complexity available at the Institute
of Astronomical and Physical Geodesy (IAPG) of the Technical University of Munich (TUM), which are addressed in Sections 2 and 3. The
first simulation software is a numerical reduced-scale closed-loop simulator, which is used in order to perform a multitude of simulations
testing different processing methods, time spans, and satellite constellations regarding the quality of the estimated tidal constituents. The
results are discussed in Section 2 and its subsections. The second simulation environment describes a numerical full-scale simulator, which
is used for co-parametrization of ocean tides under more complex conditions for a dedicated Bender-type mission (Section 3). In Section
4, temporal gravity field solutions are analysed by using the estimated tide models for dealiasing. Section 5 summarizes the results, and in
Section 6 a short outlook is given.

2 L I N E A R C L O S E D - L O O P S I M U L AT I O N S

2.1 Orbit design

In this study, we use dynamic orbits by using a set of initial state vector parameters and a force model. These orbits represent the outcome of
the first processing step (orbit integration) of the numerical full-scale simulator (see Section 3.1). Two different low–low SST constellations
were simulated, including a formation consisting of one near-polar satellite pair with an inclination of 89◦, and a formation consisting of one
near-polar and one inclined pair with an inclination of 70◦, flying in a Bender configuration (Bender et al. 2008). The near-polar pair orbits in
an altitude of 340 km, whereas the inclined pair has an altitude of 355 km. For all satellites a drag compensation system is assumed in order
to ensure orbit stability. The satellite pairs orbit with an intersatellite distance of about 100 km. Additionally, the ground track pattern of the
inclined and the near-polar pair have a longitudinal drift rate of 1.3◦, so that the cycle is not required to be an exact repeat cycle. The orbit
parameters of the simulated LEOs are listed in Table 1.

2.2 Numerical simulator and observation equations

In the first step, a numerical reduced-scale and numerically efficient closed-loop simulator (Murböck & Pail 2014; Murböck 2015; Hauk
et al. 2017) is used in order to investigate a multitude of simulation scenarios. In contrast to the full-scale simulation discussed in Section
3, one of the main simplifications of the reduced-scale tool is that the low-low SST observations are computed in terms of intersatellite
gravitational acceleration differences in line-of-sight (LoS) direction, which corresponds to the orientation of the difference vector between
the position vectors of a satellite pair. Since accelerations are a direct functional of the gravitational potential (while orbit differences are
not), the observation equations are linear. Therefore, on the one hand they can be exploited numerically efficiently, and on the other hand no
a priori models are required for linearization in the frame of the gravity field adjustment.

For the simulations we require LoS acceleration differences, which are already reduced for the non-gravitational forces. Assuming
that the LEOs are equipped with accelerometers observing the non-gravitational accelerations, only stochastic error assumptions of the
instruments on-board the satellites (explained in the following section) are taken into account for the simulations. The observation equations
are computed for each epoch (5 s sampling rate) starting from 2002 January 1, from static and time varying background gravity field models
by SH synthesis. The static gravity field model is represented by the GOCO03s model, which is a satellite-only gravity field model based on
GRACE, Gravity field and steady-state Ocean Circulation Explorer (GOCE) and LAGEOS (Mayer-Gürr et al. 2012b). The SH coefficients
for the non-tidal temporal variations are computed from the updated Earth System Model of European Space Agency (Dobslaw et al. 2013),
containing atmospheric (A), oceanic (O), hydrological (H), ice (I) and solid Earth (S) mass variations for the dedicated time span with a
six hourly resolution, linearly interpolated to the epochs. It should be emphasized that the atmospheric S2 tide has been excluded from the
A component of this model. The SH coefficients for the ocean tides are computed from the GOT4.7 model, which is an empirical ocean
tide model (Ray 1999). It contains the eight major tidal constituents (see Table 2; Smith 1999) in terms of pro- and retrograde phases and
amplitudes.

2.3 Stochastic modelling

Stochastic error sources from satellite on-board sensors play an important role in the gravity field retrieval by influencing satellite observations
due to correlated noise. In our study they are added to the LoS observations in terms of time-series. The error assumptions used in this paper
are identical to the ones used in the frames of the ESA-SC4MGV project (Iran Pour et al. 2015), provided from the consultancy support
of Thales Alenia Space Italia. The generation of the noise time-series was done by scaling the spectrum of normally distributed random
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Table 2. Properties of the eight major tidal constituents.

Darwin notation Doodson number Period (d) Frequency (◦ hr−1)
Equilibrium amplitude

(m) Origin

Diurnal
Q1 135.655 1.1195 13.3987 0.0194 Larger elliptical lunar
O1 145.555 1.0758 13.9430 0.1013 Principal lunar
P1 163.555 1.0027 14.9589 0.0473 Principal solar
K1 165.555 0.9973 15.0411 0.1426 Declinational lunar/solar
Semi-diurnal
N2 245.655 0.5274 28.4397 0.0467 Larger elliptical lunar
M2 255.555 0.5175 28.9841 0.2441 Principal lunar
S2 273.555 0.5000 30.0000 0.1138 Principal solar
K2 275.555 0.4986 30.0821 0.0309 Declinational lunar/solar

time-series with their individual spectral model having a performance which is expected to be feasible for an NGGM. The analytical noise
model of the used laser interferometer is given by the Amplitude Spectral Density (ASD) in terms of ranges:

dranges = 2 × 10−8
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f
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+ 1
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. (1)

Due to the fact that the observations in the reduced-scale simulator are needed in terms of acceleration differences, a twofold differentiation
of the noise model is necessary in order to use it for the generation of the combined noise time-series. The non-gravitational forces, with
air drag as the main contributor, are typically sensed by the on-board accelerometers located in the centre-of-mass of the LEO satellite. The
assumed accuracy level is expressed by

dacc. x = dacc. z = 10−11
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dacc. y = 10 · dacc. z, (3)

with x denoting along-track, y across-track and z (close to) radial direction. Assuming that the satellites fly in drag-free mode, a propulsion
system with ion thrusters shall keep the satellite orbits stable. As a consequence, the biggest part of the non-gravitational forces is compensated
by the ion thrusters and only a small amount cannot be compensated. The accelerometers are able to measure these accelerations, which can
also be expressed as residual drag accelerations. The corresponding analytical models in all three directions are given by

dres.drag.x = 10−9
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dres.drag.z = 2 × 10−10
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The effect of residual drag can be reduced from the observations, which is explained later in this section. The star camera sensor errors
are represented as rotation angles around the along-track (roll), cross-track (pitch) and radial (yaw) axes. The ASD of the analytical noise
models in all three directions can be expressed by

droll = 10−5
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dpitch = dyaw = 2 × 10−6
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Since the linear reduced-scale simulator works with differential accelerations along the LoS, the noise contributions of accelerometer,
star camera, and the effect of residual drag have to be projected onto the LoS for each satellite pair. For this purpose, unit vectors are computed
for one satellite of each satellite pair from position and velocity vectors in the Earth-centred-Earth-fixed frame (ECEF) using the dynamic
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Figure 1. Power spectral density (PSD) of the combined instrumental noise contributions due to accelerometer-, laser interferometer- and star camera sensor
errors, plus residual drag, projected on the LoS for one satellite pair (red), together with the corresponding filter cascade consisting of one high-pass- and one
low-pass filter (black).

satellite orbits. The unit vectors build a transformation matrix, which is used to calculate orientation angles in the satellite-fixed frame.
Afterwards, the star camera sensor errors are added to the orientation angles and the noisy orientation angles are used for the determination
of a new transformation matrix. The sensor noise of the accelerometers is added to the residual drag, which is treated as accelerometer
observation, and is transformed to ECEF using the new transformation matrix, considering a possible coupling effect between star camera
and accelerometer. The residual drag itself is transformed to ECEF using the first transformation matrix and is considered to be the true
observation. In a last step, the erroneous accelerometer observations are subtracted from the true observations, so that the result represents the
contribution of the combined noise of accelerometer, star camera and the effect of residual drag. These noise time-series are then projected on
the LoS using the dynamic orbits, and are finally added to the stochastic noise of the laser interferometer (expressed in terms of accelerations),
representing the total noise contribution to be used in the simulations (Fig. 1, red curve).

In addition to the stochastic noise of the instruments on-board the satellites, also systematic errors may arise due to biases and scale factor
variations in the accelerometer, the attitude and centre-of-mass variations. These are neglected in this study. In order to capture systematic
effects acting on accelerometers numerically, they are usually determined in pre-processing methods before estimating gravity fields, or are
co-estimated (Tapley et al. 2004; Klinger & Mayer-Gürr 2016).

The stochastic model for the observations along the LoS is approximated by a combination of two cascaded second order Butterworth
auto regressive moving average (ARMA) filter models. They are composed of one high-pass-, and one low-pass filter, and are determined
in the spectral domain, choosing the filter coefficients in a way that the absolute frequency response of the filter approximates the amplitude
spectrum of the noise in the observations (Fig. 1, black curve). In order to de-correlate the normal equation system, the design matrix, as well
as the observation vector are filtered column wise by this ARMA filter (Pail & Plank 2002; Siemes 2008), meaning that no weight matrix
(inverse variance-covariance matrix of the observations) is set up explicitly.

2.4 Co-parametrization of ocean tides

For the linear closed-loop simulations, the time span for co-parametrization of tidal constituents was set for 1 yr initially, and was later
extended to 3 yr, in order to investigate the impact of the length of the simulation period on the estimated ocean tides (see Section 2.6). The
ocean tide model (GOT4.7), which is used as input signal for the simulations is usually available in pro- and retrograde phases and amplitudes.
During the computation of the SST observations as differential accelerations along the LoS, the ocean tide signals are transformed into SH
coefficients (eqs A1–A3, Appendix A), generating the observation signal together with the static and non-tidal time variable gravity field
signal. The right-hand side of the normal equation system is then formed by this observation vector, which is superimposed by instrumental
noise contributions in terms of time-series according to the PSD in Fig.1 (see Section 2.3). As part of the left-hand side of the normal equation
system, the design matrix contains the partial spatial derivatives of the Earth’s gravitational potential V in spherical coordinates (eq. A1,
Appendix A). The black block in Fig. 2 shows the corresponding normal equation matrix associated to the (static) gravity field coefficients to
be estimated. For the co-parametrization of the ocean tides, the normal equation matrix is extended by additional parameters of the 8 major
tidal constituents (Fig. 2, red blocks) of the Earth’s ocean tide potential VO in terms of spherical harmonic a-, b-, c-, and d- coefficients
(eq. A3, Appendix A). Full normal equations are set up, so that correlations among the gravity field and ocean tide coefficients (Fig. 2, yellow
blocks), as well as correlations among the 8 tidal constituents themselves (Fig. 2, blue blocks) are considered. The normal equations are
summed up for every epoch over the dedicated time span. Due to the prograde and retrograde signal content and the number of considered
tidal constituents, the ocean tide coefficients to be estimated constitute the major part of the parameter vector (∼95 per cent), leading to
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350 M. Hauk and R. Pail

Figure 2. Basic composition of the normal equation matrix, for estimating the unknown up to maximum SH degree of 30: gravity field coefficients and
their correlations among each other (black block), ocean tide coefficients of the eight major tidal constituents and their respective correlations (red blocks),
correlations among ocean tide coefficients (blue blocks) and correlations among ocean tide and gravity field coefficients (yellow blocks).

very large normal equation systems to be solved. This is why we restrict ourselves in this study to maximum degree of 30 consistently for
static, non-tidal and tidal signals. However, it should be emphasized that the maximum resolution could be easily extended when using more
extensive high-performance computing, but this is beyond the scope of this study.

The goal is the retrieval of all SH coefficients, gravity field plus ocean tide parameters, up to a maximum SH degree of 30 from
observations for the year 2002. The parameters are estimated by solving full normal equations of a least squares system based on a standard
Gauss-Markov model, using weighted least squares with stochastic models in accordance with the simulated instrument noise levels (Section
2.3). The estimated ocean tide coefficients are then converted back to prograde and retrograde phases and amplitudes (eq. A3, Appendix A),
and form a new ocean tide model estimated from low-low SST gravity field observations. The resulting ocean tide models will be analysed
and compared regarding quality and performance of their tidal constituents in the following sections.

2.5 Ocean tide models from 1 yr co-parametrization simulations

In this section, estimated ocean tide models, which were co-parametrized over a time span of 1 yr up to a maximum SH degree of 30 from
single pair and double pair satellite formations according to the orbit parameters listed in Table 1, are analysed in detail. The estimated
models are transformed from phases and amplitudes into SH (eq. A2, Appendix A). In order to estimate errors in today’s ocean tide models,
the difference between GOT4.7 and EOT08a (Savcenko & Bosch 2008) containing both the same eight major tidal constituents is used as a
reference model and is assumed to be representative of the ocean tide model errors. These model errors are now compared with model errors,
which were computed from the difference between the GOT4.7, the ‘truth’ in our simulation world, and the estimated tide models from the
satellite observations.

In Fig. 3 the reference ocean tide error model (black curve) is compared to the estimated tide model errors from single near-polar pair
(blue curve), and Bender-type (green curve) missions. Additionally, the full signal of the GOT4.7 tide model is shown in red. In general, the
double pair solutions show a lower error level in all 8 tidal constituents, compared to the single pair solutions. Only for the diurnal Q1 and
O1 tides, the errors of the ocean tide model retrieved by the single pair constellation shows a better performance in the very low degrees
compared to the double pair formation. Compared to the reference model, the single pair solution shows improved tide model errors in the O1
tidal constituent (up to SH degree 12) and in M2. In contrast, the Bender-type formation results in reduced tide model errors in almost all tidal
constituents compared to the reference model, especially in the O1, K1 and M2 constituents, which have the largest signal amplitudes among
the 8 constituents (see Table 2, fifth column). Q1 and K2 have the lowest amplitudes among all 8 tidal constituents, which is considered to be
one of the reasons for their bad estimation performance.

Further influential factors for the estimation quality of certain tides are temporal aliasing effects and, in case of the single pair constellation,
the corresponding alias periods (see Table 3) of the tidal constituents, which can be retrieved by the formalism expressed in Appendix B.
While the excitation periods of the ocean tide constituents are constant, their alias periods strongly depend on the satellite orbits, especially
the repeat period and the inclination, resulting in different alias periods for the near-polar and inclined pair. The effect of temporal aliasing
errors in temporal gravity field retrieval is omnipresent, thus time varying effects like mass variations due to ocean tides with frequencies
larger than the Nyquist frequency (eq. B2, Appendix B) will be undersampled and alias into frequencies, which are smaller than the Nyquist
frequency. The additional inclined satellite pair of the Bender-type scenario leads to an enhanced spatial sampling and error isotropy, which
enables a further reduction of temporal aliasing effects in the gravity field retrieval errors in a natural way. This effect is also reflected in the
significantly improved quality of the estimated ocean tide models shown in Fig. 3, in terms of global RMS values listed in Table 4 (third and
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Figure 3. SH degree RMS in mm geoid height of the eight major tidal constituents for different error ocean tide models: reference difference model GOT4.7-
EOT08a (black), difference model between GOT4.7 and the estimated tide model from the single pair constellation over 1 yr (blue), difference model between
GOT4.7 and the estimated tide model from the single pair constellation over 3 yr (blue dashed), difference model between GOT4.7 and the estimated tide
model from the double pair constellation over 1 yr (green), difference model between GOT4.7 and the estimated tide model from the double pair constellation
over 3 yr (green dashed), difference model between GOT4.7 and the estimated tide model from the double pair constellation over 3 yr using the rearranged
composition of the normal equation matrix (yellow), together with the full signal content of the GOT4.7 model (red).

Table 3. Alias periods of the eight major tidal constituents in terms of days for the near-polar- and inclined pair.

Satellite pair Q1 O1 P1 K1 N2 M2 S2 K2

Near-polar 29.9 14.3 171.4 2301.7 30.2 14.4 159.1 1497.4
Inclined 37.0 15.8 75.2 126.5 52.0 18.0 47.1 64.1

Table 4. Global RMS values in mm geoid height computed up to maximum SH degree of 30 for the eight major tidal constituents for different error ocean
tide models: GOT4.7-EOT08a = reference difference model GOT4.7-EOT08a; GOT4.7–1 yr. reduced-scale (S) = difference model between GOT4.7 and the
reduced-scale estimated tide model from the single pair constellation over 1 yr; GOT4.7–3 yr. reduced-scale (S) = difference model between GOT4.7 and the
reduced-scale estimated tide model from the single pair constellation over 3 yr; GOT4.7–1 yr. reduced-scale (D) = difference model between GOT4.7 and the
reduced-scale estimated tide model from the double pair constellation over 1 yr; GOT4.7–3 yr. reduced-scale (D) = difference model between GOT4.7 and the
reduced-scale estimated tide model from the double pair constellation over 3 yr; GOT4.7–3 yr. reduced-scale (D)∗ = difference model between GOT4.7 and
the reduced-scale estimated tide model from the double pair constellation over 3 yr using the rearranged composition of the normal equation matrix; GOT4.7–3
yr. full-scale (D) = difference model between GOT4.7 and the full-scale estimated tide model from the double pair constellation over 3 yr; GOT4.7–3 yr.
full-scale Wiese (D) = difference model between GOT4.7 and the full-scale estimated tide model from the double pair constellation over 3 yr using the Wiese
co-parametrization method in parallel, together with the full signal content of the GOT4.7 model.

Ocean tide model Q1 O1 P1 K1 N2 M2 S2 K2

GOT4.7 0.969 4.594 2.029 6.155 2.926 13.673 5.334 1.484
GOT4.7-EOT08a 0.111 0.382 0.198 0.471 0.296 1.098 0.545 0.153
GOT4.7–1 yr. reduced-scale (S) 0.379 0.247 0.302 0.725 0.452 0.339 1.391 9.976
GOT4.7–3 yr. reduced-scale (S) 0.257 0.136 0.230 0.609 0.285 0.269 1.051 12.007
GOT4.7–1 yr. reduced-scale (D) 0.149 0.192 0.258 0.237 0.207 0.138 0.396 0.457
GOT4.7–3 yr. reduced-scale (D) 0.067 0.076 0.128 0.193 0.108 0.130 0.345 0.383
GOT4.7–3 yr. reduced-scale (D)∗ 0.064 0.067 0.105 0.128 0.100 0.129 0.071 0.100
GOT4.7–3 yr. full-scale (D) 0.044 0.041 0.117 0.116 0.065 0.066 0.212 0.605
GOT4.7–3 yr. full-scale Wiese (D) 0.031 0.021 0.060 0.068 0.065 0.041 0.114 0.145
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352 M. Hauk and R. Pail

Figure 4. Correlations among gravity field coefficients (static) and the eight major tidal constituents (Q1–K2), appearing during the co-parametrization of
ocean tides using single pair observations over 1 yr (top) and double pair observations over 1 yr (bottom).

fifth rows), and in the correlations presented in Fig. 4.
The correlation matrix with its correlation coefficients ρi, j can be computed from the inverse of the normal equation matrix, the parameter

variance–co-variance matrix, with

ρi, j = Cov
(
Xi , X j

)
√

Var (Xi ) Var
(
X j

) , (9)

where Cov(Xi , X j ) represents the co-variances of two parameters i and j , and Var(Xi ) and Var(X j ) the corresponding variances. The
correlation coefficients are directly related to the quality of the parameter estimates. The higher the value of correlation between two
parameters, the higher their dependency, leading in general to a worse estimation performance. The correlation matrix of the single pair
formation shows high correlations between the tidal components Q1 and N2, O1 and M2, and P1 and S2, and can be explained by a similar
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length of their respective alias periods (see Table 3), which hampers a separation of these signals during the estimation process. Furthermore,
the tidal components P1 and K1 show almost the same period (see Table 2, third column), making it difficult to separate them, which is
expressed in stronger correlations as well. The tidal component K2 shows the largest errors in the estimated tide models, and can be caused
by their small amplitude, a similar repeat period to the S2 tide, and a long alias period (> 4 yr) in case of the single pair formation. The
correlation effects in combination with the anisotropy of the error spectrum, lead to clearly higher errors in the estimated tide models for a
near-polar single pair formation compared to a Bender-type formation. In contrast, the correlation matrix for the double pair scenario shows
significantly reduced correlations for all parameters to be estimated, caused by a better de-correlation of the different tidal signals. Whereas
the alias periods of the tidal constituents play a crucial role when observing tidal mass variations in case of the single pair constellation,
no uniform alias periods are available for the different tidal constituents in the combined solution of the Bender-type formation, due to the
fact that every satellite pair generates its specific alias periods. Nevertheless the correlation matrix of the double pair constellation provides
similar correlation structures due to similar alias periods as for the single pair constellation, albeit with reduced amplitude, indicating that
especially the tidal alias periods of the near-polar satellite pair impact the estimation performance of the tidal components using Bender-type
SST observations.

The results show, that it is possible to co-parametrize and to estimate tidal constituents globally during gravity field processing, and to
reduce ocean tide model errors for certain tidal components, using two pairs of satellites flying in a Bender-type formation. Further reduction
of ocean tide model errors can be achieved by applying certain de-correlation strategies, which are discussed in the following section.

2.6 De-correlation strategies

The easiest way to de-correlate the system even further is by extending the observation period. Therefore, the time span for co-parametrization
of ocean tide parameters is extended from 1 yr up to 3 yr, covering an observation period from the year 2002 to 2004. In Fig. 3 the errors of
tide model estimated from a 3 yr observation period from the single near-polar (blue dashed curve), and double pair (green dashed curve)
formation are displayed together with the 1 yr solutions. The global RMS values in Table 4 give information about their quantity, as the 3
yr estimations show a significantly reduced error behaviour in all eight major tidal constituents for the single pair (up to 45 per cent) as
well as for the double pair constellation (up to 60 per cent). In case of the K2 tide, the higher global RMS value for the 3 yr single pair
estimation compared to the 1 yr solution is attributed to a very large RMS value in the SH degree 2. Nonetheless, even the 3 yr estimations
of the near-polar pair can only reduce the tide model errors in the very long wavelength part of the Q1, O1, P1, K1 and N2 tidal constituents
compared to the reference model errors. However, the M2 tide shows reduced errors over the whole spectrum for the 3 yr single pair estimation
compared to the M2 reference model errors due to its large signal amplitude. But, in general the 3 yr observation geometry of the single
near-polar satellite formation is not sufficient for an improvement of ocean tide models up to SH degree of 30. This can only be achieved
with the Bender-type formation, as the results show reduced ocean tide model errors for all major tidal constituents, with exception of the K2
tide, compared to the reference model errors.

The correlation matrices for the 3 yr co-parametrization of ocean tide parameters of the single and double pair constellations (Fig. 5)
show the same correlation patterns as for the 1 yr case, but with reduced correlation structures due to the extended time span, especially for
the O1 and M2 tide. The correlations between the K1, K2 and S2 tides are still striking, which can be seen also in the SH degree RMS values
in Fig. 3, where the extension of the estimation period to 3 yr hardly affects the solutions compared to the 1 yr estimated results, and does not
lead to a stronger de-correlation of the system.

In order to improve the quality of the estimation of the K1, K2 and S2 tidal components, the arrangement of the normal equation
matrix can be changed in such a way that certain time variations of the AOHIS signal are considered in the parameter model during the
estimation process. In the basic configuration of the normal equation matrix shown in Fig. 2, by simply summing up all normal equations
for every epoch the time variations of the AOHIS signal will be either averaged in the static parameter model, or projected into the ocean
tide signal, resulting in stronger correlations between the non-tidal time varying and tidal signals. This phenomenon is clearly visible in the
correlation matrices, where higher correlations appear among the static gravity field (which soak up time-varying AOHIS signals) and the
K1, K2 and S2 parameters to be estimated. Fig. 6 shows a rearranged normal equation matrix schematically, where the static gravity field
parameters (black blocks) are separated into 11-d diagonal blocks over 1 yr, exemplary. The correlations among the blocks are set to zero,
leading to 11-d independent estimates of the static plus (ideally) non-tidal temporal gravity field. The ocean tide parameters to be estimated
(red blocks) together with their correlations (blue blocks) are summed up over the complete time span as it is done in the basic configuration.
The block-wise arrangement of the gravity field coefficients allows the consideration of correlations among the ocean tide parameters and the
time-variable gravity field coefficients (yellow blocks), leading to a further de-correlation of the system due to parametrization of non-tidal
signal variations.

In Fig. 3 ocean tide model errors from the double pair constellation estimation over 3 yr are displayed (yellow curve) using the rearranged
normal equation matrix during the estimation process. While the results do not show improvements in the Q1, O1, P1, N2 and M2 tidal
constituents compared to the 3 yr estimation using the basic composition of the normal equation matrix, the K1, K2 and S2 tidal estimations
are strongly improved (between 20 per cent and 80 per cent). In this way it is possible to reduce even the K2 tidal model errors in the longer
wavelengths with respect to the reference model errors.
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354 M. Hauk and R. Pail

Figure 5. Correlations among gravity field coefficients (static) and the eight major tidal constituents (Q1–K2), appearing during the co-parametrization of
ocean tides using single pair observations over 3 yr (top) and double pair observations over 3 yr (bottom).

For analysing the ocean tide model errors in spatial domain, half peak-to-peak amplitudes for the eight major tidal constituents s of
different tide models were computed over 48 hr globally, using a 1◦ × 1◦ grid by

amps = max
(
amps

) − min
(
amps

)
2

, (10)

and they are displayed in terms of millimetre geoid height (Figs 7 and 8). Next to the full tidal signal of the GOT4.7 model (first row), the
error signals of the reference difference model (second row), and the difference models between the GOT4.7 model and the estimated tide
models of the double pair constellation over 1 yr (third row), 3 yr (fourth row), and the solution using the rearranged normal equation matrix
configuration calculated over 3 yr as well (fifth row) are displayed. The reference difference model errors show zonal error distributions due to
long wavelength signal differences between the two different tide models and local error amplitudes in the polar region, coastal areas and over
continental shelves due to different and missing data background as it was stated in Section 1. In contrast, the error structures of the difference
models including the estimated tide models from the satellite observations reveal a completely different error distribution, dominated by the
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Treatment of ocean tide aliasing for NGGM 355

Figure 6. Rearranged composition of the normal equation matrix, containing the unknown parameters to be estimated up to maximum degree of 30, displayed
for 1 yr co-parametrization exemplary: 11-d blocks of gravity field coefficients and their correlations (black blocks), ocean tide coefficients of the eight major
tidal constituents and their respective correlations (red blocks), correlations among ocean tide coefficients (blue blocks) and correlations among ocean tide and
gravity field coefficients (yellow blocks).

observation geometry of the double pair constellation. The error pattern is more homogeneous compared to the reference difference model
due to the global ground track coverage. However, error signals arise over continental regions caused by non-tidal mass variations effects. The
error level of the different tidal constituents in the spatial plots coincides with the degree RMS values shown in Fig. 3 and the global RMS
values listed in Table 4, thus the ocean tide difference model including 3 yr estimated tidal parameters show reduced error structures compared
to the one including only 1 yr estimated tidal parameters, and the effect of the rearranged composition of the normal equation matrix is visible
in the K1, K2 and S2 components as well, expressed in reduced error structures. The S2 component of the difference models including one
and 3 yr of satellite observations shows larger amplitudes over continental regions, which can be explained by near-semi-annual hydrology
signals with periods of nearly 183 d (Wiese et al. 2016). In this case, the alias period of the S2 component for the near-polar pair (159.1 d)
is very close to the period of the semi-annual signals, and is not negligible even as part of the Bender-type formation, obviously. Only by
the consideration of non-tidal time varying signals during the estimation process, such effects can be minimized, and in connection with an
estimation time span of several years, significant reductions of at least 35 per cent of ocean tide model errors for all eight major constituents
can be achieved (in which the K2 component show reduced errors only in the lower degrees) using SST observations from a Bender-type
constellation. Another coupling is expected with remaining atmospheric tides, which are contained as part of the signal in the model of the
atmosphere (A), because only the atmospheric S2 tide has been excluded from this model. To evaluate the impact of the atmosphere tides in
this respect will be one of the subjects of future studies, but was not considered here.

The reduced scale simulations presented in this section show the great potential of co-estimating ocean tide parameters for improving
tide models using satellite gravity field retrieval. Although the observations are based on differential accelerations along the LoS which do not
correspond to real SST observations such as ranges and range rates, the method is a valuable approach for simulation, because the associated
observation equations are linear, and thus linearization and iteration are not needed to estimate the unknown SH gravity field coefficients and
ocean tide parameters. The consistency of the results with those of the full-scale simulations will be demonstrated in the next chapter.

3 N U M E R I C A L F U L L - S C A L E S I M U L AT I O N S

3.1 Dynamic orbit generation

In order to confirm the conclusions stated in Section 2, full-scale simulations (Daras et al. 2015; Daras 2016) were executed, which have
already been successfully applied in real data applications to recover satellite-only gravitational field models for CHAMP, GRACE (Mayer-
Gürr 2006; Mayer-Gürr et al. 2016; ITSG-Grace 2016) and for GOCE (Yi 2012; Schall et al. 2014). The simulation environment is based
on numerical orbit integration, following a multistep method for the numerical integration according to Shampine & Gordon (1975), which
applies a modified divided difference form of the Adams Predict-Evaluate-Correct-Evaluate formulae and local extrapolation. According to
this method, the order and the step size are adjusted to control the local error per unit step in a generalized sense. For detailed information
refer to Yi (2012). The generation of ‘true’ dynamic orbits and, subsequently, the ‘true’ high-low SST and low-low SST observations is done
by adding different force models according to the ‘true’ world of Table 5. Additionally, residual drag accelerations according to eqs (4)–(6)
are considered during the orbit integration process. The impact of orbit errors on the gravity field processing is also taken into account
by simulating the position accuracy of real kinematic orbits, and propagating 1 cm white noise of the orbit positions of each satellite. The
integrated orbits are the same as used for the reduced-scale simulations, as well as the satellite constellations stated in Section 2.1.

The erroneous dynamic orbits serve as computational points for the reference values of the observations and enable the computation of
the GPS high-low SST observations in three directions. In order to ensure the accuracy of the intersatellite link, error-free dynamic orbits are
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356 M. Hauk and R. Pail

Figure 7. Half peak-to-peak spatial amplitudes in terms of mm geoid heights computed up to SH degree of 30 for the four major diurnal tidal components
for the following models: Full ocean tide signal of the GOT4.7 model (first row), reference difference model GOT4.7-EOT08a (second row), difference model
between GOT4.7 and the reduced-scale estimated tide model from the double pair constellation over 1 yr (third row), difference model between GOT4.7 and
the reduced-scale estimated tide model from the double pair constellation over 3 yr (fourth row), difference model between GOT4.7 and the reduced-scale
estimated tide model from the double pair constellation over 3 yr using the rearranged composition of the normal equation matrix (fifth row), difference model
between GOT4.7 and the full-scale estimated tide model from the double pair constellation over 3 yr (sixth row), difference model between GOT4.7 and the
full-scale estimated tide model from the double pair constellation over 3 yr using the Wiese co-parametrization method in parallel (seventh row).

used for the reference values of the low-low SST observations from the laser interferometer system, which are expressed in terms of ranges
or range-rates.

3.2 Simulation environment

The adopted gravity field approach is based on a modification of the integral equation approach from Schneider (1969) where the orbit is
divided into continuous short arcs of 30 min length, and the position vectors at the arc node points are set up as unknown parameters, which
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Figure 8. Half peak-to-peak spatial amplitudes in terms of mm geoid heights computed up to SH degree of 30 for the four major semi-diurnal tidal components
for the following models: full ocean tide signal of the GOT4.7 model (first row), reference difference model GOT4.7-EOT08a (second row), difference model
between GOT4.7 and the reduced-scale estimated tide model from the double pair constellation over 1 yr (third row), difference model between GOT4.7 and
the reduced-scale estimated tide model from the double pair constellation over 3 yr (fourth row), difference model between GOT4.7 and the reduced-scale
estimated tide model from the double pair constellation over 3 yr using the rearranged composition of the normal equation matrix (fifth row), difference model
between GOT4.7 and the full-scale estimated tide model from the double pair constellation over 3 yr (sixth row), difference model between GOT4.7 and the
full-scale estimated tide model from the double pair constellation over 3 yr using the Wiese co-parametrization method in parallel (seventh row).

Table 5. Force and noise models of the ‘true’ and ‘reference’ world used in the full-scale simulations.

Model ‘True’ world ‘Reference’ world

Static gravity field model GOCO03s GOCO03s
Non-tidal gravity field model ESA AOHIS -
Ocean tide model GOT4.7 EOT08a
Force model Residual accelerations, eqs (4)–(6) Residual accelerations, eqs (4)–(6)
Noise model Laser interferometer noise, eq. (1) -
Noise model Accelerometer noise, eqs (2) and (3) -
Noise model Star camera noise, eqs (7) and (8) -
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are estimated together with the gravity field coefficients. The functional model follows the typical formulation used for low-low SST missions
like GRACE, which comprises a high-low SST and a low-low SST component. Position differences between two satellites are used for the
computation of the reference values for the high-low SST part of the observation system, whereas the reference values for the low-low SST
part are derived by projecting position and velocity differences between two satellites onto the LoS, leading to the computation of intersatellite
ranges and range-rates. In this study, range-rates of an assumed laser interferometer are used as observables for co-parametrization of ocean
tide parameters within the full-scale simulation environment. Table 5 gives an overview of the force and noise models used in the processing
for the ‘true’ and ‘reference’ world. The ‘reference’ observations are reduced from the ‘true’ observations as a result of the linearization
process. Due to the fact that the full-scale simulation process makes use of this so-called ‘reduced dynamic observations’, where the impact of
ocean tide model errors is assessed by taking the difference of two tide models (see Table 5), additional ocean tide parameters are co-estimated
in terms of SH a-, b-, c- and d- coefficients, together with the static gravity field coefficients during the simulation process. This stands
in contrast to the co-parametrization process of ocean tides in the reduced-scale simulation environment, where ocean tide parameters are
co-estimated based on observations including the full ocean tide signal.

Error sources from sensors such as the laser interferometer and accelerometers show noise behaviour which is frequency-dependent and
can be analytically approximated by eqs (1)–(3). According to Daras & Pail (2017) and Daras (2016), the weighting of the sensor noise can
be done by computing the inverse of the covariance matrix, which contains autocovariance values of the estimated pre-fit residuals, assuming
stationary sensor noise. The pre-fit residuals are estimated as a result of the computation of the normal equations, which include differences
between the ‘true’ (only the static GOCO03s gravity field model and sensor noise are included) and the reference observations (only the static
GOCO03s gravity field model is included), so that the error sources from the sensors are considered exclusively. Assuming uncorrelated
high-low and low-low SST observations, weighting matrices are set up for all four observation components separately.

The arrangement of the normal equation matrix remains the same as used in the reduced-scale simulator (see Fig. 2), where additional
tidal values are co-parametrized together with the static gravity field coefficients. The normal equation system is set up daily (the 30 min
dynamic orbit arcs are summarized up to daily orbits) over a dedicated time span, and the system is solved using the methods of the least-
squares adjustment. The co-estimated additional tidal values are added to the EOT08a tide model, resulting in the final estimated ocean tide
model, which ideally should coincide with the ‘true’ model GOT4.7.

3.3 Results

The reduced-scale simulations have shown the potential of co-estimating ocean tide parameters successfully over a time span up to 3 yr,
resulting in reduced tide model errors, using the Bender-type formation stated in Section 2.1 (see Table 1). As part of the full-scale simulation
environment, this satellite constellation was used in order to perform simulations where tidal parameters were co-parametrized up to SH
degree of 30, with the goal to reduce ocean tide model errors of the eight major tidal constituents after the example of the reduced-scale
simulations. In Fig. 9 the resulting ocean tide model errors are shown as difference between the GOT4.7 model and the 3 yr full-scale
estimated tide model (magenta dashed curves) in terms of SH degree RMS. The comparison with the reduced-scale estimated error tide
model (green dashed curves) shows a good consistency over the whole spectrum for all eight tidal constituents. With the exception of the K2
tidal component, the tide model errors from the full-scale estimation show a slightly better performance in the very low SH degrees, whereas
the tide model errors from the reduced-scale estimation provide stronger reduced error behaviour in the higher degrees. This phenomenon
is also reflected in the spatial error plots of the Figs 7 and 8, where the tide model errors of the full-scale solution (sixth row) show smaller
amplitudes due to the improved error behaviour in the lower SH degrees, compared to the amplitudes of the reduced-scale solution (fourth
row). The hydrological signals that appeared in the S2 component of the reduced-scale estimated tide model can be found in the full-scale
estimated tide model as well, albeit with a somewhat lower amplitude. Also the P1 tidal component of the full-scale solution shows these
types of signals, but with much smaller amplitudes than the S2 component.

Similarly to the reduced-scale results, the leakage of the non-tidal time varying signals into the estimates of ocean tide parameters is
visible. A rearrangement of the normal equation matrix in order to consider these signals, as it was done within the reduced-scale environment,
would require extensive modifications of the full-scale simulation software and was beyond the scope of this study. However, Daras & Pail
(2017) demonstrated the successful application of an alternative processing scheme first proposed by Wiese et al. (2011b), which enables
the mitigation of temporal aliasing effects due to non-tidal time varying signals. According to this method, low-resolution gravity fields are
co-estimated at short time intervals (e.g. daily) together with the higher-resolution gravity field which is sampled at a longer time interval. This
allows the consideration of high-frequency information contained in the short-term gravity field solutions (mainly atmosphere and ocean),
resulting in a reduction of the temporal aliasing effect of those long-wavelength geophysical signals that have a period larger than twice the
chosen sampling period of the short-period gravity field modelling (Nyquist theorem). As it was stated in Section 1, this processing method
by itself is only effective for reducing temporal aliasing errors due to non-tidal mass variations.

In this study the attempt was made to combine this co-parametrization technique with the processing scheme of co-estimating ocean tide
parameters within the full-scale simulation software, with the goal to consider the effect of temporal aliasing errors from non-tidal signals
during the estimation process of the different tidal constituents. The adoption of this so-called ‘Wiese approach’ to the functional model
is described in Daras & Pail (2017) and Daras (2016). During the simulation process both processing strategies, the Wiese approach and
the method of co-parametrization of tidal constituents, run in parallel. Therefore, the basic composition of the normal equation matrix (see
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Figure 9. SH degree RMS in mm geoid height of the eight major tidal constituents for different error ocean tide models: reference difference model GOT4.7-
EOT08a (black), difference model between GOT4.7 and the reduced-scale estimated tide model from the double pair constellation over 3 yr (green dashed),
difference model between GOT4.7 and the full-scale estimated tide model from the double pair constellation over 3 yr (magenta dashed), difference model
between GOT4.7 and the full-scale estimated tide model from the double pair constellation over 3 yr using the Wiese co-parametrization method in parallel
(magenta), together with the full signal content of the GOT4.7 model (red).

Fig. 2) has to be extended by the short-term gravity field coefficients to be estimated, consisting of daily gravity field parameters resolved up
to a maximum SH degree of 15. This value turned out to be beneficial regarding the higher-resolution gravity field solution using the given
satellite constellation. The additional tidal parameters are estimated together with the long-term and short-term gravity field coefficients via
least squares adjustment and are added as corrections to the a priori EOT08a tide model. It should be emphasized, that regarding the resulting
composition of the normal equations this approach is quite close to the modified parameter scheme (Fig. 6) applied within the reduced-scale
tool. It differs only in the timespan and maximum degree of expansion of the short-term solutions.

The model errors provided by the difference between the GOT4.7 model and the full-scale estimated tide model from the double pair
constellation over 3 yr using the Wiese co-parametrization method (see Fig. 9, magenta curves), show an improved performance in the longer
wavelengths up to SH degree 15 for dedicated tidal constituents, compared to the model errors from the 3 yr estimation using the standard
processing scheme (see Fig. 9, magenta dashed curves). The corresponding spatial plots of Figs 7 and 8 (sixth and seventh row) confirm this
observation with smaller amplitudes for the error tide model solution using the Wiese approach. Similar to the rearrangement of the normal
equation matrix in the reduced-scale simulation, this processing method enables the consideration of the AOHIS signal during ocean tide
estimation, resulting in strongly reduced mean semi-annual hydrological signal amplitudes in the S2 and P1 component, which is also visible
in the global RMS values of Table 4 (see last two rows). In contrast to the solution using the rearranging method of the normal equation
matrix, the application of the Wiese approach does not lead to a reduced error behaviour in the P1, K1, S2 and K2 components over the whole
spectrum. The limitation of the improvements up to degree of 15 indicates that the maximum degree of the short-term gravity field solution of
the Wiese processing method influences the estimation of the tidal constituents regarding the quality. However, tests have shown that a higher
maximum degree of resolution of the daily gravity fields does not lead to an improved estimation performance of tidal constituents, due to
higher correlations between the daily and the higher-resolution gravity field coefficients to be estimated, leading to an inferior estimation
performance of the ocean tide parameters.

The solutions generated by full-scale simulations demonstrate again the capability to co-estimate ocean tide parameters from Bender-type
SST observations up to SH degree of 30 over an observation time span of 3 yr, resulting in improved ocean tide models and reduced tide
model errors for dedicated tidal constituents. The co-parametrization of tidal parameters defines the first step in the direction of mitigating
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tidal aliasing errors for gravity field retrieval. In a second step the estimated tide model is used for de-aliasing during gravity field retrieval to
improve the temporal gravity field solution from an NGGM.

4 G R AV I T Y F I E L D R E T R I E VA L U S I N G E S T I M AT E D T I D E M O D E L S

The estimated tide models can now be applied as tidal de-aliasing models in the frame of gravity field retrieval. Full-scale simulations were
performed with a retrieval period of 7 d (2002 January 1–7), using the same Bender-type NGGM and corresponding force models and sensor
noise specifications (see Sections 3.1 and 3.2, Table 5) as for the co-estimation of ocean tides. As de-aliasing tide model, the full-scale
estimated tide model from the double pair constellation over 3 yr period using the Wiese co-parametrization method in parallel is used. As
a reference, the results are compared with a gravity field retrieval, which uses the EOT08a tide model as de-aliasing model. The K2 tidal
constituent was excluded from all used tide models due to its low-quality estimation performance.

Fig. 10(a) displays the gravity field retrieval errors in terms of SH degree RMS with respect to the 7 d mean AOHIS reference gravity
field (red curve), and in terms of geoid heights (Figs 10b–f). In order to highlight the effect of tidal aliasing, simulations were performed
where non-tidal mass variations are not considered and only tidal signals and instrumental errors are included (see Fig. 10a, dashed black
and blue curves, and Figs 10b and d). Thus, the resulting retrieval errors are dominated by ocean tide aliasing errors. The comparison of
these solutions reveals reduced retrieval errors for the gravity field solution, where the estimated tide model is used as de-aliasing model.
This is further confirmed by global RMS values of 0.202 mm geoid height for the solution where the reference ocean tide de-aliasing model
EOT08a is used, and 0.086 mm geoid height for the simulation with the estimated tide model, resulting in a reduction of tidal aliasing errors
of about 57 per cent. In order to receive appropriate retrieval errors for simulations where AOHIS signals are included (see Fig. 10a, black
and blue solid curves, and Figs 10c and e), a mean non-tidal time varying reference field averaged over 7 d has to be subtracted from the
estimated gravity fields. The solution where the estimated tide model is included again show reduced retrieval errors, with a reduction of the
global RMS from 0.261 to 0.193 mm geoid height. The smaller reduction rate of about 26 per cent results from the fact that non-tidal signals
(mainly A and O) dominate the temporal aliasing errors in this case. In order to reduce these signals further, an additional simulation using
the Wiese co-parametrization technique where the estimated tide model is included was performed. The consideration of the high-frequency
atmospheric and oceanic signals contained in the short-term gravity field solutions solved to SH degree of 15 results in a reduction of the
temporal aliasing effect in the long-wavelength geophysical signals of the long-term solution (∼15 per cent in this case) displayed in Fig. 10(a)
(green curve) and Fig. 10(f).

From this results it can be stated, that applying the estimated tide models improves the satellite gravity field retrieval in general, and the
retrieval of non-tidal time-variable signals by reducing tidal aliasing errors, which are caused through tide model errors.

5 C O N C LU S I O N S

In this study, we investigate the possibility of co-parametrizing ocean tide parameters together with static and optionally non-tidal time-variable
gravity field coefficients during the low-low SST gravity field retrieval, with the goal

(1) to improve current ocean tide models, and
(2) to reduce temporal aliasing effects in time-variable gravity field solutions by improved ocean tide models for de-aliasing.

Based on reduced-scale and full-scale simulations, the eight main semi-diurnal and diurnal tidal constituents are co-estimated by
extending the normal equation matrix through additional tidal parameters in terms of SH a-, b-, c- and d-coefficients. The system is solved
up to SH degree of 30 with a least-squares system inverting full normal equations over a time span of up to 3 yr using a single near-polar
satellite pair and a double pair Bender-type constellation.

The results show the potential of co-estimating ocean tide parameters especially for the double pair constellation due to enhanced
spatio-temporal sampling of high-frequency mass variations. For the single pair constellation, with the exception of the M2 tide, the estimated
tidal constituents provide either only slightly reduced model errors in the lower degrees (such as the Q1, O1 and N2 tides), or cannot be
improved at all (such as the P1, K1, S2 and K2 tides) compared to the reference model errors, which are represented by the difference between
two independent ocean tide models. In contrast, 7 out of 8 major tidal constituents (with the exception of K2) can be estimated significantly
better with the double pair formation, resulting in reduced tide model errors of up to 70 per cent for certain tidal constituents compared to
the single pair constellation. The quality of estimation of dedicated tides for a certain satellite constellation under a given time span depends
on their respective signal strength, frequency, and alias periods, amongst others. The M2 tide has the largest amplitude and can therefore
be estimated accurately over the whole spectrum up to degree of 30, even with the near-polar satellite pair constellation when observing
mass variations over 3 yr. In contrast, the Q1 component has a clearly smaller amplitude resulting in a reduced estimation performance.
Correlations among tidal constituents of similar period, such as P1 and K1, or S2 and K2 hamper the estimation performance additionally
due to a worse separability of the different tidal signals. In case of the single pair constellation, alias periods of the tidal constituents play
an important role during the co-parametrization process and correlation effects caused by similar alias periods arise as well. These effects
influence the tidal estimation performance using the Bender-type constellation as well, but in a weakened form due to two different tidal alias
periods for all 8 tidal constituents for both satellite pairs. Furthermore, the simulations have shown that non-tidal mass variations influence
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Treatment of ocean tide aliasing for NGGM 361

Figure 10. SH degree RMS in mm geoid height of differences with respect to the 7 d mean AOHIS reference gravity field (a, red), and geoid height differences
in mm calculated for SH coefficients up to degree of 30 (b–f), using two different ocean tide difference models, which are representative for ocean tide model
errors: the reference ocean tide difference model GOT4.7 – EOT08a, and the difference between the GOT4.7 model and the full-scale estimated tide model
from the double pair constellation over 3 yr using the Wiese co-parametrization method in parallel. The K2 tidal constituent is excluded in all solutions. The
full-scale simulations are computed using the force and noise models listed in Table 5. The ESA AOHIS model is not included for the cases (a, dashed black
and blue), (b) and (d), and it is included for the cases (a, black and blue), (c) and (e). Additionally, a simulation using the Wiese co-parametrization method is
performed for the cases (a, green) and (f).
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the estimation performance of tidal constituents such as the P1, K1, S2 and K2 components due to signals which will be either averaged in
the static parameter model, or leak into the ocean tide signal due to stronger correlations between tidal and non-tidal parameters.

In order to de-correlate the system, the time span for gravity field retrieval can be extended. Thus tide models which were estimated
over 3 yr show reduced errors for dedicated tidal constituents of up to 45 per cent for the single pair constellation, and up to 60 per cent for
the double pair constellation, compared to 1 yr estimated models. However, an extended time span hardly leads to improved tide models in
case of the single pair constellation. In case of the reduced-scale simulations, an alternative parametrization of the non-tidal time varying
signals during the process of ocean tide co-estimation has been established by a rearrangement of the normal equation matrix through the
diagonal sequence of additional static gravity field coefficient blocks including satellite observations of, for example, 11 d. Another method
is used in the full-scale simulation environment, where daily low degree and order gravity fields are co-estimated up to SH degree of 15 in
parallel to the ocean tide parameters, leading to a decrease of temporal aliasing errors due to non-tidal mass changes. The application of these
two methods results in further reduced tide model errors for the P1, K1, S2 and K2 tidal constituents (between 20 and 80 per cent), and in
reduced tide model errors for all tidal components in case of the full-scale simulation. But the simulations also showed some difficulties in
the co-estimation of the K2 tidal component, where strong correlation effects and the influence of non-tidal AOHIS signals, and potentially
also residual atmospheric tides, prevent an optimal adjustment.

The method applied in this study follows a two-step approach, where tidal parameters are co-parametrized in a first step, resulting in
an improved ocean tide model. In a second step, the estimated tide model is used for de-aliasing during gravity field retrieval. The results
demonstrate that the usage of estimated tide models leads to significantly reduced retrieval errors due to reduced tidal aliasing effects of more
than 50 per cent, and improves the retrieval of non-tidal signals at the same time.

Finally one can conclude that the method of co-parametrization of ocean tides during the satellite gravity field retrieval offers a great
potential to improve current tide models using a Bender-type NGGM, and leads to reduced gravity field retrieval errors when using them as
de-aliasing models.

6 O U T L O O K

The simulation results presented in this paper are based on a maximum resolution of SH degree of 30. Further investigations have to be
done regarding the limit of the maximum SH degree of resolution during the tide co-estimation process using the Bender-type constellation.
Though based on the signal-to-noise ratio of the results for ocean tide parameter estimation in this study, it can be assumed that a significant
co-estimation of tidal parameters of higher resolution will require observation time spans of more than 3 yr because the results presented in
this paper indicate that an extension of the observation period generally leads to reduced tide model errors. A quantification of this aspect for
periods of a whole mission lifetime of 10–15 yr is to be performed in future studies. Furthermore, extended parameter models combining
non-tidal temporal and ocean tide parameters, as well as additional parameter groups containing empirical and instrumental parameters, and
their coupling have to be further studied. Also, the role of stochastic modelling will have to be further investigated in the context of these
extended parameter models. Further aspects, which have not been considered in this study, such as an adequate treatment of atmospheric
tides, have to be included, in order to further increase the quality of co-estimation of the affected tidal constituents. Regarding the estimation
of improved ocean tide models, spatial regularization methods such as the application of ocean-land masks might help to minimize the
effect of non-tidal signals leaking into tidal constituents. Finally, the launch of GRACE Follow-On, enabling improved intersatellite distance
measurements from the laser interferometer, will provide an excellent environment to test and assess these extended parametrization schemes
on the basis of real data.
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Bahnbögen am Beispiel der Satellitenmissionen CHAMP und GRACE,
PhD thesis, http://hss.ulb.uni-bonn.de/2006/0904/0904.htm.
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A P P E N D I X A : T H E E A RT H ’ S G R AV I TAT I O NA L P O T E N T I A L A N D T H E A DA P T I O N T O
T H E O C E A N T I D E P O T E N T I A L

The simulation environment of both simulator software packages is based on SH. Therefore, the setup of the normal equation systems is
done with SH base functions of the Earth’s gravitational potential V , which can be expressed by the series expansion (Hofmann-Wellenhof
& Moritz 2005):

V (r, θ, λ) = G M

a

∞∑
n = 0

(a

r

)n+1 n∑
m = 0

P̄nm (cosθ )
(
C̄nmcosmλ + S̄nmsinmλ

)
, (A1)

where G M represents the gravitational constant and the Earth’s mass, a the semi-major axis of the Earth, P̄nm the normalized Legendre
polynomial of degree n and order m, C̄nm and S̄nm the fully normalized SH coefficients, and the location is given by the radius r (mean Earth
radius plus satellite altitude), geocentric co-latitude θ and longitude λ. The adaption to the ocean tide potential V O is done with (Rieser et al.
2012):

C̄nm,s = 4πa2ρw

M
1+k′

n
2n+1

[
(C+

nm,s + C−
nm,s

)
cos (�s + χs)

+(S+
nm,s + S−

nm,s) sin (�s + χs)]

S̄nm,s = 4πa2ρw

M
1+k′

n
2n+1 [(S+

nm,s − S−
nm,s) cos (�s + χs)

− (
C+

nm,s − C−
nm,s

)
sin (�s + χs)],

(A2)

where ρw represents the water density, and k ′
n the load Love numbers. The fundamental arguments of the tides s given by Q1, O1, P1, K1,

N2, M2, S2 and K2 are defined through the astronomical (or Doodson) argument �s , and the Doodson–Warburg phase correction χs . The
coefficients C±

nm,s and S±
nm,s are related to the prograde (+ ) and retrograde (-) amplitudes Ĉ±

nm,s and phases ε±
nm,s , and they can be retrieved

from each other by the following relations:

C±
nm,s = Ĉ±

nm,s sin
(
ε±

nm,s

) = 1
2

(anm,s ± dnm,s)
S±

nm,s = Ĉ±
nm,s cos

(
ε±

nm,s

) = 1
2

(cnm,s ± bnm,s) .
(A3)

Here anm,s , bnm,s , cnm,s and dnm,s are SH coefficients which are used for co-parametrization of ocean tides within the estimation process.

A P P E N D I X B : T E M P O R A L A L I A S I N G

The sampling of the gravity field can only be realized with finite spatial and temporal resolution. However, both spatial and temporal aliasing
cannot be avoided. In the simulations spatial aliasing is excluded by limiting the input gravity field models to the same maximum SH degree
as the adjusted set of SH coefficients. But, the issue of temporal aliasing represents one of the major error sources of gravity field observations
from space due to undersampling high-frequency tidal and non-tidal signals. The tidal constituents have certain aliasing periods depending
on the satellite orbit, which can be retrieved by mathematical relations listed below.

The frequency of a continuous periodic ocean tide signal fOT is given by

fOT = 1

POT
Hz, (B1)
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where POT represents the period of a certain tidal constituent in seconds. This signal is sampled with a discrete sampling interval 	t, which
corresponds to the repeat period in seconds of a satellite pair. The Nyquist frequency can be retrieved by

fN = 1

2	t
Hz. (B2)

If fN is smaller than fOT temporal aliasing occurs and the ocean tide signal cannot be reconstructed with its sampled representation. The
execution of a discrete Fourier transform of the undersampled representation leads to aliased amplitudes at an aliasing frequency

falias = |mod( fOT + fN , 2 fN ) − fN | . (B3)
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Short Summary 

As a result of the EE10 call, the high-low-type formation MOBILE, which is originally based 

on the GETRIS concept, was developed and is evaluated qualitatively and quantitatively in this 

study by full numerical simulations. A minimum configuration consisting of 1 LEO and 2 

MEOs was set up, where the MEO satellites fly at altitudes of about 10.000 km in polar orbits. 

A separate error analysis wrt. the main error contributors (signals due to instruments, tides, HIS 

and full AOHIS) in gravity field retrieval was performed for the MOBILE mission concept and 

a GRACE-FO-like formation serving as reference scenario. Investigations regarding the impact 

of the instrument performance on the gravity field retrieval showed that MOBILE benefits from 

its multidirectional observation geometry in the long wavelength spectrum (up to d/o 40), while 

the low-low pair formation performed better in the short wavelength spectrum due to the high 

accuracy of the relative distance measurement unit. Simulations including time-variable signals 

demonstrated the potential of reducing temporal aliasing errors of all geophysical mass signals 

over a broad spectrum compared to the reference scenario, despite the fact that the MOBILE 

concept does not provide continuous measurements which is a consequence of the placement 

of the satellites. The close-to isotropic observations of the high-low-type formation enable the 

application of the co-estimation of short-term low resolution gravity fields. Results showed that, 

by means of this technique, aliasing effects mainly caused by hydrological signals could be 

further reduced. As atmospheric drag is negligible for MEOs orbiting at the heights listed above, 

a drag compensation system including an accelerometer could be obsolete. Furthermore, the 

MEO satellites are assumed to be equipped with a largely passive instrumentation (passive 
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reflectors or transponders as part of the inter-satellite-link). These facts save costs, fuel and 

energy and can lead to a largely enhanced mission life time. 
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Abstract: Past temporal gravity field solutions from the Gravity Recovery and Climate Experiment
(GRACE), as well as current solutions from GRACE Follow-On, suffer from temporal aliasing errors
due to undersampling of the signal to be recovered (e.g., hydrology), which arise in terms of stripes
caused by the north–south observation direction. In this paper, we investigate the potential of
the proposed mass variation observing system by high–low inter-satellite links (MOBILE) mission.
We quantify the impact of instrument errors of the main sensors (inter-satellite link and accelerometer)
and high-frequency tidal and non-tidal gravity signals on achievable performance of the temporal
gravity field retrieval. The multi-directional observation geometry of the MOBILE concept with
a strong dominance of the radial component result in a close-to-isotropic error behavior, and the
retrieved gravity field solutions show reduced temporal aliasing errors of at least 30% for non-tidal,
as well as tidal, mass variation signals compared to a low–low satellite pair configuration. The quality
of the MOBILE range observations enables the application of extended alternative processing methods
leading to further reduction of temporal aliasing errors. The results demonstrate that such a mission
can help to get an improved understanding of different components of the Earth system.

Keywords: mass transport in the Earth system; GRACE and GRACE follow-on mission; current and
future observation concepts and instruments

1. Introduction

In times of a changing climate the need for innovative observation techniques for capturing
geophysical processes in the Earth system becomes increasingly urgent. In this context, the observation
of the temporal gravity field by satellites from space play an important role when investigating,
e.g., rapid changes in the cryosphere, oceans, water cycle, and solid Earth processes on a global
scale. For the determination of temporal gravity fields, in the last decade satellite missions such
as GRACE [1] or Challenging Minisatellite Payload (CHAMP) [2,3] orbited around the globe and
helped to get a better understanding of the Earth’s mass flux signals. CHAMP was based on high–low
satellite-to-satellite tracking (SST) exploiting the Global Positioning System (GPS) [4] over a time
span of 10 years. The accuracy of the CHAMP orbit information of 2–3 cm [5] derived from GPS
allowed for resolving only the long wave range of the time varying gravity field, with spatial scales
of ≈1000 km, e.g., Baur 2013 [6]. Analyzing the perturbed orbit of other Low Earth Orbiters (LEO),
such as the Swarm satellites, allows for a similar performance [7]. The GRACE mission reached spatial
scales of the temporal gravity field of ≈300 km and below due to a combination of K-band microwave
low–low inter-satellite ranging between two identical satellites following each other in the same orbit at
a distance of about 220 km with micrometer precision, and high–low GPS satellite-to-satellite tracking
plus accelerometer observations. These missions improved our knowledge of water mass variations
on the continents, in the oceans, and the atmosphere to a great extent. Additionally, the static gravity
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field retrieved from the Gravity field and steady-state Ocean Circulation Explorer (GOCE) [8] mission
has improved our knowledge of the long-term static mass distribution, and has provided the physical
reference surface of the geoid with centimeter precision with a spatial resolution down to 70–80 km.

The observation of the Earth’s gravity field will be continued by the GRACE Follow-On mission [9],
which was successfully launched in May 2018. The instruments have been slightly modified compared
to those used in GRACE, and additionally the GRACE Follow-On mission includes an inter-satellite
laser ranging interferometer as a demonstrator [10], resulting in an increased accuracy of the SST
observations to a few nanometers.

One of the main error contributions when observing the time variable gravity field results from
geophysical signals with periods shorter than the temporal resolution of the satellite mission, as they alias
into the solutions. Traditionally, the temporal resolution of the GRACE data products has been 30 days [1],
leading to temporal aliasing effects due to non-tidal mass variations, especially atmospheric, oceanic,
and hydrological signals having large amplitudes in the high-frequency range [11], as well as tidal signals
with mainly semi-diurnal and diurnal periods. The temporal aliasing errors in GRACE appear in terms of
striping effects, which are caused by the anisotropic error behavior resulting from along-track inter-satellite
ranging. This type of error pattern also remains for the GRACE Follow-On mission because temporal
aliasing errors clearly dominate the error budget of gravity field retrieval [12–15], while instrument errors of
the laser interferometer only play a minor role in the total error budget.

In general, there are different approaches of how to deal with temporal aliasing errors: The gravity
field solutions retrieved by GRACE are typically treated with de-striping and filtering techniques
(e.g., References [16–19]), which are applied a posteriori in order to reduce the striping effects. A further
de-aliasing method is proposed by Watkins et al. 2015 [20], where observations from GRACE are being
processed using spherical cap mascons resulting in greater resolutions for smaller spatial regions.
In the context of a Next Generation Gravity Field Mission (NGGM), various satellite constellations
enabling a self-de-aliasing of high-frequency signals were investigated, such as the dual-tandem
Bender-type mission [21], consisting of one near-polar pair and one inclined pair. Such a constellation
allows the combination of two anisotropic measurements taken in different directions, which increases
the isotropy of the combined system. A further concept is the pendulum formation where two satellites
are on slightly shifted orbit planes in such a way that the line of sight between the satellites does
not only contain along-track components, but also cross-track components [22]. Such innovative
satellite constellations offer the application of improved gravity field processing methodologies in
order to exploit the full potential of gravity field solutions with enhanced spatial and temporal
resolution. Wiese et al. 2011 [23] proposed a method where low-resolution gravity field solutions are
co-parameterized for short periods (e.g., daily) together with the long-term solutions (e.g., monthly)
in order to mitigate the non-tidal high-frequency signals (especially atmosphere, ocean, and to some
extent, also hydrology). A method to reduce tidal aliasing errors proposed by Hauk & Pail 2018 [24]
aims at a co-parameterization of ocean tide parameters over time spans of several years, where the
estimated tide model is used for de-aliasing during gravity field retrieval in a second processing step.

In this paper we pick up the point of new satellite constellations using an innovative observation
concept of high-precision high–low inter-satellite ranging, which was proposed as the (MOBILE)
mission [25] in response to European Space Agency (ESA)’s Earth Explorer 10 call. The observation
geometry and the measuring principle of this satellite constellation are based on the Geodesy and
Time Reference in Space (GETRIS) [26] concept describing a global space-borne infrastructure for
data transfer, clock synchronization, and ranging, where gravity field recovery can be one of the first
beneficiary applications of such an advanced geodetic space infrastructure.

In this study, we analyze the potential of the MOBILE mission qualitatively and quantitatively,
and compare gravity field solutions with GRACE Follow-On-like solutions by means of full-scale numerical
simulations. Furthermore, the potential of an extended processing method for the reduction of temporal
aliasing is investigated for the MOBILE concept. In the following Section 2, the MOBILE observation
configuration is described, while Section 3 gives an overview of the simulation environment including
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observation equations and stochastic modelling. In Section 4 the estimated gravity field solutions are analyzed
and assessed. The main conclusions are summarized in Section 5, and in Section 6, a short outlook is given.

2. Mission Concept

2.1. Observation Geometry

In contrast to the past GRACE and the current GRACE Follow-On missions, which are mainly
based on LEO satellites (several hundred km), the MOBILE minimum configuration consists of
a constellation of two high and one low orbiting satellites. As done for GRACE and GRACE Follow-On,
the main observable is the gravity-induced inter-satellite distance change, which is in case of MOBILE
measured between medium orbiting satellites (MEO; several thousand km) and LEO satellites though.
As a second gravity observation type, high-precision orbit positions based on Global Navigation
Satellite System (GNSS) orbit determination are used. This idea of high-precision high–low tracking
was first investigated by Hauk et al. 2017 [26] using the inter-satellite link technique as part of the
payload on-board Galileo satellites of future generation in connection with LEO satellites, where the
main error sources and the corresponding achievable performance were analyzed. Due to the fact
that the MOBILE constellation presents a stand-alone concept without the need to place an additional
payload on another space infrastructure, and the very large distance between the high- and the low
orbiting satellites, which plays a crucial role in the framework of high-precision high-low tracking,
dedicated MEO satellites were included in the concept. It should be emphasized that alternatively,
a constellation of one MEO and two LEO satellites could be envisaged, which turns out to provide
nearly the same performance as the proposed one, but might be more expensive due to the need to
build and maintain at least two LEO satellites in orbit.

Figure 1. MOBILE mission constellation: high-precision inter-satellite links between LEO and MEOs
(red), micro-wave links from GNSS satellites to MEOs and LEO (black).

Figure 1 shows a schematic overview of the MOBILE satellite formation. The orbit parameters,
which are used in the simulation environment to build up different satellite constellations, are listed
in Table 1. The MEO satellites orbit at an altitude of about 10,150 km in the same orbital plane,
separated by an 180-degree mean anomaly as alternating targets of the LEO satellites, in order to
maximize the visibility and thus observation time. The LEO satellite is orbiting in an altitude of about
360 km. Both LEO and MEO satellites are flying in polar orbits in order to maintain a long-term stable
formation (no relative drifts of the orbit planes). Additionally, two LEO satellites with near-polar
orbits flying in an altitude of about 470 km with an inter-satellite distance of 200 km are set up in order
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to perform comparability studies between the MOBILE constellation and a GRACE Follow-On-like
mission. All orbits have certain repeat cycles, after which the satellites reach the same position on
Earth again in order to maintain a stable ground track pattern and related stable gravity model quality.
The choice of the orbit height of the MEO satellites underlies three major constraints: (1) A high
altitude of several thousand kilometers is necessary in order to ensure long observation periods and
preferably measurements of multi-directional distance variations, with a strong dominance of the
radial component, resulting in a close to isotropic error behavior of the retrieved gravity field solution
(see Section 4). (2) The distance between a MEO–LEO pair must not be too large, because the larger
the distance, the more difficult it is to fulfill the 1-µm accuracy requirement for the inter-satellite link
established by a laser range interferometer (see Section 2.2). (3) The third constraint is driven by
solar radiation belts encircling the Earth in which energetic charged particles are trapped inside the
Earth’s magnetic field [27], which are of different intensities dependent on the solar cycle, altitude,
and inclination of the satellite orbit. As a result, altitude ranges of several thousand kilometers below
the chosen orbit height drop out. These conditions connected with the repeat orbit lead to an altitude
of about 10,000 km for the MEO satellites.

The high–low tracking concept enables a multi-directional observation geometry with differing
elevation angles from 3◦ (assumed minimum elevation angle of visible MEOs observed by the LEO)
up to a near-radial direction. However, due to the observation geometry of the MEO–LEO satellite
pairs and the changing satellite links from one to the other MEO, data gaps arise for every satellite
pair, leading to a non-continuous measurement time series of these pairs. For the simulated MOBILE
constellation, this results in a ranging window maximum of 45 min, and a maximum data gap of
18 min. The separation of the two MEO satellites of 180-degree mean anomaly is chosen to keep the
time period of the data gap as small as possible. In Figure 2, the LEO ground track of the MOBILE
concept is displayed for 1 day together with the corresponding elevation angles.

Table 1. Orbit parameters for satellite constellations.

Satellite Altitude
(km)

Inclination
(Degree)

Revolutions/Nodal Days
in One Repeat Orbit

Initial Mean
Anomaly (Degree)

LEO 1 358 90 476/30 0
MEO 1 10.149 90 124/30 0
MEO 2 10.149 90 124/30 180

Low–low 1 467 89 412/27 53.21
Low–low 2 467 89 412/27 51.51

Figure 2. One-day LEO ground track of the MOBILE mission constellation together with the elevation
angle of visible MEOs observed by the LEO.



Remote Sens. 2019, 11, 537 5 of 18

2.2. Instrumentation

The main observable in the MOBILE mission are range measurements from the LEO to the MEOs,
where the MEOs are alternating targets. The ranging accuracy is on the micrometer level in order
to be sensitive for gravitational forces and its changes on Earth. For distances of several thousand
kilometers, a laser-based distance measurement system can reach such an accuracy. The laser range
interferometer is placed at the LEO satellite, while the MEOs are equipped with passive reflectors or
transponders. In case of the GRACE Follow-On mission, the measurement of inter-satellite ranges by
laser range interferometry (LRI) has been successfully established. The link between the two satellites
was generated with an active laser on one satellite, and a phase-locked amplifying transponder on the
second spacecraft [10]. For the MOBILE concept, the laser ranging instrument needs to be adapted
due to the very large distance and the relative motion of the LEO and MEO satellites. In contrast to
the GRACE Follow-On, the large distance and the relative speed lead to a range of Doppler shifts of
several GHz compared to a few MHz, which causes the need of a reference laser source with a larger
range of reference frequencies and a faster phase-tracking capability than implemented for the GRACE
Follow-On. The required parameters (<10 GHz range, <10 MHz/s tracking) are within the range
of existing, space qualified reference lasers (e.g., the one used for the ATmospheric LIDar (ATLID)
instrument on the Earth Clouds Aerosols and Radiation Explorer (CARE) mission) [28], but their
compatibility with the needs of an interferometric instrument has to be the subject of further studies.
Due to the relative motion of the LEO and MEO satellites, pointing tracking capabilities are required,
which requires a modified link implementation. The LEO satellite is selected to play the active part in
the tracking mechanism, while the partner satellites (MEOs) are equipped with passive retroreflectors.
This type of laser tracking and ranging has been successfully performed for decades with active
laser systems on the ground and passive retroreflectors on satellites in orbit (e.g., Laser Geodynamics
Satellite (LAGEOS), Ball Lens In The Space (BLITS)) [29,30]. The scientific benefit of deploying a passive
payload in space is the significantly increased mission duration when compared to complex active
payloads. The main technological challenge in utilizing this setup for an LRI instrument is the need to
achieve a sufficiently high level of retrieved power without the need for amplification between the two
passes, ideally close to the 80 pW received by the GRACE Follow-On implementation, but at least to
levels above ≈1 pW in order to allow phase tracking. The main design factors impacting the received
power are the initial output power, the size of the retroreflector, and the size of the receiving telescope.

Satellite on-board sensors play an important role in the gravity field retrieval by influencing satellite
observations due to correlated noise. In our study, the error assumptions used for the laser ranging
instrument in the MOBILE concept are based on the time-series provided by Schäfer et al. 2013 [31],
which originated in connection with ESA’s GETRIS study, and show micrometer ranging accuracy around
1 MHz. Due to simulation purposes, this time-series was adapted by means of cascaded second order
Butterworth auto regressive moving average (ARMA) filter model. The spectral behavior of the LRI is
shown in Figure 3 (light green curve) in terms of an amplitude spectral density (ASD). The relative distance
measurement errors assumed for the low–low satellite pair are identical to those used in the frame of the
ESA-Assessment of Satellite Constellations for Monitoring the Variations in Earth’s Gravity Field (SC4MGV)
project [32], provided from the consultancy support of Thales Alenia Space Italia, and show a performance
of about several 10 nanometers. The corresponding analytical noise model of the used laser interferometer
is given by the ASD in terms of range-rates (Figure 3, light blue curve):

drange−rates= 2× 10−8·2πf·
√(

10−2Hz
f

)2
+1 m

s
√

Hz
. (1)

The generation of all noise time-series was done by scaling the spectrum of normally distributed
random time-series with their individual spectral model.
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Figure 3. Amplitude spectral density (ASD) of the relative distant measurement errors in terms of
range-rates for the low–low pair formation (dark blue) and for MOBILE (dark green). The generation
of the noise time-series was done by scaling the spectrum of normally distributed random time-series
with their individual spectral model (light blue and light green curves).

The non-gravitational forces are typically sensed by the on-board accelerometers located in the
center-of-mass of the satellite. In case of the LEO satellites, the implementation of an accelerometer
is absolutely necessary due to air drag as the main contributor. For the low–low pair a GRACE-like
electrostatic accelerometer is assumed with two highly sensitive axes oriented in the flight direction
(largest signal) and in the radial direction, and one low-sensitive axis in the cross-track direction
(see Figure 4, blue and red curves). The accuracy level in terms of accelerations is derived
by Iran Pour et al. 2015 [32], and is expressed by:

dacc. x= dacc. z= 10−11

√(
10−3Hz

f

)4
/
((

10−5Hz
f

)4
+1
)
+1+

(
f

10−1Hz

)4 m
s2
√

Hz
(2)

dacc. y= 10·dacc. z (3)

with x denoting along-track, y across-track, and z (close to) the radial direction. Based on the heritage
of previous gravity missions for MOBILE, we seek a resolution on the level of 10−11 m/s2, which is
the same as assumed for the along-track and radial axes of the accelerometer on-board the low–low
satellite pair, but ideally with the same performance in all three directions. Furthermore, the slope at
frequencies from 10−3 Hz and lower is pressed down from 1/f2 for the low–low pair to 1/f for MOBILE.
The performance of the relative acceleration measurement error is displayed in Figure 4 (green curve).
While an accelerometer is mandatory for the MOBILE LEO satellite, for the MEOs, less stringent
requirements might apply because of the substantially smaller amplitude of the signal and the fact that
non-conservative forces can be modelled much more accurately in high altitudes. Also, the design of the
MEO could be optimized for the high predictability of non-gravitational forces, e.g., by implementing
very simple geometrical surfaces wherever radiative pressure is relevant. In spite of these facts, in the
MOBILE concept, the implementation of accelerometers is proposed.
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Figure 4. Amplitude spectral density (ASD) of the relative acceleration measurement error in terms of
accelerations for the low–low pair formation (dark blue and magenta) and for MOBILE (dark green).
The generation of the noise time-series was done by scaling the spectrum of normally distributed
random time-series with their individual spectral model (light blue, red, and light green curves).

Geo-location of satellite observations, as well as gravity retrieval, require highly accurate continuous
orbit determination, making GNSS space receivers on all satellites obligatory. In our simulations, we assume
an absolute kinematic positioning on a cm level. Using a laser ranging instrument as the main measurement
system requires exact pointing of the tracking antenna in the order of 10 µrad or less, and therefore the
implementation of systems for attitude determination and control. We assume star camera sensor errors for
all satellites represented as rotation angles around the along-track (roll), cross-track (pitch), and radial (yaw)
axes, expressed by the ASD of the following analytical noise models [32]:

droll= 10−5

√(
10−3Hz

f

)4
/
((

10−5Hz
f

)4
+1
)
+1 rad√

Hz
, (4)

dpitch= dyaw= 2× 10−6

√(
10−2Hz

f

)2
/
((

10−Hz
f

)2
+1
)
+1 rad√

Hz
. (5)

In addition, for the MOBILE LEO satellite, a drag-reduction system needs to be implemented in
order to maintain the orbit, and not to saturate the accelerometers due to non-gravitational accelerations.
The MEO satellites will very likely require an electrical propulsion system to move to their target orbit
from the lower separation altitude achievable with a low-cost launcher.

3. Simulation Environment

All simulations were executed with a full numerical mission simulator [33,34], which has already been
successfully applied to recover satellite-only gravitational field models from GOCE data [35]. The simulation
environment is based on numerical orbit integration, following a multistep method for the numerical
integration according to Shampine & Gordon 1976 [36], which applies a modified divided difference form
of the Adams predict-evaluate-correct-evaluate (PECE) formulas and local extrapolation. According to this
method, the order and the step size are adjusted to control the local error per unit step in a generalized
sense. The generation of “true” dynamic orbits and, subsequently, the “true” GNSS high–low SST and
low–low laser ranging SST observations, is done by adding different force models according to the “true”
world of Table 2. The impact of orbit errors on the gravity field processing is taken into account as well by
propagating 1 cm white noise of the integrated orbit positions of each satellite. The resulting erroneous
dynamic orbits serve as computational points for the reference values of the observations and enable the
computation of the GNSS high–low SST observations in three directions. In order to ensure the accuracy
of the inter-satellite link, error-free dynamic orbits are used for the reference values of the low–low SST
observations from the laser interferometer system, which are expressed in terms of range-rates.
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Table 2. Force and noise models of the “true” and “reference” world used in the simulations.

Model “True” World “Reference” World

Static gravity field model GOCO03s GOCO03s
Non-tidal gravity field model ESA AOHIS -

Ocean tide model GOT4.7 EOT11a
Noise model Laser interferometer -
Noise model Accelerometer -
Noise model Star camera -
Noise model GNSS (orbit accuracy) -

The adopted gravity field approach is based on a modification of the integral equation approach
from Schneider 1969 [37] where the orbit is divided into continuous short arcs of 6 h length, and the
position vectors at the arc node points are set up as unknown parameters, which are estimated
together with the gravity field coefficients. This technique has already been successfully applied in
real data applications to recover satellite-only gravitational field models for CHAMP and GRACE [38]
(ITSG-Grace2016) [39]. The functional model follows the typical formulation used for low–low SST
missions like GRACE, which comprises a high–low SST and a low–low SST component. Position
differences between two satellites are used for the computation of the reference values for the high–low
SST part of the observation system, whereas the reference values for the low–low SST part are derived
by projecting position and velocity differences between two satellites onto the line-of-sight, leading
to the computation of inter-satellite range-rates. Table 2 gives an overview of the force and noise
models used in the processing for the “true” and “reference” world. The static gravity field model is
represented by the GOCO03s model, which is a satellite-only gravity field model based on GRACE,
GOCE, and LAGEOS [40]. In order to simulate geophysical signals, ESA’s updated Earth system
model [41] has been used, which contains the five main geophysical signal components atmosphere
(A), ocean (O), hydrology (H), ice (I), and solid Earth (S) with a time resolution of six hours, linearly
interpolated to the epochs. The Earth system model covers the time period 1995–2006, and contains
plausible variability and trends in both low-degree coefficients and the global mean eustatic sea level.
It depicts reasonable mass variability all over the globe at a wide range of frequencies including
multi-year trends, year-to-year variability, and seasonal variability, even at very fine spatial scales,
which is important for a realistic representation of spatial aliasing and leakage. The impact of ocean
tide model errors is assessed by taking the difference of two tide models, EOT11a [42], and GOT4.7 [43].

The total stochastic model for the observations is approximated individually for both satellite
formations by means of a cascade of digital Butterworth ARMA filters [44,45]. Filter coefficients are
chosen in such a way that the cascade’s frequency response optimally matches the inverse of the
amplitude spectrum of the previously generated pre-fit residuals. They are estimated as a result of the
computation of the linearized normal equations, which include differences between the “true” (only the
static GOCO03s gravity field model and sensor noise are included) and the reference observations (only
the static GOCO03s gravity field model is included), such that the error sources from the sensors are
considered exclusively. Assuming uncorrelated high–low and low–low SST observations, weighting
matrices are set up for all observation components separately.

The goal is the retrieval of all spherical-harmonic (SH) coefficients up to a maximum SH degree of
100 from observations sampled every 5 seconds for the first 30 days of the year 2001. Due to the fact of
non-linear observation equations, the “reference” observations are reduced from the “true” observations
as a result of the linearization process. The gravity field parameters are estimated by solving full normal
equations of a least squares system based on a standard Gauss–Markov model using weighted least squares
with stochastic models in accordance with the simulated instrument noise levels. The resulting gravity field
coefficients are analyzed and compared regarding quality and performance in terms of retrieval errors by
removing a monthly average of the true mass transport model from the recovered signal.
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4. Results

4.1. Gravity Field Retrieval Performance Due to Instrument Errors

At first the impact of the instrument errors on the gravity field retrieval were quantified. For this
task, we performed simulations where each error source according to the assumptions described
in Section 2.2 was treated individually. Figure 5 shows the gravity field retrieval performance in
terms of equivalent water height (EWH) errors per SH degree per coefficient for the low–low pair
constellation and the MOBILE concept. Furthermore, the results were quantified using global RMS
values of the errors in the recovered signal expressed in terms of cm of EWH, listed in Table 3 (see part:
instrument errors). If only white-noise positioning errors were considered (Figure 5, green curves),
the gravity field retrieval performance mainly depended on the observation geometry. The comparison
between both satellite concepts revealed strongly reduced retrieval errors for MOBILE, which benefited
from multi-directional observations. In the case of accelerometer noise in combination with star camera
errors (Figure 5, blue curves), the MOBILE constellation showed reduced error behavior compared
to the low–low pair as well. This was mainly caused by the observation geometry, but also by
the improved accelerometers (≈23%) with 3D capabilities to certain parts in the case of MOBILE.
In contrast, the retrieval performance of the low–low pair benefits from the nanometer accuracy of
the laser interferometer compared to the micrometer accuracy of MOBILE’s laser link sensor for the
most part of the spectrum (>SH degree 10). This became evident when only laser interferometer
noise was considered (Figure 5, red curves). However, in the very low degrees, the MOBILE concept
performed better than GRACE, which was again owed to the fact of an improved observation geometry.
When considering all instrument error sources together, the retrieval errors of the low–low satellite
pair are dominated by the accelerometer plus star camera sensor performance, while for the MOBILE
constellation, the laser link error was the dominating error source for SH degrees higher than 20,
and the accelerometer plus star camera noise only dominated the spectrum in the lower degrees. These
results led to the conclusion that the gravity field retrieval based on instrument error sources showed
smaller errors below SH degree 40 for the MOBILE concept compared to the low–low pair, but increased
errors in the higher frequency spectrum due to the lower accuracy of the laser interferometer.

Figure 5. Degree (error) standard deviations after 1 month of full AOHIS signal (black), low–low
pair formation (dashed curves), and MOBILE constellation (continuous curves), when including only
distance measurement errors (red), acceleration plus star camera errors (blue), and orbit errors (green).
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Table 3. Global RMS values in cm EWH for the low–low pair and MOBILE constellation considering
different isolated error sources. RMS values are computed up to SH degree 100 for instrument errors,
and up to SH degree 50 for temporal aliasing errors. Additionally, the global RMS value of the monthly
averaged AOHIS and HIS signal is given (computed up to SH degree 50 and 100).

Errors Included
in Simulation

RMS Low–Low
Pair (cm EWH)

RMS MOBILE
(cm EWH)

Instrument errors up to SH degree 100
Orbit error (GNSS) 1.58 0.13

Accelerometer + star camera 4.18 0.51
Laser interferometer 4.12 14.80

Temporal aliasing errors up to SH degree 50
AOHIS aliasing + instruments 28.27 15.76

Ocean tide aliasing + instruments 5.36 3.84
HIS aliasing + instruments 5.13 2.12

HIS aliasing + instruments (ext. processing) - 1.29

Averaged AOHIS signal up to SH degree 50 4.06
Averaged AOHIS signal up to SH degree 100 4.63

Averaged HIS signal up to SH degree 50 3.35
Averaged HIS signal up to SH degree 100 3.96

Next to the estimation of SH coefficients, we estimated their formal errors as well, shown in
Figure 6. The noise of the different sensors in combination with the observation geometry reveal
the performance of a specific satellite concept. In our case, they demonstrated the impact of the
MOBILE high–low tracking concept by showing an almost uniform (isotropic) error spectrum and
a high sensitivity in the sectorial coefficients (SH degree equal to SH order). In case of the low–low pair
configuration especially, the sectorial coefficients were less well-determined than the zonal coefficients
(SH order equal to zero). Figure 6b,d gave a closer view of the formal errors located in the long
wavelength (low-degree) spectrum. The comparison between MOBILE and the low–low pair led to
the assumption that the determination of the very low SH coefficients could be accomplished with
a higher sensitivity through the MOBILE concept. In contrast to the observations in the along-track
direction of the low–low pearl-string configuration, the multi-directional observations of the high–low
tracking concept with a strong dominance of the radial component enabled an improved estimation of
the very low SH coefficients. The close to radial observation geometry of MOBILE was comparable to
satellite laser ranging (SLR) observations, showing superior performance in observing the very long
wavelength gravity field variations, in particular the zonal SH coefficient of degree 2, which physically
represented the Earth’s dynamic oblateness [46].
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Figure 6. Formal error triangle plots in log10 up to SH degree and order 100 (a,c), and up to SH degree
and order 10 (b,d), for the low–low pair formation (a,b), and the MOBILE constellation (c,d).

In order to make the effect of the different error spectra of both satellite concepts even more
visible, spatial covariance functions were computed for a position at the equator and at 45◦ latitude
(see Figure 7). They describe the correlation of the computation point with its neighborhood in the
normal equation system due to the used stochastic model and the observation geometry. The spatial
characteristics and the pattern of the covariances provide information about the spatial behavior of the
retrieved signals. In our case, the figures show the typical stripes for the low–low tracking concept
caused by the north–south observation direction that are known from the GRACE temporal gravity
models, while the MOBILE concept exhibited an isotropic error structure at both latitudes.
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Figure 7. Spatial covariance functions in m2 for the equator (a,c), and for 45◦ latitude (b,d), for the
low–low pair formation (a,b), and the MOBILE constellation (c,d).

4.2. Temporal Gravity Field Retrieval

The retrieval of the temporal gravity field is dominated by temporal aliasing errors due to the
undersampling of high frequency geophysical signals and imperfect de-aliasing models, which has
already been shown by, e.g., References [47–49] for the GRACE mission. In order to analyze the impact
of different time-varying mass signals on gravity field retrieval, we performed simulations by using
signals that were subdivided into non-tidal AOHIS, HIS, and tidal signals, including the instrument
errors described in Section 2.2. Figure 8 displays the corresponding retrieval errors for both satellite
concepts. The results indicate that the errors with the highest signal amplitudes were related to AOHIS
signals (Figure 8, red curves), and in particular to atmospheric and oceanic signals. Tidal aliasing
effects played a key role in the total error budget as well (Figure 8, blue curves) by representing the
highest aliasing errors next to non-tidal atmosphere and ocean aliasing errors. In this context it is
important to mention that errors in ocean tide models are considered as one of the major sources of
error in the determination of temporal gravity field models from GRACE data [50,51]. Our simulations
show that the MOBILE configuration can reduce non-tidal aliasing errors (≈45%) as well as tidal
aliasing errors (≈30%) over the whole spectrum significantly (see also Table 3, part: temporal aliasing
errors). Despite the fact that for the high–low tracking concept the assumed arrangement of satellites
causes incomplete data time series, the multi-directional observation geometry enables the sampling
of time varying signals with reduced aliasing errors compared to the low–low pair configuration.
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Figure 8. Degree (error) standard deviations after 1 month of full AOHIS signal (black), low–low pair
formation (dashed curves), and MOBILE constellation (continuous curves), when including only AOHIS
signals + instrument errors (red), ocean tide signals + instrument errors (blue), HIS signals + instrument
errors (green), and HIS signals + instrument errors using the extended processing method (magenta).

Usually high-frequency mass signals are a priori reduced based on atmosphere and ocean
de-aliasing (AOD) products [52], and ocean tide de-aliasing models. The resulting temporal gravity
field models thus contain mainly information on sub-seasonal, seasonal, and secular continental
hydrological mass variations and ice mass variations on Earth [53,54], and solid Earth signals related to
glacial isostatic adjustment (GIA), and co- and post-seismic gravity changes of big earthquakes. For the
analysis of such mass flux signals we performed simulations by using only the HIS signal. The resulting
gravity field retrieval errors (Figure 8, green curves) again revealed smaller aliasing effects for the
MOBILE concept (≈60%), which is even better visible when looking at the spatial domain, shown in
Figure 9. As already suggested by Figure 7, the retrieved HIS fields demonstrate, that the error pattern
of MOBILE was much more homogeneous, and the typical striping of a low–low along-track ranging
system is significantly reduced, particularly in the equatorial regions where the orbit ground tracks
were less dense. This resulted in a clearly improved free representation of hydrological and ice mass
signals for the MOBILE concept.
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Figure 9. Global grids of EWH (cm) up to SH degree and order 50 after 1 month. The grids show
the true HIS signal (a), the recovered signal (b,d,f), and the differences of the true HIS signal and the
recovered signal (c,e,g), for the low–low pair configuration (b,c), for the MOBILE concept (d,e), and for
the MOBILE concept using the extended processing method (f,g).

The high quality of multi-directional observations of the high–low tracking concept allows the
application of an extended alternative processing method first proposed by Wiese et al. 2011 [23],
which enables the mitigation of temporal aliasing effects due to non-tidal time varying signals, as it
was stated in Section 1. Wiese et al. 2011 [23] demonstrated the benefit of the co-parameterization of
additional daily low degree and order gravity field coefficients for Bender-type satellite constellations.
We investigated the potential of this methodology regarding the MOBILE concept by simulating
a monthly solution while co-estimating daily gravity fields up to SH degree and order 10, including
HIS signal plus instrument errors. The resulting retrieval errors are displayed in Figure 8 (magenta
curve). They revealed an error reduction of about 40% compared to the nominal solution (green curve),
which led to an increased spatial resolution of about SH degree 50 (≈400 km) instead of 40 (≈500 km).
The corresponding spatial plot (Figure 9, f and g) shows a global reduced aliasing pattern, especially
in higher latitudes. The comparison between the true HIS signal and the MOBILE recovered signal
(nominal and extended processed) displayed in Figure 9 shows that the quality of the solutions could
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be improved to such a level that de-striping and smoothing the solutions was no longer necessary
when examining signals to degree and order 50. Therefore, a possible loss of signal by a posteriori
filtering of the gravity field solutions recovered by MOBILE could be avoided.

5. Conclusions

In this study, we investigated the gravity field retrieval performance of the novel and innovative
MOBILE high–low satellite tracking concept and compared it with a low–low GRACE Follow-On-like
configuration qualitatively and quantitatively. Based on full numerical simulations, gravity field
parameters were estimated in terms of SH coefficients by solving a least-squares system by inverting
full normal equations over a time span of 1 month. The most important error sources affecting the
gravity field retrieval performance, key instruments on-board the satellites, as well as time varying
mass flux signals, were included in order to assess their impact on gravity field retrieval for both
mission concepts.

The results regarding the instrumental impact on the gravity field solution show that the
performance of the MOBILE configuration was mainly limited by the assumed micrometer accuracy of
the laser interferometer, especially in the short wavelength spectrum, while the performance in the
lower wavelengths of the gravity field benefited from the multi-directional observation geometry and
optimized 3D accelerometer. In contrast, the gravity field retrieval of the low–low pair constellation
was limited mainly by the accelerometer, which predominated the nanometer accuracy of the assumed
laser interferometer. The multi-directional observations of MOBILE mentioned above included a strong
radial component and led to an almost uniform (isotropic) error spectrum, while the low–low tracking
concept showed the typical stripes caused by the north–south observation direction. However, the high
accuracy of the low–low satellite pair’s inter-satellite link led to an improved gravity field performance
from SH degree 40 and higher compared to MOBILE, which performed better in the long wavelength
spectrum where the largest amplitudes of time varying gravity field signals occurred.

The benefit of MOBILE’s multi-directional observation geometry arose when including tidal and
non-tidal mass variation signals into the simulation process. The results revealed significantly reduced
temporal aliasing errors in the recovered gravity field signal compared to the low–low tracking concept
over the whole spectrum. In the case of the separate treatment of the HIS signal, the resulting gravity
field error performance of MOBILE improved even by about 60%, and the application of an extended
processing method to reduce temporal aliasing errors by co-estimation of daily gravity field parameters,
led to a further reduction of retrieval errors of about 40%. Furthermore, the results show that the
quality of recovered MOBILE gravity field solutions could make a treatment of such solutions using
a posteriori filtering techniques obsolete.

The gravity field solutions retrieved using MOBILE can contribute to an improved understanding
of different components of the Earth system, such as the estimation of continental water storage and
freshwater fluxes, the quantification of large-scale flood and drought events and their monitoring and
forecasting, or understanding the mass balance of ice sheets and larger glacier systems, just to name
a few. The application of the extended processing method implied the co-parameterized gravity field
parameters (which, in our case, are daily gravity fields) as a side product. These daily solutions with
low spatial resolution could aid in improving atmospheric models, and possibly be beneficial to the
oceanography community as well, as many of these short-term signals have large spatial scales.

6. Outlook

The gravity field solutions of the high–low tracking concept presented in this paper were based
on the minimal configuration of MOBILE. On top of this scenario, the optional implementation of
a third or fourth MEO satellite, but also a second LEO, could be considered to further increase the
mission performance, but also significantly improve the temporal resolution. Due to the largely
passive instrumentation of this mass transport mission, the function of the MEO satellites could be
implemented as a backpack application of other MEO missions, such as the Galileo next-generation
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satellites, in order to extend and maintain the infrastructure for laser ranging payloads. Aside, one
of the most important fields of research is the mitigation of temporal aliasing errors. In this context
it is important to mention that aliasing effects due to imperfect ocean tide models represent one of
the largest error sources in temporal gravity field retrieval. The capability of the multi-directional
observations of MOBILE of co-parameterize tidal parameters over long time spans, as proposed in
Reference [24], in order to improve current ocean tide models will be the subject of further study.
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Short Summary 

In this study a new method of demonstrating the performance capability of satellite gravity field 

mission architectures is presented, called STAG. It describes an analysis tool to simultaneously 

map architecture performance across space and time and enables a direct relation of 

performance to science objectives. STAG analysis was examined at three different mission 

architectures in terms of error RMS and relative improvement for different representations of 

error (non-post-processed, post-processed, and regional), respectively: one pair of polar 

orbiting satellites, two pairs of polar orbiting satellites, and a Bender-type formation. Results 

show strongly reduced errors across space and time for the Bender-type formation (about 30-

35% for spatial scales between 200-400 km and up to 50-55% for spatial scales between 800-

1.600 km) due to a more isotropic observation geometry. Further, it could be shown that the 

benefit of the Bender-type formation is largest at spatial scales between 500 and 1.200 km 

where the retrieved signal is almost free of errors and does not necessitate post-processing. 

Results also demonstrated that the double polar pair formation modestly improves the long 

wavelengths signals compared to the single pair architecture. It was found that state-of-the-art 

post-processing methods are somewhat effective for the single- and double polar pair missions. 

However, the use of post-processing techniques leads to a loss of signal one aims to observe so 
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that increasing the isotropy of the observable instead of simply increasing the sampling 

frequency is to be highlighted and represents one of the major conclusions of this study. 
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Criteria Estimated own contribution 

Computation and results 90 % 

Ideas and study design 40 % 

Analysis and interpretation 70 % 

Text 70 % 

Figures 80 % 

Tables 100 % 

Total 75 % 





New Methods for Linking Science Objectives to Remote
Sensing Observations: A Concept Study
Using Single‐ and Dual‐Pair Satellite
Gravimetry Architectures
M. Hauk1 and D. N. Wiese2

1Chair of Astronomical and Physical Geodesy, Technical University of Munich, Munich, Germany, 2Jet Propulsion
Laboratory, California Institute of Technology, Pasadena, CA, USA

Abstract In this manuscript, we present a new analysis tool, called space‐time‐accuracy grid (STAG)
analysis, to simultaneously assess the performance of an observing system architecture across space and
time. Such an analysis tool is useful to directly link science objectives (typically expressed via a targeted
spatial resolution, temporal resolution, and accuracy) to the expected performance of the observing system
architecture. As a proof of concept, we apply STAG analysis to analyze three potential future observing
systems for mass change in the Earth system: a single pair of polar orbiting satellites (heritage Gravity
Recovery and Climate Experiment and Gravity Recovery and Climate Experiment Follow‐On), two polar
pairs of satellites, and a polar pair of satellites coupled with an inclined (70°) pair of satellites. Here, we
demonstrate the use of STAG analysis to quantify the relative performance of each architecture across space
(200–1,800 km) and time (1–30 days), offering a significantly more comprehensive assessment of
performance than previous studies. Results show that the polar pair coupled with the inclined pair
reduces errors (after state‐of‐the‐art post‐processing for each architecture is accounted for) relative to the
single pair of satellites by 40–60% in medium spatial scales (500–1,200 km), with the greatest benefit
being for longer solution (monthly) timespans. Overall, the results from this case study highlight the
importance of increasing the isotropy of the observable over simply increasing the sampling frequency.
Some demonstrated benefits of STAG analysis include the ability to incorporate state‐of‐the‐art
post‐processing methods into the analysis and also tailor the analysis to specific geographic regions to
address targeted scientific objectives.

1. Introduction

The continuous monitoring of global geophysical processes from space is critical to acquire a comprehensive
knowledge and understanding of the Earth system. Satellites play a key role in observing and investigating
climate‐induced geophysical phenomena such as sea level change, ice sheet and glacier ablation, depletion
of aquifers, and hydrologic events such as floods and droughts. In this context, observations of mass flux
within the Earth system, that is, mapping the evolution of the global water cycle, are crucial. Such observa-
tions are best made by measuring temporal variations in the Earth's gravitational field.

Past satellite gravity missions such as Challenging Minisatellite Payload (Reigber et al., 1999; Reigber
et al., 2003) and the Gravity Recovery and Climate Experiment (GRACE; Tapley et al., 2004) revolutio-
nized our understanding of global mass redistribution (Tapley et al., 2019). The GRACE mission was
particularly foundational, establishing a near‐continuous 15‐year time series (2002–2017) of global mass
transport. The success of the GRACE mission concept and the need for continuous monitoring of mass
flux variations led to the launch of a successor mission, GRACE Follow‐On (GRACE‐FO; Flechtner
et al., 2019), in May 2018. GRACE‐FO, with a nominal mission lifetime of 5 years, has now successfully
established continuity after GRACE, albeit with a 1‐year data gap between the two missions. The impor-
tance of continuing the time series of global mass transport after the end of life of GRACE‐FO was
articulated in the 2017–2027 Decadal Survey for Earth Science and Applications from Space (National
Academies, 2018), where mass change was listed as a Designated Observable. This designation has
paved the way for the development of a future mission to continue the mass change data record as
established by GRACE and GRACE‐FO.
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The importance of not only continuing but also improving upon measurements of mass change (improved
spatial resolution, temporal resolution, and accuracy) was recently acknowledged in two reports by interna-
tional panels of scientists representing the main fields of application, that is, continental hydrology, cryo-
sphere, oceanography, solid Earth, and atmosphere (IGSWG, 2016; Pail et al., 2015). Due to the diversity
of applications of mass flux information, user needs vary significantly. For instance, certain applications
require high temporal sampling (drought monitoring and flood potential indicators), while others require
lower temporal sampling but higher spatial resolution (monitoring changes in ocean transport). The desired
spatial resolution, temporal resolution, and accuracy vary significantly depending upon the area of applica-
tion (e.g., Table 1 from Pail et al., 2015; Appendix B of National Academies, 2018). Such a diverse set of
science objectives demands improved analysis tools from which to rapidly assess the utility of potential
future observing system architectures.

In past studies of future observing system architectures, traditional analysis has relied heavily on degree var-
iance analysis, where expected errors are assessed in the spectral domain, per spherical harmonic (SH)
degree of the gravity field, for a given temporal resolution (Elsaka et al., 2013; Wiese et al., 2009).
Expanded studies have included error assessments using empirical orthogonal functions, as well as assess-
ments of error in the spatial domain for dedicated regions of interest and in some cases have included the
use of post‐processing techniques (Pail et al., 2018; Wiese et al., 2012). In short, there are a variety of effective
tools that can be used in coordination to assess the performance of future observing system architectures in a
fairly comprehensive manner. However, none of these tools singularly offer a straightforward way to
directly, and simultaneously, assess the utility of an observing system architecture to satisfy a diverse set
of science objectives (typically expressed as a set of targeted spatial resolutions, temporal resolutions, and
accuracies). Further, no previous studies have assessed the performance of future observing system architec-
tures simultaneously across the space‐time continuum.

In this manuscript, we develop a new metric, which we call space‐time‐accuracy grid (STAG) analysis, with
which we assess the performance capability of any observing system architecture. This analysis quantifies
the expected error, or accuracy, across a continuum of spatial scales (200 to 1,800 km in our analysis) and
temporal scales (daily to monthly in our analysis), and allows for the inclusion of state‐of‐the‐art
post‐processing methods if desired. Additionally, the analysis can be adapted to analyze errors regionally
or targeted toward specific applications. STAG analysis allows for a direct relation between science objec-
tives and predicted performance of an observing system architecture.

Here, we demonstrate the first application of STAG analysis to future gravity mission architectures, by com-
paring the performance of three viable architectural options: a single pair of polar satellites, two polar satel-
lite pairs, and a “Bender formation” (Bender et al., 2008) consisting of a polar pair of satellites coupled with a
pair at 70° inclination. Each architecture has been studied extensively in the literature (Daras & Pail, 2017;
Elsaka et al., 2013; Visser et al., 2010;Wiese, Nerem, &Han, 2011;Wiese, Visser, & Nerem, 2011;Wiese et al.,
2012); our goal is to quantify the relative performance of each architecture more comprehensively than done
in the studies listed above through the use of STAG analysis. This manuscript is organized as follows:
section 2 describes in detail the three architectures studied, section 3 describes the methods, including a
description of STAG analysis, and sections 4 and 5 are dedicated to results and conclusions, respectively.

Table 1
Orbit Parameters for Mission Architectures

Mission
architecture

Altitude
(km)

Inclination
(°)

Revolutions/nodal days in
one sub‐repeat orbit

Initial right ascension
of ascending node (°)

Initial mean
anomaly (°)

Case A 342 89 110/7 0.00 339.76,
339.84

Case B 342 89 110/7 0.00 339.76,
339.84

342 89 110/7 14.45 159.76,
159.84

Case C 342 89 110/7 0.00 339.76,
339.84

352 70 109/7 89.99 357.68,
357.10
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2. Observing System Architectures

Three potential future observing system architectures that have been studied fairly extensively in the litera-
ture are further assessed in this manuscript in the context of STAG analysis. Each architecture mimics the
basic measurement system of GRACE and GRACE‐FO, consisting of a low‐low satellite‐to‐satellite tracking
concept, where a pair of satellites separated by some distance in the along‐track direction, continuously
tracks the inter‐satellite separation distance as they orbit the Earth. In the GRACE and GRACE‐FO architec-
tures, the satellites are nominally separated by 220 km in a near‐polar orbit at an altitude of ~500 km, and the
tracking is performed by a K‐band microwave ranging system with a precision to the micrometer level. The
GRACE‐FO architecture additionally has a technology demonstration laser ranging interferometer that has
demonstrated an increase in the precision of the inter‐satellite link by two orders of magnitude relative to the
K‐band link (Abich et al., 2019). Furthermore, each satellite is equipped with a GPS receiver to determine
inertial position, has star cameras for attitude knowledge, and contains a high‐precision accelerometer
located at the center of mass of the satellite to measure nongravitational accelerations.

Each architecture studied here represents an improvement relative to GRACE and GRACE‐FO, in that we
assume the satellites are equipped with a drag‐compensation system that allows the satellites to fly at a lower
altitude (~350 km) to increase sensitivity to short‐wavelength variations in the gravity field. Further, all
inter‐satellite tracking is performed with a laser ranging interferometer, and the satellites are assumed to
have a separation distance of 100 km. The specific performance of each instrument (laser interferometer, star
cameras, accelerometer, and GPS receiver) is given in section 3.1.

It is well understood that the expected limiting source of error for the GRACE‐FOmission architecture is not
due to the measurement system; rather, it is due to undersampling of high‐frequency geophysical signals,
namely, ocean tides and nontidal atmosphere and ocean variability (Wiese, Nerem, & Han, 2011), which
alias into the gravity solution. The most straightforward way to improve upon performance relative to
GRACE‐FO is to sample the gravity field more frequently by adding more pairs of satellites
(Wiese, Visser, & Nerem, 2011). Such an increase in sampling is required to meet more ambitious science
objectives put forth by the community (IGSWG, 2016; Pail et al., 2015). Furthermore, since GRACE and
GRACE‐FO sample the gravity field solely in the north‐south direction, both architectures have poor iso-
tropy, and the resulting gravity fields are contaminated with meridional stripes that obscure the geophysical
signals. Several studies have pointed out that increasing the isotropy of the observable, that is, sampling in
multiple directions, drastically reduces or eliminates the striping artifact, resulting in increased spatial reso-
lution in the final gravity products, decreasing reliance on post‐processing procedures (Elsaka et al., 2013;
Wiese et al., 2009; Wiese et al., 2012). The three architectures studied here are chosen to isolate the impact
of each architectural improvement.

The first architecture studied (Case A) can be considered as a baseline scenario consisting of a single pair of
satellites in a near‐polar orbit similar to the GRACE and GRACE‐FO architectures at 342‐km altitude. The
second architecture (Case B) consists of the same pair of satellites in Case A coupled with a second pair of
satellites in a near‐polar orbit. This architecture essentially increases the temporal sampling by a factor of
two but does not improve the observation isotropy. The third architecture (Case C) consists of Case A
coupled with a second pair of satellites in an inclined orbit (70°), a so‐called Bender formation. This archi-
tecture both increases the temporal sampling by a factor 2 (except for small polar cap areas) and increases
the observation isotropy; because of these characteristics, it has been studied fairly extensively
(Wiese, Visser, & Nerem, 2011; Wiese et al., 2012; Elsaka et al., 2013). It further has “self‐de‐aliasing” proper-
ties, allowing for co‐estimation of low resolution gravity fields at high temporal frequencies to further
improve the solution (Wiese, Nerem, & Han, 2011; Daras & Pail, 2017).

The orbit parameters for each case listed in Table 1 (each row is related to one pair of satellites) are derived
from European Space Agency's (ESA) Additional Constellation & Scientific Analysis of the Next Generation
Gravity Mission Concept (Pail et al., 2018) study, where a multitude of dual‐pair constellations was investi-
gated in terms of performance. The orbits are assumed to be circular, and the dedicated parameters were
chosen in such a way that the homogeneity of the ground track pattern of Case C provides the densest pos-
sible ground track coverage for a repeat period of 7 days. This relatively short repeat period is necessary to
ensure optimal ground track coverage over shorter timescales; these particular orbit parameters additionally
have fairly homogeneous ground track coverage even over 3 days. The orbits are additionally designed as
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near‐repeat orbits with a long repeat of ~45 days for both polar pairs and ~42 days for the inclined pair.
Ensuring homogeneity of ground track coverage over multiple timescales should allow for a diversity of
science objectives to bemet, to the best extent possible. For Case C, the altitude of the inclined orbit is chosen
such that ground tracks of the polar and inclined satellite pairs drift at the same rate within the sub‐cycle
period (1.3° per 7 days), which aims to achieve consistency in data product quality over time. Further, these
drifting orbits have the additional advantage that they produce a dense ground track distribution over longer
periods of time, which might improve the spatial resolution for the gravity retrieval of long‐term static grav-
ity solutions. For Case B, the initial mean anomaly of the second polar pair was shifted by 180° in order to
avoid a collision of the satellite vehicles at the poles. The initial right ascension of ascending node of the sec-
ond pair is offset in such a way that the configuration ensures optimal ground track coverage for 3 days, pro-
viding near equidistant ground track crossings at the equator over this time frame. Such a design ensures
the best quality gravity solutions over short time intervals. We explicitly note that since it is assumed that
the satellites feature a drag‐compensation system, this implies that the mean altitude is constant and the
sub‐cycles do not change over time.

3. Methods
3.1. Simulation Setup

The simulations were executed with a full numerical mission simulator (Daras, 2016; Daras et al., 2015),
which has already been successfully applied to recover satellite‐only gravitational field models from
Gravity Field and Steady‐State Ocean Circulation Explorer (Drinkwater et al., 2003) data (Yi, 2012).
Compared to real data processing, the advantage of these closed‐loop simulations, which are performed in
a completely synthetic simulation world, is that the truth is perfectly known. Therefore, the effect of any
error source can be quantified by the deviation of the final result from the “true world.” The simulation
environment is based on numerical orbit integration, following a multistep method for the numerical inte-
gration according to Shampine and Gordon (1975), which applies a modified divided difference form of the
Adams predict‐evaluate‐correct‐evaluate formulas and local extrapolation.

The geophysical signal models listed in Table 2 give an overview of the force models used in the processing
for the “true” and the “reference”world. The static gravity fieldmodel is represented by the GOCO05s model
(Mayer‐Gürr, 2015), which combines data from the GRACE, Gravity Field and Steady‐State Ocean
Circulation Explorer, and Laser Geodynamics Satellite (Spencer, 1977) missions. The time variable gravity
field is defined by a tidal and a nontidal gravity field component. For the latter, ESA's updated Earth
SystemModel (Dobslaw et al., 2015) has been used, which contains the five main geophysical signal compo-
nents atmosphere (A), ocean (O), hydrology (H), ice (I), and solid Earth (S) with a time resolution of 6 hr,
linearly interpolated to the 5‐s observation epochs. The Earth system model covers the time period 1995–
2006 and contains plausible variability and trends in both low‐degree coefficients and the global mean
eustatic sea level. It depicts reasonable mass variability all over the globe at a wide range of frequencies
including multi‐year trends, year‐to‐year variability, and seasonal variability, even at very fine spatial scales
(up to 110 km), which is important for a realistic representation of spatial aliasing and leakage. Current
state‐of‐the‐art gravity field retrieval methods applied to GRACE and GRACE Follow‐On sensor data
require a priori background information on high‐frequency mass variability in atmosphere and ocean,
which is typically taken from the Atmosphere and Ocean Level‐1B De‐aliasing Product (Dobslaw et al.,
2017). The updated ESA Earth System Model provides a set of AOD error products used in the simulation
environment as well, consisting of a “DEAL” component, which differs from “AO” of the source model only
by means of the physical processes currently omitted in Atmosphere and Ocean Level‐1B De‐aliasing
Product, and an “AOerr” component, representing a series of errors as the sum of both large‐scale and
small‐scale errors with zero mean and stationary variance at a variety of frequencies. The impact of ocean
tide model errors is assessed by taking the difference of two tide models, EOT11a (Savcenko & Bosch,
2012) and GOT4.7 (Ray, 1999).

The adopted gravity field solution approach is based on a modification of the integral equation approach
from Schneider (1969) where the orbit is divided into continuous short arcs of 6‐hr length (where the neigh-
boring arcs share the same node point making the orbit continuous), and the position vectors at the arc node
points are set up as unknown parameters, which are estimated together with the gravity field coefficients.
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The functional model follows the typical formulation used for the GRACE and GRACE‐FO missions, which
comprises a high‐low SST and a low‐low SST component. Absolute position information of a satellite is used
for the computation of the reference values for the high‐low SST part of the observation system, whereas the
reference values for the low‐low SST part are derived by projecting position and velocity differences between
two satellites onto the line of sight, leading to the computation of inter‐satellite range rates.

Realistic correlated noise models for each instrument (laser interferometer, GNSS receiver, accelerometer,
and star cameras) are introduced. The error assumptions used for the laser ranging instrument are derived
from the ESA—Assessment of Satellite Constellations for Monitoring the Variations in Earth's Gravity Field
(SC4MGV; Iran Pour et al., 2015) project, provided from the consultancy support of Thales Alenia Space
Italia, Turin. The root‐mean‐square (RMS) of the noise on the laser is approximately 7.36 nm/s and is
expressed by the amplitude spectral density:

drange−rates ¼ 2·10−8·2πf ·

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10−2

f

� �2

þ 1

s
m

s
ffiffiffiffiffiffi
Hz

p : (1)

The nongravitational forces are sensed by the on‐board accelerometers located in the center of mass of the
satellite. For all satellite vehicles, a GRACE‐FO‐like electrostatic accelerometer is assumed with two highly
sensitive axes oriented in the flight direction and in the radial direction and one low‐sensitive axis in the
cross‐track direction. The accuracy level in terms of accelerations is expressed by:

dacc;x ¼ dacc;z ¼ 3:21·10−11

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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dacc;y ¼ 4:75·10−10

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 10−2
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s
m

s2
ffiffiffiffiffiffi
Hz

p ; (3)

with x denoting along‐track, y cross‐track, and z (close to) the radial direction.

Geo‐location of satellite observations, as well as gravity retrieval, require highly accurate continuous orbit
determination, making GNSS space receivers on all satellites obligatory. In our simulations, we assume an
absolute kinematic positioning on a centimeter level, as 1‐cm white noise is added to these observations.

Using a laser ranging instrument as the main measurement system requires exact pointing of the tracking
antenna on the order of 10 μrad or less, and therefore the implementation of systems for attitude determina-
tion and control. We assume star camera sensor errors for all satellites represented as rotation angles around
the along‐track (roll), cross‐track (pitch), and radial (yaw) axes, expressed by the amplitude spectral density
of the following analytical noise models (Iran Pour, 2015):

droll ¼ 10−5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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dpitch ¼ dyaw ¼ 2·10−6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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 !
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vuut radffiffiffiffiffiffi
Hz

p : (5)

The total stochastic model for the satellite observations is approximated by means of a cascade of digital
Butterworth autoregressive moving average filters (Pail et al., 2011; Siemes, 2008). Filter coefficients are

Table 2
Force Models of the “True” World and “Reference” World Used in the Simulations

Model “True” World “Reference” World

Static gravity field model GOCO05s GOCO05s
Non‐tidal gravity field model ESA Earth System Model (AOHIS) ESA Earth System Model (AO‐de‐aliasing)
Ocean tide model EOT11a GOT4.7
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chosen in such a way that the cascade's frequency response optimally
matches the inverse of the amplitude spectrum of the previously gener-
ated pre‐fit residuals. They are estimated as a result of the computation
of the linearized normal equations, which include differences between
the “true” (only the static GOCO05s gravity field model and sensor noise
according to equations (1)–(5) is included) and reference observations
(only the static GOCO05s gravity field model is included), such that the
error sources from the sensors are considered exclusively. Assuming
uncorrelated GNSS and laser interferometer observations, weighting
matrices are set up for all observation components separately.

The software environment uses nonlinear observation equations to retrieve the SH coefficients, and the
“reference” observations have to be reduced from the “true” observations as a result of the linearization pro-
cess. The gravity field parameters are estimated by solving full normal equations of a least squares system
based on a standard Gauss‐Markovmodel using weighted least squares with stochastic models in accordance
with the simulated instrument noise levels. Wiese, Visser, and Nerem (2011) proposed an extended proces-
sing method for double‐pair architectures primarily, which enables the mitigation of temporal aliasing
effects due to nontidal time‐varying signals with periods shorter than the temporal resolution of the satellite
mission, as they alias into the long‐term (e.g., 30 days) solutions. This technique demonstrated the benefit of
the co‐parameterization of additional short‐term (e.g., daily) low degree and order gravity field coefficients
and is applied during the processing for Cases B and C in the simulations. The maximum degree of the
co‐estimated daily gravity fields was chosen independently for Cases B and C, dependent on the influence
on the long‐term solution, which is highly correlated with the short‐term solutions.

The goal of this study is to demonstrate the ability of STAG analysis to describe the performance of single‐
and double‐pair satellite gravity mission architectures in a more comprehensive manner than previous stu-
dies. This requires a multitude of gravity field solutions of different timescales and sufficient spatial scales.
For this purpose, gravity field solutions in terms of SH coefficients are retrieved for time and spatial scales
according to Table 3 consecutively, from observations sampled every 5 s for the year 2002. The decision of
the maximum SH degree and order of gravity field retrieval, especially for Case A, is primarily driven by sta-
bility of the normal equation system, which is directly linked to the observation geometry, and also to
achieve consistency between cases and alleviate computational efforts. Thus, the used force models
(Table 2) are truncated at a maximum SH degree and order that is consistent with the maximum SH degree
and order of the gravity field retrieval.

3.2. STAG Analysis

The primary motivation for the development of the STAG analysis is to map error across a continuum of
space‐time scales. It is desired to map both “raw” retrieval error without the application of de‐striping, filter-
ing, and scaling methods, which can be described as post‐processing in general, as well as to map retrieval
error after post‐processing techniques are applied. First, the retrieved gravity field solutions described in
section 3.1 are analyzed in the frequency domain (Figure 1), expressed in terms of the degree RMS error
of equivalent water height (EWH), which is computed from fully normalized coefficients of a SH series

expansion Cnm; Snm
� �

of degree n and order m, by

σn EWHð Þ ¼ aρe
3ρw

2nþ 1
1þ kn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

m¼0
C
2
nm þ S

2
nm

s
; (6)

where ρw and ρe represent the average densities of water and Earth, a the semi‐major axis of the Earth, and

kn the load Love number of degree n. Cnm; Snm
� �

can represent either the full signal or the differences

between estimated and true coefficients. This has been done in many studies before, representing the
signal/error information per degree. The retrieval error is derived by removing the average of the true mass
transport model (HIS signal) from the recovered signal for a dedicated retrieval period. Figure 1 shows the
expected error behavior where Case C benefits due to its observation geometry allowing the combination
of two anisotropic measurements taken in different directions, which increases the isotropy of the combined
system. Case A offers the worst performance, suffering from strong aliasing effects coupled with poor

Table 3
Maximum SH Degree and Order of Retrieved Gravity Field Solutions

Retrieval
period (days)

Case A (SH
degree/order)

Case B (SH
degree/order)

Case C (SH
degree/order)

30 100 100 100
14 100 100 100
7 80 80 80
3 40 60 60
1 (co‐parameterization) — 10 20
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observation isotropy. Case B doubles the number of observations compared to Case A, but the consistent
polar observation geometry reduces only errors in the longer wavelengths (lower SH degrees) of the
time‐varying gravity field signal and does not lead to significant enhancement of spatial resolution.

The effect of the different error spectra of the three satellite concepts is even more visible when computing
spatial covariance functions shown in Figures 2a–2c. They describe the correlation of the computation point
with its neighborhood in the normal equation system due to the stochastic instrument noise model and the
observation geometry. The spatial characteristics and the pattern of the covariances provide information
about the spatial behavior of the retrieved signals. The figures show the typical stripes for Case A and
Case B caused by the north‐south observation direction that are known from the GRACE temporal gravity
models. Due to the additional polar pair, Case B offers a slightly lower error level compared to Case A. The
highest isotropy and the lowest error level are represented by Case C providing an improved observation geo-
metry due to the cross‐track component of the inclined pair. Figures 2d–2f reflect the spatial error behavior
by showing the logarithm of the error in each SH coefficient for the three cases in the frequency domain.
Case A in particular provides less well‐determined near‐sectorial coefficients (SH degree equal to SH order)
than near‐zonal coefficients (SH order equal to zero), which is slightly diminished in Case B. However, only
Case C offers a strongly improved estimation performance of the sectorial coefficients leading to an
enhanced spatial resolution in the derived gravity fields.

In order to compare “raw” retrieval errors in a fair way across mission architectures, the retrieved gravity
field coefficients are truncated at SH degree and order where the signal‐to‐noise ratio (SNR) in Figure 1 is
equal to one, represented by the crossing between the signal (black curve) and the error (colored curves).
The remaining coefficients (SNR > 1) are synthesized on a global 0.2° × 0.2° grid of longitude and latitude
in units of cm EWH, together with the full true mass transport model (up to SH degree and order 180), which
is averaged up to a dedicated retrieval period, via SH synthesis. The resulting grids are subtracted from each
other and form a global representation of gravity field retrieval errors in the spatial domain. In the next step,
a conversion of the grids from the spatial domain into the equal‐areamascon domain (Watkins et al., 2015) is
performed. Themascon approach is currently used as a state‐of‐the‐art data processing approach for GRACE
and GRACE‐FO to extract more information at smaller spatial scales but serves as a transformation into

Figure 1. Degree (error) RMS of gravity field retrieval errors after 3 days (red), 7 days (blue), 14 days (magenta), and 30
days (green), averaged over 1 year for Case A (dashed curves), Case B (dotted curves), and Case C (continuous curves),
together with the average of 1 year of HIS signal (black).
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exact spatial scales (e.g., 2° is equal to 222 km) in this study. Finally, global error RMS values are computed
from the mascons averaged over 1 year of synthetic simulations for spatial scales of 222, 444, 888, and 1,776
km and temporal resolutions of 1, 3, 7, 14, and 30 days. For space‐time scales in between these computation
points, error is assessed via linear interpolation, which we claim is valid given the linear nature of the results.

To demonstrate mission architecture performance for post‐processed gravity field data, for Cases A and B,
we applied de‐striping and filtering methods, which are typically used in real data post‐processing from
GRACE and GRACE‐FO. Here, the de‐striping algorithm of Swenson and Wahr (2006) is used, de‐striping
gravity field coefficients in the frequency domain from SH degree and order 14, and Gaussian smoothing
with a radius of 300 km starting from degree 2 was applied in a second iteration. Due to the inclined satellite
pair, Case C offers a different error isotropy compared to Cases A and B (Figure 2). Tests have shown that the
treatment of the gravity field coefficients retrieved by Case C with the method described above (de‐striping
and smoothing parameters adapted to Case C were used) reduces the aliasing errors up to a certain extent
but does not present the optimal solution due to the fact that this method is designed for treating gravity field
data retrieved by a single polar pair. Therefore, an alternative post‐processing method was applied for Case
C, represented by the time variable decorrelation filters (Horvath et al., 2018) derived from covariance infor-
mation on normal equations and signal variance information from the mass transport model, showing a
slightly better performance (~5% overall improvement; not shown) in terms of signal recoverability com-
pared to a tailored de‐striping method by Swenson and Wahr (2006) and tailored Gaussian smoothing. In
contrast to the “raw” errors, for all mission architectures, the estimated gravity field coefficients to be
post‐processed were not truncated and were considered up to the dedicated maximum SH expansion listed
in Table 3.

The application of the described de‐striping and filtering methods leads to an undesirable and inevitable side
effect of also filtering the truth HIS signal included in the gravity field retrieval. In order to account for this
effect, scale factor maps can be generated by applying the same filtering procedures to the truth HIS signal,
as described in Landerer and Swenson (2012). The scale factor map is convolved with the recovered,

Figure 2. Spatial covariance functions in m2 geoid height computed at the equator for (a) Case A, (b) Case B, and (c) Case C, together with the gravity field retrieval
error (raw error) triangle plots in log10 computed from the first 30‐day epoch for (d) Case A, (e) Case B, and (f) Case C.
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post‐processed gravity fields to then restore damped signal due to the implementation of the post‐processing.
This type of treatment of the gravity field signals represents the best possible method to recover gravity fields
and reduce errors and is accommodated in the STAG analysis if desired.

The resulting grids from STAG analysis depict a global representation of errors derived from satellite gravity
observations for a large bandwidth of spatial and temporal scales and can be linked directly to science objec-
tives. The general method can be tailored toward specific questions of interest and has the ability to accom-
modate any desired post‐processing procedures by the user, as discussed above. In section 4, we additionally
demonstrate the ability of STAG analysis to be adopted for specific scientific objectives and applications and
analyze errors only over the land area as an example.

4. Results

The figures presented in this section describe and compare the performance of dedicated satellite gravity
mission architectures from different points of view, but the structure of the STAG analysis stays the same.
It is arranged by spatial scale on the horizontal axis, which includes scales between 200 and 1,776 km, by
the temporal resolution (1 to 30 days) on the vertical axis, and by the error RMS of the retrieved gravity field
signal as the third dimension represented by different colors and contour lines. Additionally, we show pro-
portionalities by computing the relative improvement of one dedicated mission architecture versus another
in terms of percentages, based on error RMS values of two dedicated STAG plots. We restricted the lower end
of the spatial scale correspondent to the maximum SH degree and order of retrieved gravity field signals (SH
degree and order 100 is equal to 200 km). In general, values for smaller spatial scales can be calculated, but
there is no information from our simulations except errors of omission. STAG analysis is based on computa-
tion points corresponding to the dedicated time periods of gravity field retrieval and dedicated spatial scales
as described in section 3.2 and are presented as black dots in Figures 3a–3c for purposes of demonstration.
All plots include a white box representing areas where independent gravity field retrieval is not feasible
according to the modified Colombo‐Nyquist rule, which describes the maximum resolvable geopotential
SH degree is equal to the number of orbital revolutions the satellite completes in one repeat period (Visser
et al., 2012). In Case A, this box encompasses the area between 3 and 1 days due to the fact that a daily
co‐parameterization is not feasible (see section 3.1), and no daily gravity field solutions are available. The
gray boxes included in the proportionality plots represent an area with additional new information from
the second polar or inclined satellite pair. They are defined by the modified Colombo‐Nyquist rule as well
and by the additional daily gravity field information due to the daily co‐parameterization in Cases B and
C. In some instances, our STAG representations include error information where no information from
our simulations results exists, for example, 7 days at 200 km, but the 7‐day gravity field solutions were solved
up to maximum SH degree and order 80, which corresponds to a maximum spatial scale of 250 km. Here, we
define these regions based on the modified Colombo‐Nyquist rule and show that in those areas, a higher
maximum resolvable SH degree and order is theoretically feasible but was not performed due to reasons sta-
ted in section 3.1.

Figure 3 depicts the “raw” gravity field retrieval errors for (a) Case A, (b) Case B, and (c) Case C, together
with the resulting relative improvement of (d) Case B versus Case A, (e) Case C versus Case A, and (f)
Case C versus Case B. All plots contain a white hashed sector that represents the area where the SNR is smal-
ler than 1 according to Figure 1. Cases A and B have the same SNR values (Figures 3a and 3b), while Case C
enables a movement of the SNR line to higher SH degrees (Figure 1) and smaller spatial scales (Figure 3c),
which is further expressed by red hashes in the proportionality plots of Figures 3e and 3f. Results demon-
strate that the improvement of Case B over Case A is primarily seen in spatial scales greater than 800 km
(long wavelengths) and temporal scales greater than 1 week, while there is only a small reduction of errors
at small spatial scales due to the presence of stripes, which were not treated at this stage. Case C offers the
largest improvement at medium spatial scales (500–1,200 km) due to the fact that the retrieved signals are
clean (almost free of errors, Figure 2f) and do not necessitate any post‐processing up to SH degree and order
40 for monthly solutions, for instance. In general, the benefit of Case C is greatest when the signal is observed
directly and post‐processing is not needed. Furthermore, there is still significant benefit at smaller spatial
scales for Case C compared to Case A (about the square root of the number of observations), as well as com-
pared to Case B, even in the presence of systematic errors. Comparing Figures 3d–3f indicates that Case C
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Figure 3. Global STAG analysis on non‐post‐processed “raw” errors for (a) Case A, (b) Case B, and (c) Case C in terms of cm EWH, together with the relative
improvement of (d) Case B versus Case A, (e) Case C versus Case A, and (f) Case C versus Case B in terms of percentage.
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benefits primarily due to its observation geometry and shows that tackling error isotropy is
first‐order importance.

The STAG analysis presented in Figure 3 is based on retrieved gravity field signal truncated at points where
SNR is equal to one according to Figure 1 in order to ensure a fair comparison among the mission architec-
tures. The computed error RMS values therefore appear relatively small. Another comparisonmethod would
be to truncate the solutions of all three architectures at SH degree and order 40 (the lowest common denomi-
nator because of the 3‐day retrieval of Case A—see Table 3). In this case (not shown here), the error in
Figure 3a would increase substantially. For instance, at 500‐km spatial scales and 3‐day temporal scales,
the error in Case A would increase from ~3 to ~6.5 cm EWH, while the error in Case C would stay the same
as what is seen in Figure 3c. As a consequence, the relative improvement (Figure 3e) would change from
~35% to ~70% at this node point, and the interpretation would be even more relative improvement from
Case A to Case C at smaller spatial scales in the raw error case. Hence, it is important to realize that the exact
error RMS values and interpretation of the STAG analysis are subject to user decisions on how it is desired to
accumulate errors for each architecture.

Figure 4 represents the mission architecture performance after the application of post‐processing techniques
as described in section 3.2. All architectures show reduced error levels relative to Figure 3, which implies a
realistic separation of some components of noise and signal in the domain where SNR < 1. The comparison
of Figure 4a with Figure 3a shows only a small decrease in the level of error of Case A (e.g., ~2.2 to ~2.0 cm
EWH for 444 km at 30 days) and also for Case C (e.g., ~1 to ~0.8 cm EWH for 444 km at 30 days), which is due
to the choice of truncation in Figure 3; the improvement would be bigger if different choices were made
regarding the degree of truncation as discussed above. This improvement seen here indicates that
post‐processing is effective and enables a reduction of errors where SNR < 1. Compared to Figure 3e, the
relative improvement between Case C and Case A (Figure 4e) slightly decreases, primarily inmedium spatial
scales (500–1,200 km) because post‐processing on polar architectures is somewhat effective in this domain,
but there is still a large improvement in Case C relative to Cases A and B (~45–60% in medium spatial scales)
overall. The relative improvement between Case B and Case A (Figure 4d) goes down compared to the values
in the non‐post‐processed case due to the post‐processing being equally effective on each architecture since
the correlated error structure is similar. This again points to the importance of observation isotropy first
and foremost.

The STAG analysis presented in Figures 3 and 4 depict a global view on the performance of a satellite
mission architecture. Such analysis can also be performed for certain applications, such as the analysis
of continental hydrological mass flux changes. As a demonstration of a regional assessment, Figure 5
refers exclusively to post‐processed errors over land, which were achieved by the application of an
ocean‐land mask. For all cases, the error increases because the signal is higher and can lead to larger
errors in these regions (stripes smear out signals), and errors of omission are larger due to increased sig-
nal strength over land. The relative improvement of Case C over other cases increases slightly (Figures 5e
and 5f), which means that Case C offers more improvement for land hydrology applications, for instance,
than if the assessment is done on a global scale. Over land, the difference in performance between 7‐ and
30‐day solutions is small for Cases A and B due to similarities in the error structure and the overall uni-
formity in the effectiveness of post‐processing techniques for polar orbiting pairs of satellites.

Figure 6 shows STAG analysis with scale factors applied to the results in Figure 5, as discussed in section 3.2.
The application of scale factors is performed in an effort to restore signals of interest that were removed or
contaminated during the post‐processing. Figure 6 shows reduced error RMS values for all three mission
architectures compared to the non‐scaled case in Figure 5. This version of error RMS represents the “best
case” since the scaling is derived from the truth signal. Scaling is extremely effective for Cases A and B, as
can be seen in the reduction of errors from Figures 5a and 5b to Figures 6a and 6b. Scaling is less important
for Case C because this architecture does not rely on the post‐processing techniques as much as Cases A and
B, since the signals are observed with more accuracy. Due to the effectiveness of scaling on Cases A and B,
the relative improvement for Case C decreases (e.g., about 10% for 200 km at 30 days) but is still in the range
of 40–55% for medium spatial scales. The discrepancy between solutions over different timespans in Cases A
and B is larger after scaling compared to the non‐scaled case and shows a recovered signal that is
more realistic.
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Figure 4. Global STAG analysis on post‐processed errors for (a) Case A, (b) Case B, and (c) Case C in terms of cm EWH, together with the relative improvement of
(d) Case B versus Case A, (e) Case C versus Case A, and (f) Case C versus Case B in terms of percentage.
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Figure 5. STAG analysis on post‐processed errors exclusively over land for (a) Case A, (b) Case B, and (c) Case C in terms of cm EWH, together with the relative
improvement of (d) Case B versus Case A, (e) Case C versus Case A, and (f) Case C versus Case B in terms of percentage.
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Figure 6. STAG analysis on post‐processed and scaled errors exclusively over land for (a) Case A, (b) Case B, and (c) Case C in terms of cm EWH, together with the
relative improvement of (d) Case B versus Case A, (e) Case C versus Case A, and (f) Case C versus Case B in terms of percentage.
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5. Conclusions

In this paper, we present a new method of demonstrating the performance capability of remote sensing
observing system architectures, with a focus on satellite gravimetry architectures. We term this analysis
method STAG and find it useful to establish a direct link between architecture performance and science
objectives, which are typically expressed in targeted spatial resolution, temporal resolution, and accuracy.
As a demonstration of the STAG analysis, three possible satellite gravimetry mission architectures are exam-
ined in terms of error RMS and relative improvement respectively: one pair of polar orbiting satellites, two
pairs of polar orbiting satellites, and a pair of polar orbiting satellites coupled with an inclined pair of satel-
lites. STAG analysis is performed for different representations of error (non‐post‐processed, post‐processed,
and regional), where all results show strongly reduced errors across space and time for the polar pair coupled
with the inclined pair (about 30–35% for spatial scales 200–400 km and up to 50–55% for spatial scales
800–1,600 km) due to a more isotropic observation geometry. In general, the benefit of this architecture is
largest at medium spatial scales (500–1,200 km) where the retrieved signal is almost free of errors and does
not necessitate post‐processing. STAG analysis reveals that the double polar pair architecture modestly
improves the long wavelengths signals (spatial scales greater than 800 km) compared to the single‐pair con-
stellation (about 15%) due to the fact that the gravity field signal is observed predominantly in along‐track
direction in both architectures, and the only benefit is from doubling the number of observations.
Furthermore, STAG analysis shows a slight decrease of the relative improvement in case of the polar pair
coupled with the inclined pair once state‐of‐the‐art post‐processing methods are taken into account. This
demonstrates the effectiveness of the de‐striping and smoothing techniques for both mission architectures
including only polar satellite pairs. In a gross sense, these results agree with those from previous studies
(Wiese, Nerem, & Han, 2011) but offer significantly more insight into the relative merits of each architecture
across space and time than has previously been published.

STAG analysis represents a tool to simultaneously map architecture performance across space and
time, facilitating a direct relation of performance to science objectives. The method can be applied to
any observing system architecture of interest, be represented across different areas of geophysical
application and tailored to specific geographical regions, can include state‐of‐the‐art post‐processing
methods, and thus can provide a fundamental overview regarding capability and performance of remote
sensing observations.
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