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Summary 

This report describes the work that has been carried out during the period 1990 -
1993 in the framework of the research project "Earth Oriented Space Research at 
Delft University of Technology". This project is a cooperative effort of the Section 
Space Research and Technology (SSR&T) of the Faculty of Aerospace Engineering 
and the Section Physical, Geometrie and Space Geodesy (FMR) of the Faculty of 
Geodetic Engineering, the latter including the Kootwijk Observatory for Satellite 
Geodesy (KOSG). It forms an integral part of the basic research activities of both 
groups, funded by the University. In the four-year period described here, the project 
also received major financial support from the Space Research Organization in The 
Netherlands (SRON), which is the primary motivation for the compilation of this 
report. Additional support was obtained from a special Delft University research 
fund. Furthermore, several smaller sc ale projects were carried out, which were 
sponsored by various national and international scientific and industrial organizations 
such as the Netherlands Remote Sensing Board (BCRS) and the European Space 
Agency (ESA). 

The major theme of the project has been the use of artificial earth satellites for 
geodetic and geophysical applications. This involves the acquisition and analysis of 
many types of satellite tracking observations, which yields information on such 
diverse subjects as tectonic plate motions, earth rotation, marine geoid, ocean currents 
and the earth's gravity field. A common denominator in the analyses is the need to 
accurately determine the orbits of the satellites, which serve as a target or the 
platform for the measurements. The latter consist of Satellite Laser Range (SLR) 
observations, and radio-frequency range and/or velocity measurements obtained by 
various techniques such as GPS, DORIS, PRARE and Radar Altimetry. 

By virtue of its nature the research described in this report is of international 
character. Therefore, the majority of the work was carried out in the framework of 

international agreements and projects. This enabled the participation in international 
observation campaigns, and access to international databases. In this regard, a major 
contribution was provided by the quite unique Modular Transportable Laser Ranging 
System (MTLRS-2), which is one of the few mobile SLR systems in the world. 
Ouring the past 4 years, it has been deployed at various remote sites in Southern 

Europe and in Scandinavia, and its operational capabilities were further improved. 

In another development on the operational side, the joint groups acquired and 
installed a high-precision GPS receiver at KOSG. The continuous operation of this 
receiver represents a new important step in the strengthening of our position in this 
international research field. 

From a scientific point of view, important milestones have been achieved in the tirne­
frame covered by this report. In 1992, the fourth major mobile SLR campaign was 
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carried out in the Eastem Mediterranean area. The analysis of the data acquired 
during this campaign confirmed the results for the station motions, derived from the 
data of the previous campaigns since 1986. It also made it pos si bie to generate an 
improved overall solution, showing clear indications of contemporary plate motions 
in that area with rates of up to 3.5 cm/yr with an uncertainty of less than 1.0 cm/yr. 
The quality of the results is now at a level where they warrant a thorough 
geophysical interpretation. Further evidence of the tectonic motions is provided by 
our analysis of a dedicated GPS campaign in the same area, also in 1992. The results 
line-up perfectly with the SLR solutions, demonstrating the maturity of the GPS 
technique for this type of application. Global SLR network analyses now provide a 
reference frame with a 1.0 cm accuracy and earth rotation time-series of similar 
quality. 

In another area, significant progress has been made in the study of the marine geoid 
and ocean currents. This is mainly the result of the analysis of radar altimeter data 
of the new ERS-l and TOPEX/Poseidon satellites. Due to recent advances in the 
quality of gravity field models for the earth, the orbits of those satellites can now be 
computed with unprecedented accuracies of 5 cm rms for TOPEX/Poseidon to 16.0 

cm rms for ERS-I. This, in turn, has made it pos si bIe to derive accurate models of 
the dynamic sea surface topography from the altimeter data, which give inforrnation 
about the main ocean currents. Of crucial importance for the further advancement of 
this science field, and for space geodesy applications in general, is the development 
of more detailed gravity field modeIs. This requires a dedicated satellite mission, that 
would preferably use both gradiometry and GPS. An example is ARISTOTELES, 
which has been extensively studied and promoted. In addition, theoretical studies 
have been performed to define a unified system, relating all different measurement 
types to the present day description of the earth' s gravity field . 

Technology continues to be an important driver for advancing the field of Earth 
Oriented Space Research. This holds in particular for the applications of GPS, which 
seems to be the focus of the developments for the coming years. Among other things, 
it has the capability to provide a major step forward in gravity field research, at 
relatively low cost. Since it is unlikely that an ARISTOTELES-type mission will be 
launched soon, it may be an interesting option to fly a high-precision GPS receiver 
as unique payload onboard a cheap small satellite in low earth orbit. Although the 
science return would be somewhat Ie ss than from a full-fledged ARISTOTELES 
mission, it would still provide extremely useful data. 

Finally, it is strived for to strengthen the geophysical interpretation of the results, 
which will further increase the scientific value of our research. An important step 
towards this goal is a planned intensification of our cooperation with the Faculty of 
Earth Sciences of the University of Utrecht. 



1 Introduction 

In May 1987, the project "Earth Oriented Space Research at Delft University of 
Technology" started as a cooperative effort of the Section Space Research and 
Technology (SSR&T) of the Faculty of Aerospace Engineering and the Section 
Physical, Geometric and Space Geodesy (FMR) of the Faculty of Geodetic 
Engineering, the latter including the Kootwijk Observatory for Satellite Geodesy 
(KOSG). These groups, who have been working together since 1976, have a long 
experience in Satellite Laser Ranging (SLR), satellite orbit mechanics, physical and 
space geodesy and satellite radar altirnetry. The decision to join the research efforts 
was taken to combine relevant expertise of each of the individual groups and to 
create a larger team that could more effectively cover the large field of research 
topics. 

This team has successfully participated in many international research projects, e.g. 
the NASA LAGEOS Project and the NASA Crustal Dynarnics Project. Such 
international cooperation has become a strong tradition and presently the team is 
involved in a variety of international programs and projects; e.g. WEGENER-2 
project, which is embedded in the NASA Dynarnics Of the Solid Earth (DOSE) 
Project, LAGEOS-2 project (NASA! ASI), ERS-l project (ESA), TOPEX/POSEIDON 
project (NASA!CNES), International Earth Rotation Service (IERS) and phase A and 
B studies for the ARlSTOTELES and STEP rnissions. In a relatively new 
development, the team is actively exploring the use of the NA VST AR Global 
Positioning System (GPS) for geodetic and geophysical research, which has resulted 
in active participation in the International GPS Geodynamics Service (lGS). 

Also at nationallevel, cooperation has been established with various research groups, 
in particular in the areas of geophysics and oceanography, e.g. the Faculty for Earth 
Sciences and the Institute for Marine and Atmospheric Sciences (IMAU), both of the 
University of Utrecht, and the Netherlands Institute for Sea Research (NIOZ). 

In 1989, a research plan for the project "Earth Oriented Space Research at Delft 
University of Technology" was subrnitted to the Space Research Organization in The 
Netherlands (SRON) [RummeI, R., E. Vermaat, and K.F. Wakker, Earth Oriented 
Space Research at Delft University of Technology, Research plan 1990 - 1993, 
Faculty of Geodetic Engineering and Faculty of Aerospace Engineering, Delft 
University of Technology, Delft, June, 1989], which described the planned research 
activities in the framework of that project in the period 1990 - 1993. The present 
report summarizes the accomplishments within this project over that period. 

Four major research areas have been identified in the Research Plan: crustal 
dynarnics, earth rotation, ocean currents and gravity field from altimetry, and gravity 
field. Chapters 4 through 7 present the research which has been done, together with 
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the major results being obtained, in each of these areas. Important supportive 
activities to each of these areas are the issues of satellite tracking and orbit 
determination. The significant developments and accomplishments in these areas are 
presented in chapters 2 and 3. Each chapter doses with a list of references, which 
are relevant to the topic. The publications produced by the team in this project in the 
report period, are listed at the end of the report in a separate chapter. Chapter 8 
briefly reviews the present perspective for continued research in the area of Earth 
Oriented Space Research, referring also to the new Research Plan covering the period 
1994 - 1997, which aIready has been issued in 1993. 

The research described here has been supported through the regular research funds 
of Delft University of Technology (Voorwaardelijke Financiering TUD/GE-0l/88-38) 
as weU as through special University funding for pilot research (Onderzoeks 
Stimuleringsruimte). The project also received major financial support from SRON. 
In view of these major fundings, this report primarily serves the purpose of 
accounting for the work that has been carried out in the period 1990 - 1993. In 
addition there has been an overlap with a variety of smaller scale research projects, 
which have been supported by national and international scientific and industrial 

organizations, in particular through the Netherlands Remote Sensing Board (BCRS) 
and the European Space Agency (ESA). 
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2 Instrumentation and Tracking 

The efforts in operations and instrument development at the Kootwijk Observatory 
for Satellite Geodesy (KOSG) aim at the continuation of the history of satellite 
geodesy in The Netherlands, contributing to maintenance and improvement of the 
state-of-the-art in the relevant observation techniques. Primarily these efforts 
concentrate on the technique of Satellite Laser Ranging (SLR) and the use of the 
NAVSTAR Global Positioning System (GPS). 

The expertise in the SLR technique has been accumulated over two decades. In 1976, 
Technisch Physische Dienst TNO-TU (TPD) delivered a stationary SLR system, 
which had been developed in close consultation with the KOSG staff and was 
developed with the help of experience existing at that time in the U.S. and France. 
This SLR system of the so-called second generation was at that time a novelty in 
Europe. A decade later, TPD now jointly with KOSG, built two transportable SLR 
systems [I], one of which, the Modular Transportable Laser Ranging System 
(MTLRS-2), since has been deployed by KOSG. KOSG's contribution concentrated 
in particular on the design and deve10pment of the controller electronics and 
software. Recently, again about a decade later, the cooperation between TPD and 
KOSG has been renewed for the joint development of a fourth generation SLR 
system under contract with a foreign principal. Although there is a substantial 
industrial development at subsystem level (e.g. pul se lasers, detectors, timing 
systems), the application and integration of these developments in the technique of 
SLR demand active participation of the research groups, preferably in international 
cooperation. 

With the technique of the GPS the situation is quite different. There is a very strong 
and competitive industrial development of integrated receivers, also for high precision 
applications. The scientific user does not need to participate in system development 
but must merely concentrate on understanding the observational process and its 
aspects of quality control. Scientific users can and should contribute to the 

development of (pre-)processing strategies in view of the high precision application. 

The operational activities are intimately connected to the scientific objectives of the 
research in Earth Oriented Space Research at DUT, with emphasis to the applications 
in crustal dynamics, earth rotation and precise orbit determination for altimetry and 
gravity field determination. Below, the main activities in the areas of instrument 
development and operations, performed by the team at KOSG, are reviewed. 

----
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2.1 Development and acquisition of instrumentation 

2.1.1 Upgrade and maintenance of MTLRS-2 

The MTLRS-2 was delivered in 1984 and has been deployed in field campaigns since 
1985. After some five years of operation under rugged field conditions, the system 
began to show malfunctioning, mostly as a consequence of aging of components. 
Trouble shooting activities and repair in the field began to limit the data acquisition 
capability. On the other hand the single shot precision of SLR systems was clearly 
advancing to the sub-cm level, while the efficiency in terms of acquisition rate 
considerably improved. These developments are primarily a consequence of shorter 
laser pulses and improved detector technology [2]. In the mean time MTLRS-2 still 
ranged at a typical 5 cm single shot precision, with about 10 % return rate. Both 
considerations urged the team to revisit the design at sub-system level and to develop 
a strategy for upgrade of some of the major sub-systems [3]. Budgetary constraints 
as weil as the requirement to minirnally interfere with the operational activities, 
dictated a stepwise upgrade programme, spanning at least several years to come. The 
major sub-systems considered in this planning were the pulse laser, the controller 
system and the detector system. 

Pulse laser 

The original pulse laser showed gradually more frequent malfunctioning, in particular 
of electro-optical subsystems (e.g. the Pockels cell trigger chain and the Mode 
Locking device) and the cooling system. Moreover, the pulse width of about 300 
picoseconds would constitute one of the bottle-neck limitations for improving the 
range accuracy. Developments in pulse laser technology had by then resulted in pulse 
widths of typically 20 to 30 picoseconds at an energy level of 30 milliJoule. The 
lnstitut für Angewandte Geodäsie, which operates the identical MTLRS-l, was facing 
the same situation, and it was therefore decided to jointly select and procure a new 
pul se laser for both mobile systems. Because the laser in MTLRS is housed in the 
telescope cart, which is exposed to the full range of environmental conditions during 
operations, it must be of special, very compact design, and include active thermal 
stabilization and remote control on all critical optical components. 

The system which has been selected is a Neodymium Y AG pulse laser of the Self 
Filtering Unstable Resonator (SFUR) type, developed by the Quanta Systems 
company and modified by a German vendor. The emitted pulses have a "full-width­
half-maximum" of 30 picoseconds at an energy level of 30 milliJoule. The order was 
placed by the end of 1990 and the system was delivered in mid 1991. Prior to the 
1992 field campaign the system was implemented in MTLRS-2 and af ter an, initially 
severe, problem of electro-magnetic compatibility had been cured, test results 
indicated a performance according to the specifications. Since then the system 
basically performed well, although some problems were frequently encountered 
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mainIy with the puise stability and the temperature contra!. Replacement of the 
switched mode power suppIy for the flash lamps and some modifications to the 
cooling system and system electronics resulted in a stabie and reliable operation by 
the end of the report period. The shorter pul se width already resulted in some 
improvement of the overall range precision, but the major improvement to the 10 mm 
level or even better is now dependent on the detector upgrade. 

Controller system 

The original controller system of MTLRS, comprising a hardware unit controlling 
most real-time system functions, and two micro processors slaved to a centra! 
computer system for monitoring and data storage, has been designed by KOSG in the 
early eighties and has performed for many years without any substantial probiems in 
field conditions [4]. After some five years of operation, the major drawbacks of this 
system became the aging of the electronics components and the loss of support from 
vendors of certain critical bought-out hardware components. In addition, the 
non-structured design and the limited capability of the processors to meet the 
operational requirements for the coming decade, called for a new design of the entire 
controller system. 

The chief design goals which were formulated [5] concentrated on bringing down 
the costs of operations, minirnizing the down-time in the field and enabling the 
observation of a multitude of new SLR satellites scheduled for launch in the nineties. 
The overall design which was completed in 1991, accommodates almost all controller 
functions in software, running in a network of parallel processors (Figure 2.1), which 
is linked to a standard PC hosting the graphics user interface under the MS Windows 
operating system. This novel design was also selected for the German MTLRS-1 and 
the manufacturing phase which started in 1991, aims at delivery of two identical 
controller systems for MTLRS-I and MTLRS-2. This phase experienced some delay, 
mainly because of operational and other upgrade activities, but by the end of 1993 
the system neared completion. Implementation in both laser ranging systems is 
foreseen prior to the field campaign of 1994. 

Detector 

The upgrade of the detector subsystem primarily aims at the improvement of the 
ranging accuracy to JO mm or better at single shot and will be the key-stone of the 
stepwise upgrade programme, initiated in 1990. In essence two components of the 
detector system will be addressed, i.e. the wavelength filter which selects the laser 
wavelength out of the back scatter from the sky and the detector itself. This upgrade 
wil! be taken up af ter completion of the controller system. 
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Figure 2.1 The "credit card" size processor board, designed and developed at KOSG , is the 
central board in the MTLRS controller system. This general purpose board houses the T805 
transputer, with memory and last 1/0 Bus.Presently lour ol these processor boards make up 
the parallel network in the controller system. 

In the period covered by this report, the activities were limited to some preliminary 

modifications and preparatory investigations. The optical interface between the 
telescope and the detector has been expanded with an optical switch to accomrnodate 
two different detectors. This enables future testing of various detector options without 
jeopardizing the operational status of MTLRS-2. Experienee has been obtained with 
a detector system designed by NASA comprising a micro-channel-plate photo 
multiplier. Test measurements were successfu\, although time critical problems were 
encountered in generating necessary high voltage gate signals for the multiplier, 
while observing very short ranges, as is required during internal calibration. The 
detector technology showed a significant development in the report period, in 
particular in the area of avalanche photo diode detectors. Experiences at other SLR 
stations (incIuding the MTLRS-1 which already completed its detector upgrade) is 
being monitored closely, in preparation of the selection of a final strategy for the 
detector upgrade of MTLRS-2. 

General maintenance 

In particular during the 1992 campaign, it became evident th at MTLRS-2 needed a 
genera\, major overhaul in addition to the stepwise upgrade of sub-systems. In 
particular the optics and mechanics of the telescope, which had been used for many 
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years without virtually any specific attendance, needed a thorough clean up and 
inspection to improve the system performance. The TNO Product Center assisted in 

this specialized activity in early 1993. 

2.1.2 Global Positioning System 

Since 1990, a coordinated strategy has been followed by the cooperating groups at 
DUT to make optima1 use of the Global Positioning System, concentrating on high 

precision geodetic applications. In 1990 a SNR-8 ROGUE GPS receiver has been 

purchased jointly with SSR&T for stationary deployment at KOSG. This receiver, 

although at that time more or less still a prototype, was considered to be the state-of­
the-art in GPS receiver design, in particular for high precision positioning. From the 
onset a close cooperation was established with the manufacturer and in particular 
with the NASA Jet Propulsion Laboratory (JPL) who originally designed this 

receiver. This cooperation aimed at rapid accumulation of expertise at DUT with this 

type of receiver techno10gy and at optimizing the performance of the system. For 

installation at KOSG, the most optimal antenna location has been determined with 

great care, to minimize the multi-path effect and to ensure un-interrupted reception 
of the weak GPS signais, also at low elevation. At the short range radio test facility 
at ESTEC the ph ase centers of the antenna were accurately calibrated, enabling 
proper correction of the computed positions to the antenna reference point. The 
system came into operation at its definitive location at Kootwijk by the end of 1990. 

Ever since, some modifü;ations and several firmware upgrades have been 

implemented in close cooperation with JPL. A software system for automatic down 

loading and submission of the data has been developed and implemented, resulting 

in a routinely operating, virtually automatic GPS station. 

In 1992, as one of the first users outside the US , KOSG again jointly with SSR&T, 

purchased two TurboRogue SNR-8000 GPS receivers. This receiver, which is a 

follow-on development of the SNR-8, represents the state-of-the-art in miniaturized , 

high precision, field qualified GPS receivers. This purchase aims at enhancing the 

facilities for participation in international field campaigns for earth oriented space 

research and will also further contribute to the accumulation of expertise in GPS 

receiver technology for high precision work at DUT. Both receivers have been 
thoroughly tested and were expanded with ancillary equipment for deployment in 
field conditions. 

2.1.3 PRARE 

Already in 1989, SSR&T ordered aPRARE ground station to partlClpate In the 
experimental phase of this novel tracking system af ter the launch of ERS-I, 

originally expected in 1990. The Precise Range and Range Rate Equipment (PRARE) 

is a satellite based tracking system, operating in the S- and X-band, designed to 

, I I • If i i i iI ti .. , ti ii i. 
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precisely determine the satellite orbit and in addition to determine positions of ground 
stations. The chief interests at DUT were to investigate its use for regional altimetry 
research and to contribute to the global traclcing and orbit determination of ERS-I. 
Unfortunately, the PRARE space segment did not function properly after the launch 
in July 1991 and the experiment was cancelled. DUT intends to participate with its 
PRARE ground station in follow-on experiments, involving the METEOR-3 (Iaunch 
fall 1993) and ERS-2 (launch 1995) satellites. 

2.2 Kootwijk Reference Station 

Late '73 the Faculty of Oeodetic Engineering implemented the Kootwijk Observatory 
for Satellite Oeodesy, marking the start of a Dutch space-geodetic reference station. 
In the beginning, the technique of satellite triangulation was deployed, but since 
1976, di stances to satellites were routinely observed from a stationary position with 
the technique of SLR. This led to a few decimeter accuracy coordinate determination 
in a world wide geodetic reference frame. Since 1984 the transportabie SLR system 
MTLRS-2 was obtained, with which both at Kootwijk and elsewhere in international 

cooperation, positions at the cm level of accuracy are being obtained. 

Since 1990 the radio positioning technique of the Global Positioning System is 
deployed as a permanent facility at KOSG. With continuous, high precision GPS 
observations the observatory participates in both global and regional networks of 
reference stations. This activity on the one hand supports the accurate determination 
of the orbit of OPS satellites as weIl as the orbit of low flying satellites carrying a 
OPS receiver (e.g. TOPEX/Poseidon) and on the other hand contributes to the 
maintenance of global and regional geodetic reference networks for studying cru stal 
deformation and earth rotation. 

In 1991 the station participated in the GPS IERS and Geodynarnics Experiment 
(010'91), earmarking the advent of OPS in stationary deployment for research in 
geodynarnics. One of the interesting issues was the feasibility of OPS to determine 
short periodic features in the rotation of the earth. This successful experiment led to 
the establishment of the International OPS Service for Oeodynarnics (lOS) under the 
auspices of the International Association of Geodesy and the International Union of 
Geodesy and Oeophysics. The lOS aims at the deterrnination of precision GPS 
satellite ephemerides, a terrestrial reference frame, earth rotation parameters, global 
and regional cru stal motion and associated products. DUT successfully responded to 
a call for participation in 1991 and began the daily subrnission of the Kootwijk GPS 
data on a routine basis. This participation was renewed by the end of 1993, when the 
lOS was transformed into a fonnal and routine service, also embedded in the 
International Earth Rotation Service (IERS). Based on the performance of the 
international network up to then, the IGS Analysis Center Workshop [6], selected 
a subset of 13 IGS stations (Figure 2.2) of which the data is routineIy processed by 
all seven IGS analyses centers. The products of this service, primarily GPS orbits and 
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earth rotation parameters, are available at the NASA Cru stal Dynamies Data 
Information System (CDDIS) on a daily basis, ultimately within two weeks of the 
date of observation. 
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Figure 2.2 The 13 station global network ol the IGS is the prime GPS geodynamics 
relerenee network. 

The combination of permanent aps measurements and regular campaigns with 
MTLRS-2 at the Kootwijk reference station, forms the basis of the maintenance of 
the international spaee-geodetic reference position in the Netherlands at state of the 
art level of aceuraey. 

Nationally, this position is connected to the National Triangulation Network 
(RD-network) and the height reference of the Survey Department of Rijkswaterstaat. 
The vertical component of position is of increasing importance in view of regional 
investigations on land subsidence or uplift and long-term variations of the mean sea 
level [7] . A gravimetrie platform was implemented at KOSG in 1990, suitable for 
absolute and relative gravimetrie observations for regional geoid determination and 
in support of the maintenance of a vertical reference. Absolute gravimetrie 
observations were performed th ere (Figure 2.3) by the Institut für Erdmessung of the 
University of Hannover in 1991 and 1993 [8,9], eonnecting the station to the 
International Absolute Gravity Base station Network. 

2.3 Field campaigns 

The MTLRS-2 and mobile GPS equipment have been deployed in international 
observation programmes, supporting high preeision station positioning and the 
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monitoring of horizontal and vertical crustal movements as weIl as in support of 
precise orbit determination of application type satellites, supporting research in 
geodesy, geophysics and oceanography. 

Figure 2.3 The JILAG-3 absolute gravimeter of the Institut für Erdmessung of the University 
of Hannover, observing at the gravimetry platform at KOSG. 

2.3.1 MTLRS-2 

In the summer of 1990, MTLRS-2 has been deployed at the Troms\,! observatory in 
northern Norway, in a cooperation with the Norwegian Mapping Authority Statens 

Kartverk. The prime purpose of this campaign was to determine an accurate position 
of this Norwegian reference station in the global SLR reference frame. It provided 

in addition an important link between the techniques of SLR and Very Long Baseline 
Interferometry (VLBI) , because Troms\,! had been visited by a transportabie VLBI 
system in 19!i9. The connection of the global SLR and VLBI networks is very 
important for the definition and maintenance of agiobal conventional terrestrial 
reference system to be used for the monitoring of crustal motion and earth rotation. 
Last but not least, this campaign has produced an SLR reference point in the far 

north of Europe, which can be used to support the long-term monitoring of vertical 
crustal motion (in particular post-glacial uplift) and of mean sea-level. The data 
analysis of this campaign was performed at DUT [IOJ, resulting in an accuracy of 
station position better than 20 mm. 

In the late fall of 1990, MTLRS-2 was transported to the astronomical observatory 

at Noto, Sicily (Figure 2.4). The observations there occurred in the framework of a 
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bilateral agreement with the Italian Space Agency (ASI) under the umbrella of the 
WEGENER project. At this site a stationary VLBI system had recently been installed 

by ASI, thus providing an additional opportunity to contribute to the global 
comparison of the SLR and VLBI reference frames. This campaign also marked the 
inclusion of the Noto site in the WEGENER/MEDLAS network in the central and 
eastern Mediterranean (see also Chapter 4) . Af ter the installation of MTLRS-2 this 
occupation has been very successful, acquiring the critical dataset of 50 passes of the 
LAGEOS I satellite within 4.5 weeks, just prior to the occurrence of the 5.1 
earthquake on December 13, 1991, with epicenter in the Gulf of Noto. 

Figure 2.4 The transportabie laser ranging system MTLRS-2 observing at Noto, Sicily, near 
the geodetic VLBI telescope of the Italian Space Agency. 

In 1991 MTLRS-2 participated in the calibration experiment of the radar altimeter 
of the ERS-1 satellite [11 J. The system was deployed at a military facility at 
Monte Venda near Padova in northern Italy from April to September. Initially, test 

measurements were performed to assess and eliminate the problem of electro 
magnetic compatibility caused by powerful radio transmitters in the area. After the 
launch of ERS-1 in J uly, 44 passes of that satellite were observed, of which 12 were 
actual overhead calibration passes. In addition, 69 passes of the LAGEOS I satellite 
were observed, which enabled the accurate determination of the global SLR position 

of this si te. 

In 1992 MTLRS-2 participated in the WEGENER/MEDLAS campaign and was 
deployed at the Greek Dionysos station from March. Data acquisition was lower than 
usual and this problem could not be sufficiently cured in the field , in spite of 
extensive trouble shooting. In August the system was brought back to Kootwijk for 

a major maintenance service in conjunction with the controller system upgrade. 
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Although all in all sufficient data had been collected at Dionysos, the remainder of 
the observation schedule for the system in Greece and ltaly could not be completed 
that year. 

2.3.2 GPS 

In 1990 the team participated with two Trimble-SST mobile GPS receivers of the 
Faculty of Geodetic Engineering in an observation campaign connecting the European 
SLR stations to the Italian sites from which the radar altimeter of ERS-I was to be 
calibrated in 1991 . The Dutch receivers observed at the calibration site of Monte 
Venda near Padova and at the oceanographic platform of the Consiglio di Richerche 
Nazionale off the Venetian coast. 

Furthermore, in 1992, two sites in ltaly, viz. Basovizza and Medicina, were occupied 
with Trimble-SST receivers, in support of the WEGENERlGPS-92 campaign. This 
activity, which was part of the IGS Epoch '92 campaign, was organized by IfAG and 
supported by DUT. It represents the first coordinated effort to observe the entire 
WEGENER-MEDLAS network with GPS, enabling the comparison of SLR- and GPS 
derived station positions (see Section 4.3.1). 

Af ter the purchase of the SNR-8000 TurboRogue GPS receivers extensive test 
measurements have been carried out with these instruments at the Kootwijk 
Observatory and elsewhere in The Netherlands. Comparison experiments were per­
formed with the stationary receiver of the IGS station at Kootwijk, in preparation of 
future replacement of the latter. In addition, these measurements supported on-going 
activities at the Faculty of Geodetic Engineering, in the development of an Active 
GPS Reference System (AGRS) in The Netherlands. The two TurboRogue receivers 
have been deployed in two campaigns in The Netherlands, organized jointly with 
SSR&T, to investigate the stability of the storm surge barrier in the Oosterschelde. 
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3 Orbit Determination 

The understanding of the orbital mechanics and the accuracy of orbit determination 
of (earth) satellites is indispensable for the success of Earth Oriented Space Research. 
These topics have been studied extensively since the early seventies by Delft 
University and a wide experience in the field of orbit computations and its 
applications has been gained since. Initially, the investigations focussed primarily on 
the processing of SLR data for the precise orbit determination of satellites equipped 
with laser retro-reflectors. These fall into two categories; first of all, there are the 
"cannon ball"-type satellites, such as LAGEOS and STARLETTE, which are 
especially intended for cru stal dynamics research, and secondly, another more 
conventional class of satellites exists, which also require precise orbits for their 
scientific mission. The latter category mainly includes most satellites carrying a radar 
altimeter instrument, such as ERS-l and TOPEX/Poseidon. 

More recently, two new tracIcing systems have been introduced successfully for 
precise orbit determination. One is the Doppier Orbitography and Radiopositioning 
Integrated by Satellite (DORIS) system, which was especially developed for the 
TOPEX/Poseidon mission. The other is the Global Positioning System (GPS). The 
latter is a general-purpose space-based radio navigation and positioning system, for 
which orbit determination of low earth satellites is only one of its many applications 
(other applications are discussed in Chapter 4 and 7). 

Orbit determination of satellites using SLR data has more-or-Iess become an integral 
part of the overall data analysis efforts for crustal dynamics research and satellite 
altimetry investigations. Therefore, this topic will not be discussed separately in this 
Chapter, but the relevant issues will be incIuded in the Chapters dealing with the 
applications. However, the DORIS and GPS investigations are relatively new and 
independent efforts, which warrant a separate treatment. 

Because the DORIS system was designed to be the primary tracking system for 
TOPEX/Poseidon, it was first test-flown onboard the French SPOT-2 satellite. The 
aim was to validate the performance of the system, and to gain experienee in the 
processing and analysis of this type of tracking data. DUT also participated in this 
effort and later became involved in the analysis of the TOPEX/Poseidon DORIS data 
as weil. These activities are described in section 3.1. 

The aim of the GPS orbit determination studies was to investigate the characteristics 
of the system and to explore its use, through numerical simulations and the actual 
processing of real observations. These consisted of data collected by an experimental 
GPS navigation receiver onboard the Landsat-5 spacecraft and measurements 
obtained by the fITst space-borne geodetic-quality receiver carried by TOPEX/ 
Poseidon. This topic is discussed in section 3.2. 

i' 
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3.1 Orbit determination with DORIS 

Important contributions to the Global Change Studies, currently undertaken, are the 
oceanographic investigations using Earth orbiting satellites, such as ERS-! and 
TOPEX/Poseidon. The aim of these missions is to get a better knowledge of the 
energetic exchanges between oceans and atmosphere. The satellites carry a precision 
radar altimeter which measures the oceans topography. To be able to interpret these 
altimeter measurements in valuable terms for oceanographers, the satellite orbit must 
be known to subdecimeter accuracy in the radial component. Traditionally, this has 
been a difficult problem, especially for low earth satellites, because their visibility 
is quite poor, in particular from a sparse traclcing network. The problem is even 
worse for optical tracking systems like satellite lasers, which require clear skies. 
However, for a long time they were the only systems with sufficient accuracy. These 
limitations motivated the design of the new DORIS sate1lite tracking system. 

DORIS is a satellite-based radio positioning and orbit determination system which 
has been designed, developed and is operated by CNES (Centre National d'Etudes 
Spatiales), GRGS (Groupe the Recherche de Géodésie Spatiale), and IGN (Institut 
Géographique NationaI) [1] . 
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Figure 3.1 
system. 

The Doppier Orbitography and Radiopositioning Integrated by Satellite (DOR IS) 

The system is based upon the one-way measurement of Doppler shifts on the radio 
signals transmitted by ground beacons and received by DORIS' s onboard package 
as the satellite passes within range of these beacons. Every beacon transmits two 
signals with very stable frequencies: 2.03625 GHz and 401.25 MHz. The first signal 
provides the precise Doppler measurement and the second one the meteorological and 
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housekeeping data. Together they provide a tooi for eliminating the first order effect 
on the propagation of the signals through the ionosphere [2]. 

The complete DORIS system consists of the DORIS onboard package, a network of 
Orbit Determination Beacons (ODBs) and Ground Location Beacons (GLBs), a 
DORIS Control Center (DCC), and a Master Beacon (MB) which handles the 
communications between ground control and satellite [3]. Figure 3.1 gives a 
complete overview of the DORIS system. 

The DORIS onboard package was placed on the remote sensing satellite SPOT-2 as 

a test experiment in preparation of the TOPEX/Poseidon mission. The satellite was 
launched into a sunsynchronous orbit on the 22nd of January, 1990. The first months 
of its mission were dev()ted to the system validation and instrument performance 
assessment [I]. Continuous operation started soon af ter and by the end of 1990, 
preprocessed DORIS data from all transrnitting beacons in the time-frame of May 5 
to May 18, 1990 were made available to all TOPEX/Poseidon principal investigators. 
Later, another data set, coUected during the asymptotic campaign, which ran from 
January 2 to March 22, 1992, was made available. 

Figure 3.2 shows the network of 39 stations that have been tracked by SPOT-2 
during the asymptotic campaign. lncluded are the 15° elevation visibility contours. 
Note that the network covers more than 70% of the Earth's surface. During the first 
campaign, only a network of 29 stations was operational. In the fITst campaign only 
± 50,000 measurements was collected, whereas in the second campaign this 
amounted to ± 300,000 measurements. The Doppier shift counts or radial velocity 
measurements in the stored data serve as input for the orbit determination and 
parameter estimation computations, which will be addressed hereafter. 
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Figure 3.2 The 1992 global network ol 39 DORIS beacons and their visibility contours lor a 
150 cut-olf elevation (stations lixed to the ITRF90 solution are marked by m). 
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3.1.1 Data analysis 

The GEODYN TI program, developed by EG&G [4], has been used for the orbit 
determination and the geodetic parameter estimation. The software has been in use 
for several years now, but until recently, primarily laser range traclcing data had been 
processed. The DORlS data provided an interesting opportunity to test the capabilities 
of the program with one-way range-rate data. 

Due to the enormous amount of data, a priori choices needed to be made about the 
analysis strategy. It was decided to process the data of the two campaigns in 7 and 
39 consecutive batches of two days, respectively. The length of these so-called data 
arcs was limited to 2 days as a compromise, to prevent excessive build up of 

dynamic model errors on one hand, but to allow dynamic strength in the solutions 
on the other. 

Earlier studies have shown that for low earth satellites, gravity field model errors 
produce by far the largest errors in the satellite's orbit, and that atmospheric drag is 
the second most important error source, in particular for the along-track position 
component [5,6]. 

The earth's gravitational field is represented mathematically as an infinite series of 
terms, their amplitude decreasing as their order in the series increases. The different 
coefficients represent the heterogeneities in the distribution of matter in the different 
layers of the earth. Recent solutions of the gravity field model did only permit 

satellite orbit determination with an accuracy of about I meter in the vertical 

direction. To achieve a higher accuracy, a model of the gravity field can be tailored 
specifically to the satellite's orbit. One of the institutes at which gravity models are 
being developed, is NASA's Goddard Space Flight Center (GSFC). Their models are 
usually referred to as Goddard Earth Models (GEM). At the time of this study, the 
most up-to-date general-purpose gravity model was the GEM-T2 model. This model 
was tailored for SPOT-2 using DORIS data gathered in the fust months of its 
mission. The resulting model, Preliminary Gravity Solution PGS-4591, was expected 
to provide a radial orbit accuracy of better than 50 cm for SPOT-2, or any other 
satellite with the same orbit characteristics. This has been verified for ERS-I [7], 
which is in an orbit at about the same altitude and inclination as SPOT-2. For the 
analyses, the fuil PGS-4591 model was used complete to degree and order 50. 

As SPOT-2 orbits the Earth at a relatively low altitude of about 800 km, its orbit is 
affected considerably by atmospheric drag [8], and therefore up-to-date inforrnation 
on the atrnospheric conditions is needed for the orbit computation. The atmospheric 
density model selected was the Jacchia 71 model, which uses daily 10.7 cm flux and 
geomagnetic -\ values to account for the solar activity. The uncertainties in 
atmospheric density cause significant errors in the computed orbits. A satellite such 
as SPOT-2 is subject to variations in atmospheric density as high as a factor 10 from 
the peak to minimum sol ar activity in the 13-yr cycle of this activity and to 

n IIM _'"
j 



---- --- --- --

Orb" DeterminatIon 19 

variations of 50% or so in a few hours resulting from short-period bursts of solar 
activity [9]. In general, unmodeled long-period variations in atmospheric density can 
be accornrnodated by the estimation of a scaling factor for the drag in the orbit 

computations. Usually, this is not sufficient, because local discrepancies and short­
term variations also cause short-period perturbations. An engineering solution is to 
estimate a time series of drag scaling parameters, each covering only a fraction of 
the total arc-length. However, this is only possible for satellites with sufficiently 
den se tracking. SPOT-2 is a good example of such a satellite, since it is tracked 
almost continuously [9]. Earlier studies showed that adjusting the drag coefficient 
every four orbital revolutions is a good strategy [10]. The same strategy was 
adopted for the estimation of the drag coefficients. 

The forces induced by atmospheric drag and solar radiation primarily act upon the 
cross-sectional area of the satellite. The cross-sectional area varies in time, because 
the sateJIite is three-axes stabilized and possesses a rotating solar panel of which the 
rotation axis is directed perpendicular to the orbital plane. The cross-sectional area 
is different, ho wever, for each force. The area for drag is perpendicular to the 
satellite's relative velocity vector, while for the solar radiation it is perpendicular to 
the satellite-Sun vector. Because the relatively large sol ar array is always pointed 
towards the cum, the variation in cross-sectional area for the solar radiation effect is 
less compared to the variation in the drag effect. However, these variations tend to 
average out over a revolution, and since the position of the Sun reJative to the orbital 
plane changes only very slowly with time, the variations will be similar for each 
revolution. Therefore, the solar radiation effect is accounted for by the estimation of 
a single solar reflection parameter (CR) for each data arc. 

The SPOT-2 satellite is frequently maneuvered to compensate for a loss of altitude 
due to atmospheric drag. These maneuvers, which occur at irregular intervals of 
several weeks, cause discontinuities in the orbital parameters, which may be modeled 
by introducing quasi-instantaneous accelerations at the maneuver times. Since the 
magnitude of the maneuver is usually only known with lirnited accuracy, it is best 
to estimate it from the observations. GEODYN has the possibility to account for 
these accelerations. As only one maneuver had to be accounted for and this maneuver 
consisted of two consecutive thruster firings with half an orbital period in between, 
a tota! of six acceleration parameters was solved for. 

The station coordinates of the DORIS network pose another problem. To obtain 
highly accurate orbits, they need to be known with an accuracy of 5 to 10 cm. For 
some sites, where the DORIS beacon is collocated with other high accuracy tracking 
systems « 2 cm) [11 ,12], this requirement is easily satisfied . Other sites, 
however, located in remote areas, which are often only surveyed with GPS (with an 
accuracy varying from 10 cm to more than I m), this is not so easy. Therefore, it 
was decided to fix some of the accurately known stations to their a priori positions 
and solve for the other ones. Not all the accurately known stations were fixed, so that 
an absolute comparison could be made of the DORIS results with the a priori 
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coordinates for the other accurate stations. The fixed stations also provided a 
common reference frame for all arcs, simplifying the comparison of the results of the 
different arcs. 

For the first campaign, the fixed stations were Arequipa, Goldstone, Hartebeesthoek, 
Metsahovi, and Yellowknife. Their a priori values were derived from the IERS 
Terrestrial Reference Frame coordinates (ITRF90) [12] interpolated to the epoch of 
May 5, 1990. In the second campaign these stations were Easter Island, Richmond, 
Hartebeesthoek, Metsahovi, and Yellowknife. Their a priori values were derived from 
the same ITRF90 solution advanced to the epoch of January 1, 1992. These stations 
were selected for the campaigns, because they were tracked best in every are and had 
the best global distribution. Their locations are marked in Figure 3.2. 

The coordinates of all other station were solved for with an a priori sigma of 1 
meter. Their a priori values were taken from the JCOD1.3 station coordinate solution, 
denoted by CNES, for the fust campaign and from another station coordinate solution 
by CNES for the middle of January 1992, for the second campaign. 

Finally, to compensate for frequency offsets between the satellite and beacon 
oscillators, a range-rate bias was estimated for each pass. 

3.l.2 Orbit determination results 

The analyses generated an enormous amount of information. We have tried to select 
only the most relevant results and to summarize it into a few plots. Figure 3.3 shows 
the recovered values of the drag (CD) and solar reflection coefficients (CR) and the 
weighted root-mean-square (rms) values of the observation residuals, for the 
asymptotic campaign. The I-sigma error bars of the drag and solar reflection 
coefficients are also plotted in the figure, but since they are generally very small and 
because of the small size of the plots they are hardly discernable, except for a few 
in the CD plot. Finally, the daily 10.7 cm solar flux values and the geomagnetic index 
have been included in the figure as weil. To save space, the comparabie results for 
the fust campaign are not shown. It suffices to mention that they are quite similar, 
although the rms is slightly worse (1.2 mm/s). This may be due to the smaller size 
of the network, in comparison with the asymptotic campaign. 

The (weighted) rms of the range-rate residuals is a good measure of the success of 
the overall estimation process, indicating how weIl the computed orbit fits the 
measurements. It is emphasized th at the rms values plotted in Figure 3.3 represent 
the results af ter automatic iterative data editing, in which bad data points have been 
eiiminated from the estimation process. As can be seen, the residual rms averages 
about I mm/s for most data arcs. This is about 3 times higher than the system noise 
of DORIS, which is claimed to be of the order of 0.3 mm/s [2]. The difference can 
be attributed to deficiencies in the applied dynamic and measurement correction 
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modeis. Overall, this result is considered to be quite good however, because from 
experience with SLR data of the LAGE OS satellite, which was especially designed 
to minimize these errors, it is known that the rms of fit is typically 3 to 5 times the 
data noise. 
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Figure 3.3 SPOT-2 orbit computation results involving drag coefficients, 
solar radiation coefficient and weighted rms values lor the period ol 
January 1, 1992, to March 22, 1992. 

The effect of model errors is demonstrated nicely by a few arcs, in the beginning of 
February and near the end of that month, which exhibit a somewhat higher rms of 
fit. There seems to be a correlation between these worse fits and the peaks in the 
geomagnetic index, signalling strongly increased levels of solar activity, in particular 
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for the arcs in early February. This can be interpreted as an indication that the 
Jacchia 71 atmospheric density model does not always account for these extreme 
effects correctly. Further evidence for this can be found in the CD plot, which shows 
much larger values for this parameter, during the peaks in the geomagnetic index, 
than average, suggesting that the J acchia 71 model underestimates the density in 
those cases. This effect is more pronounced for the arcs in late February than the 
earlier ones. Combined with the variations in the rms of fit, this means that the 
density model errors can sometimes be absorbed in the adjusted drag coefficients 
more easily than in other cases. This will be investigated further in the future. 

The solar reflection coefficient, which is also plotted in Figure 3.3, is fairly constant 
with a mean value of about l.O. The small variations, th at can be seen, again mostly 
occur during the periods of increased sol ar activity indicated by the peaks in the 
geomagnetic index. They are yet another indication of deficÏencÏes in the atmospheric 
density mode Is, which prevent a good overall parameter solution for those arcs. 
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Figure 3.4 The orbit differences tor the May campaign (Ieft) and 
the asymptotic campaign (right). Presented are the radial and 
cross-track differences (top) and the along-track differences 
(bottom). 

The accuracy of the orbit solutions may be assessed by exarnining the differences 
between the computed orbits of successive arcs, at the starting epoch of each arc. In 
Figure 3.4, these differences have been plotted, decomposed in radial, cross-track and 
along-track components. The results of both observation campaigns are included in 
the figure. For the radial and cross-track components, the maximum difference is 
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only slightly larger than 1.0 m, the rms values being 50 and 25 cm for the fITst 
campaign, and 40 and 20 cm for the second, respectively. The variations in the 
along-track component are somewhat larger, in one case exceeding 7.0 m, with rms 

values of 3.0 and 1.5 m, respectively. The results for the May 1990 campaign are 
obviously slightly worse than for the asymptotic campaign. The individual differences 
can be considered to be the sum of the errors of the two orbits being compared. 
Therefore, the orbit accuracy is approximately equal to the rms values just given, 
divided by the square-root of 2. These results agree quite well with the accuracy 
predicted for the PGS-459I gravity model, which, apparently, is the dominating error 

source. 

As was mentioned earlier, in one of the arcs, an orbit maneuver took place. The 
velocity changes caused by both thruster firings were estimated along with the other 
parameters. This resulted in an orbital fit which was as good as all the others. The 
recovered velocity increments in the along-track direction of 4.45 and 4.42 cm/s 
agree almost perfectly with the nominal values quoted by CNES (4.46 cm/s for each 
velocity increment). We also found a statistically significant cross-track component 
and an in-significant radial component with a magnitude of about 10 percent of the 
along-track component, however. It is thought that the cross-track component is real 
and may reflect an offset of the thrust vector from the velocity vector. 

Finally, the results of the station coordinate estimation process: from each 2-day arc 
a fuU global network solution was obtained. To compress the information and to 
increase the accuracy, the individual arc solutions were merged into two combined 
solutions, one for each data period. This was done using a special program, 
developed at DUT, which eliminates possible systematic differences between the 
individual solutions and uses the statistical information for weighing [13]. It is 
stressed that both sets of coordinates hold in the reference frame provided by the 
ITRF90 solution, advanced to the epochs chosen for both campaigns. Therefore, they 
cannot be simply compared, since cru stal motions cause changes in the coordinates 
of up to 20 cm. 

The formal errors from the solutions show that the coordinates of the asymptotic 
campaign are generally much more accurate than those of the May 1990 period. This 
is simply a statistical effect, caused by the larger amount of data in the second 
campaign. A better measure of the accuracy is provided by the residuals of the 
coordinates of the individual solutions with respect to the combination solutions. This 
information is also provided by the special program, and it was found that the rms 
of the residuals is about 15 cm in aU three components, for both campaigns. This is 
quite a good result, considering the fact that SPOT-2 was never intended to serve as 
a platform for accurate ground station positioning. 

An impression of the absolute positioning accuracy may be obtained from a 
comparison of the coordinates of those stations, for which also an independent 
solution based on other techniques is available. For this purpose the Arequipa, 
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Dionysos, Fairbanks, Goldstone, Huahine, Kokee Park, and Toulouse stations were 
used, which were present in the ITRF90 solution, but which were not fixed in our 
analyses. At flIst sight, these results were somewhat disappointing, because the 
overall rms difference was of the order of 26 cm. However, when the a priori CNES 
solution was used, instead of ITRF90, the rms came down to 15 cm again. On closer 
inspection, it was found that the larger differences with ITRF90 were primarily 
caused by one or two stations. It is therefore suspected that some of the ITRF90 
coordinates may be wrong, possibly due to errors in the local surveys between the 
positions of the various systems at a site. 

3.1.3 First results for TOPEXlPoseidon 

The accuracy with which the TOPEX/Poseidon orbits have to be computed imposes 
high demands on the applied orbit computation methodology and the used tracking 
system. To meet the orbit requirements of TOPEx/poseidon, the effects of 
conservative and non-conservative forces on the satellite have to be modeled with 
extreme accuracy. Therefore, the most up-to-date models are used in the orbit 
computations. For the gravity field this is the post-Iaunch JGM-2 model complete to 
degree and order 70 which has been obtained from JGM-l using 15 cycles of SLR 
and DORIS data on TOPEx/poseidon [14]. The Box-Wing Model was applied to 
account for the satellite's complex geometry, and attitude and surface properties in 
the modeling of solar radiation pressure and atmospheric drag [14]. For the latter, the 
French DTM density model with 3-hourly planetary geomagnetic index (~) values 
has been adopted. Also incorporated in the orbit computations are models for solid 
earth and ocean tides, the earth's albedo radiation pressure, relativity, and n-body 
perturbations from the sun, the moon, and the planets. 

During the orbit computations, drag and solar radiation forces are held constant at 
nominal values. Model mismatches introduced by this approach are absorbed by a 
daily estimated set of 1 cycle per revolution (I-cpr) accelerations in the along-track 
and cross-track directions, and an additional constant acceleration in the along-track 
direction. Along with the epoch state-vector, pass-dependent range-rate biases and 
tropospheric sc ale biases are estimated for the DORIS data. 

An important factor that influences the orbit accuracy and therefore should be 
mentioned is the geographic distribution of the tracking data. Currently, the DORIS 
data are supplied by a worldwide network of over 45 ground beacons. The fact that 
the isotropic distribution of the DORIS network and its aIl-weather capability enable 
the DORIS system to provide a nearly continuous monitoring of the TOPEX orbit, 
may serve as evidence that the geographic distribution of the DORIS tracking data 
are quite satisfactory. 

One measure for the quality of an orbit is how weIl it fits the tracking data. The 
overall residual rms serves as an indicator for both model accuracy and data quality, 
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as large residuals, relative to the theoretical noise level of the data, signify either 
model deficiencies or systematic data problems. Since the or bits are generated with 
the best force models currently available, the recently achieved range-rate residu al 
rms of about 0.55 ± 0.02 rnm/s, illustrate the current status for the level of fit of 
DORIS traclcing data achievable in the TOPEX/Poseidon orbit determination. 

Another measure for the quality of an orbit is the rms radial overlap. This quantity 
which is defined as the rms of the radial orbit differences between the last day and 
the first day of adjacent orbital arcs, gives an indication of how much the orbit shifts 
from one arc to the next to accommodate force and measurement model errors. 
Prelirninary results for the orbital overlaps indicate that on average, the rms orbital 
overlap is better than 3 cm. 

Individually, quantities like the rms radial overlap and the rms of fit of the residuals 
are not sufficient to assess the orbit accuracy, because the correlated errors are 
eliminated from the orbital overlaps, whereas the rms of fit is based on data residuals 
that are minimized in the orbit computations. Together however, these quantities 
provide a good measure for the orbit quality, indicating that the TOPEX/Poseidon 
orbits have a radial accuracy of 3-5 cm. 

The introduction of additional parameters, such as the tropospheric scale biases per 
pass and the five general acceleration parameters, and the use of far more superior 
models than those used in the previous analysis with SPOT-2 (gravity field model, 
atmospheric density model, satellite macro model) resulted in a tremendous 
improvement in the orbit accuracy of this earth oriented satellite. 

3.2 Orbit determination with GPS 

The NA VST AR (Navigation by Satellite Timing and Ranging) OIobal Positioning 
System (OPS) is a space-based positioning and navigation system, developed since 
the early eighties by the US Department of Defense. The system has three 
components, identified as the Space, Control and User segments. The Space or 
satellite segment consists of 24 space vehicles (SVs), including 3 active spares, 
optimally placed in 6 orbital planes. The satellites are in circular orbits with 12-hour 
periods and an inclination of 55'. The satellites transmit signals at two L-band radio 
carrier frequencies: L1 at 1575 MHz and L2 1227 MHz. The satellites also transmit 
a Navigation Message that provides users with the Broadcast Ephemeris, the 
Almanac, satellite clock information, time (UTC), satellite health, and ionospheric 
parameters. Modulated on the L1 carrier is a coarse acquistion code, or CIA code at 
1.023 MHz, for rapid acquisition of the signal and the navigation message. In 
addition, each of the L-band carriers is modulated with a 10.23 MHzP-code, also 
known as the precision or protected code. [15,16,17]. 
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These signals enable a user to determine his instantaneous position at any time and 
anywhere on and near the earth, with an accuarcy of 5 to 150 m, depending on the 
sophistication of the receiver equipment. Although this may be good enough for most 
applications, it is insufficient by 3 orders of magnitude for geodetic applications, such 
as geodynamics research and precise orbit detrmination of low earth satellites. These 
require sub-centimeter accuracy, which is beyond the basic performance of the 
system. However, it was soon realized that by using the GPS signals in a differential 
mode, the accuracy of the relative position determinations could be increased 
substantially. This effect was bolstered by the addition of measurements of the phase 
of the carrier signaIs. Because of the very short wavelength of these signals 
(ca. 20 cm), the measurement precision could be increased to the millimeter level. 
For this purpose, special receivers were developed, both for ground-based and space­
based applications. 

In the following Sections, two investigations on precise orbit determination with GPS 
wil! be presented. These activities were undertaken in support of the project Earth 
Oriented Space research, because GPS tracIcing of low earth satellites is expected to 
become an operational standard. In particular for satellite missions requiring precise 
orbits, such as altimetry missions, GPS is a very attractive tracIcing system. This wiU 
be demonstrated by the results obtained with the data from an experimental GPS 
receiver onboard the TOPEX/Poseidon altimetry satellite. The Landsat-5 study was 
a precursor study, in which the basic analysis techniques were developed. Some 
investigations concemed with ground-based applications and with applications for 
gravity field research will be discussed elsewhere in this report 

3.2.1 Landsat-5 data analysis 

In 1985, an experimental GPS receiver onboard the Landsat-5 satel!ite acquired some 
of the earliest GPS measurements from space by a network of 9 ground receivers in 
the continental United States of America. Although similar data had already been 
taken before, by the Landsat-4 satellite [18], the significance of the Landsat-5 data 
is due to the fact that some of it were collected concurrently with a large geodetic 
GPS measurement campaign in the continental US. This provided the fust 
opportunity to process these datasets simultaneously, thus allowing to improve the 
accuracy of the GPS orbits and to estimate the Landsat-5 orbit at the same time. Data 
selected for the analysis was collected in the period 28 March to 5 April. 

The collected observations consisted of P-code data only from the Landsat-5 receiver, 
and P-code and carrier phase data from a network of 9 TI-4100 ground receivers. AU 
observations were processed with the DUT/SSR&T modified version of the GPS 
Inferred Positioning System software (GIPSY), developed at JPL [19]. GIPSY 
utilizes a so-called Kalman sequential filter to process the GPS measurements and 
to determine the estimates and corresponding uncertainties for the parameters. 
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To demonstrate the improvements due to the addition of the data of the ground 
receivers, the results of two orbit determination scenarios for Landsat-5, are 
described: one in which only the Landsat-5 orbit is estimated from highly-accurate 

GPS Satellite-to-Satellite Traclcing (SST) P-code ranging measurements with respect 
to a GPS sateIIite transmitter reference network, and one in which both the Landsat-5 
and GPS orbits are determined together from GPS SST P-code pseudo-ranges and 
GPS P-code pseudo-ranges and carrier phase measurements with respect to a ground 
receiver reference network. Also different strategies were tested to model the forces 
acting on the Landsat-5 satellite. Both, a purely dynamic and a so-called reduced­
dynamic technique were applied. FinaIly, the accuracies of the results of the actual 
data analyses were compared with accuracy predictions from covariance analyses. 
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Figure 3.5 The variation ol the overall (RSS) errors in the Landsat-5 
position components lor the lirst (top) and second (bottom) orbit 
determination scenario by application ol the dynamic technique. 
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From covariance analyses of the first scenario for the dynamic case, it is shown that 
the Landsat-5 orbit determination accuracy is primarily limited by the GPS broadcast 
ephemeris errors, as can also be seen from the top plot of Figure 3.5. In this case, 
the orbital errors for Landsat-5 are of the order of 30 m in position and 30 mm/s in 
velocity. This is in contrast with the results obtained from actual analyses, which 
suggest that Landsat-5 position and velocity accuracies can be achieved below the 
lO-m and 1O-mm/s level, respectively. However, these accuracies were determined 
by examination of the observation residuals and by comparison of the ephemeris 
differences of several contiguous data arc solutions over 3-hour and 4-hour 
overlapping time periods. 
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Figure 3.6 Rms differences in Landsat-5 position components lor two 6-hour 
contiguous data arc solutions over a 3-hour overlapping time period with 
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orbit determination scenario. Results are obtained Irom actual analyses 
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By putting more weight on observing geometry, the SST scenario looses its strength, 
since the Landsat-5 orbital solution is much more affected by errors in the GPS 
satellite ephemerides. This is also demonstrated in the top plot of Figure 3.6, which 
shows that for values of the steady-state uncertainty cr greater than 25 nm/s2 the rms 
position differences of Landsat-5 diverge in the along-track direction. 

When the ground station data are added, the geopotential modeling errors and the 
uncertainties in the coordinates of the ground receivers become the major error 
sources. In addition, the location of the tracking stations appears to be a Iimitation 
too. In this case, the overall position and velocity accuracy for Landsat-5 improves 
to the 5-m and 5-mm/s level. Moreover, the highest orbit accuracy is obtained during 
the periods of 'good ' observing geometry when Landsat-5 passes over or near the 
ground receivers in North America. The position accuracy then increases to better 
than 2 m. With this scenario, a good agreement is obtained between the re su lts from 
covariance and actual analyses, as is demonstrated by the bottom plots of Figure 3.5 
and Figure 3.6. 

The results of this study give an indication of the overall capabilities of the GPS 
system for the orbit determination of low-earth satellites [20,21,22]. It is feit 
that this performance is also sufficient to meet the accuracy requirements for the orbit 
determination of the ' ARISTOTELES' or any equivalent satellite (STEP) mission 
from a scientific point of view. Since these ' future ' low-earth satellites will carry a 
much more sophisticated GPS receiver th at can also make carrier phase 
measurements, and because a globai ground receiver network now exists, it is 
expected that the orbit determination accuracy will improve by almost an order of 
magnitude. 

3.2.2 First results for TOPEXJPoseidon 

Preliminary TOPEX/poseidon orbits have been computed from the data obtained by 
the GPS Demonstration Receiver (GPSDR) on TOPEX/Poseidon and by a network 
of JO globally distributed ground receivers. Half the number of these receivers have 
accurately known station coordinates and form the so-called fiducial network. 

The data from the fiducial network are included to constrain the TOPEX/Poseidon 
orbit to the terrestrial reference frame. This could not be accomplished by the aps 
constellation because the orbits of the GPS satellites are estirnated along in the 
TOPEX/Poseidon orbit detennination at. 

The GPS measurements are processed in ten 30-hour contiguous solution arcs with 
a 6-hour overlapping period using the GIPSY-OASIS n (GPS lnferred Positioning 
SYstem - Orbit Analysis and SImulation Software IJ) software system, also 
developed at lPL. 
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Basically, two estimation strategies have been applied. The first is the dynamic 
technique, which relies on the accuracy of the dynamic models and is characterized 
by the fact that the transition of the satellite state at different observation times is 
accomplished by the integration of the equations of motion. The second is the 
reduced-dynarnic technique, which takes full advantage of the geometric information 
content available from the GPS measurements and therefore is less dependent on the 
precision of the dynamic modeis. This technique is based on the fact that the satellite 
state transition at different observation times is accomplished by both the integration 
of the equations of motion and by the satellite positional change inferred from 
continuous GPS carrier phase measurements. 

The GPSDR onboard TOPEX/Poseidon is the first highly sophisticated space-borne 
GPS receiver that can actually record both carrier phase and pseudo-range 
measurements at an extremely high data rate. The carrier phases are recorded every 
second, while the pseudo-ranges are recorded every 10 seconds. Since the GPSDR 
can take measurements from up to six GPS satellites simultaneously, it accordingly 
provides a continuous, global, and den se set of observations. At any instant of time, 
these observations are also in several directions. 

For the orbit computations, the fust-order ionosphere-free pseudo-ranges and carrier 
phase observations are formed which are assigned a data noise of respectively 1 m 
and 1 cm for the 10 ground receivers, and respectively 3 mand 2 cm for TOPEX/ 
Poseidon. The carrier phase observations are decimated to a data rate of 1 
observation per 5 minutes, while the pseudo-range observations are compressed to 
5-minute normal points by smoothing them against the carrier over the entire 
5-minute interval. 

For both observation types, a cut-off elevation angle is used of about 0° for 
TOPEX/Poseidon and 15° for all ground stations. In the GIPSY-OASIS II software, 
all measurements are divided into finite discrete time intervals known as batches. The 
software makes use of a SRIF (Square Root Information Filter) filter, which is a so­
ca lied epoch state filter in which all measurements are processed sequentially. 

The time update of the filter propagates the satellite state estimates and covariances 
from one batch to the next using a state transition model, while the measurement 
update of the filter incorporates a new batch of measurements. To obtain the optimal 
parameter estimates and covariances at all batch observation times from 100% of the 
measurements, a backward smoothing in time is performed. At the same time, it is 
pos si bie to perform a forward mapping in time, since the filtered state estimates and 
covariances apply to the epoch state. 

In the TOPEX/Poseidon orbit determination, the JGM-2 gravity field model is used. 
In comparison, the GEM-T3 model, truncated at degree and order 8, is applied for 
the computation of the orbits of the GPS satellites. The Box-Wing model is adopted 
for solar pressure, earth radiation, and atmospheric drag on TOPEX/poseidon. 
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Furthennore, models for solid earth tides, ocean tides, and pole tides are applied. The 
estimated parameters include the TOPEX/Poseidon state vector at epoch, constant and 
I-cpr accelerations in the cross-track and along-track directions for TOPEX/Poseidon, 

additional 2-cpr cross-track and along-track accelerations, the GPS state vectors at 
epoch, the constant GPS solar pressure scale factor, the constant and stochastic GPS 
solar radiation Y-biases, the stochastic GPS solar radiation sealing factors X and Z, 
the non-fiducial station locations, the random walk modeled tropospheric dry zenith 
residual delays, the X and Y pole position and corresponding rates, the UTl-UTC 
rate, the carrier phase biases, the TOPEX/Poseidon receiver clock (modeled as white 
noise), the GPS transmitter clocks (modeled as white noise) and the ground receiver 
clocks (modeled as white noise) except for one reference clock. 

The starting values for the epoch state vector of the TOPEX/Poseidon orbit are taken 
from the results of the operational SLR analyses. Furthermore, the GPS orbits of IGS 
are used as a-priori inforrnation for the epoch states of all GPS satellites. These 
orbits, which have an estimated accuracy of about 30 cm, are the weighted mean of 
the orbit products generated by several different processing centers. 

Finally, it is noteworthy to mention that it is possible to specify initial values for the 
empirical accelerations of the custom force model of TOPEX/Poseidon. Inforrnation 
about the constant accelerations and the sine and cosine I-cpr and 2-cpr terms of the 
empirical force, can be obtained by [list perfonning a dynamic filtering where these 
parameters are solved for. Then, the solved-for empirical force terms can be kept 
fixed in a subsequent reduced-dynamic filtering. 
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Figure 3.7 Differences in TOPEXJPoseidon position components over a 6-hour overlap 
between two 30-hour data arcs using dynamic techniques. 
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To obtain an indication of the TOPEX/poseidon orbit accuracy, the observation 
residuals and the ephemeris differences over the 6-hour orbital overlaps have been 
investigated. Starting with the results of the dynamic technique, Figure 3.7 shows the 
TOPEX/Poseidon ephemeris differences in the radial, cross-track, and along-track 
directions over a typical 6-hour overlapping period. Since the rms difference is about 
2 cm radial, 4 cm cross-track, and 6 cm along-track, it may be concluded that 
subdecimeter orbit accuracy can already be achieved with the dynamic filtering. 

Exarnining the residual summary of the ten 30-hour data arcs that were processed, 
using the dynamic technique, the average overall rms of fit for the first-order 
ionosphere-free pseudo-ranges and carrier phase observations are found to be 
39.0 ± 7.6 and 0.48 ± 0.04 cm respectively. For the TOPEX/Poseidon part of the 
corresponding data types they are found to be 70.1 ± 2.4 and 0.93 ± 0.09 cm 
respectively. On average, the number of observations is about 18000 for each data 
arc and each data type. Roughly 10% of the observations are taken on 
TOPEX/Poseidon. 
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Figure 3.8 Differences in TOPEXJPoseidon position components over a 6-hour overlap 
between two 30-hour data arcs using reduced-dynamic techniques. 

In case of the reduced-dynarnic technique, a second filtering was performed to abs orb 
the higher-order dynamic modeling errors. U sing this approach, a so-called three­
dimensional process-noise force consisting of fictitious accelerations was estimated 
for TOPEX/Poseidon to abs orb the remaining small higher-order dynamic modeling 
errors. The correlation time of the estimated fictitious accelerations was set to 15 
rninutes and the corresponding steady-state uncertainty was set equal to the a-priori 
uncertainty. The uncertainties were assumed to be 10 nm/s2 in the radial direction and 
20 nm/s2 in both the cross-track and along-track directions, and were taken 
from [23]. Furthermore, the data noise of the TOPEX/Poseidon carrier phase 
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observations was tightened to 1 cm in order to give the tracking data on TOPEXj 
Poseidon a higher weight. Figure 3.8 shows the overlap comparison using reduced­
dynamic filtering for the same 6-hour period that is displayed in Figure 3.7. 

Obviously, using the reduced-dynarnic technique, better results are obtained with an 
rms difference in the TOPEX/Poseidon orbit of about 1 cm radial, 3 cm cross-track 
and 3 cm along-track. The corresponding residual summary for the same ten 30-hour 
data arcs, using a reduced-dynarnic strategy, show that the average overall rms of fit 
only changes significantly for the carrier phase observations. The value reduces to 
about 0.4 cm. The same observation is made for the TOPEX/Poseidon part of the 
summary, showing a decrease of the rms of fit of the pseudo-ranges to about 66 cm 
while the rrns of fit of the carrier phase measurements dramatically improves to the 
0.4 cm level, which is due to the fact that the remaining higher-order dynamic 
modeling errors have been absorbed by the three-dimensional process-noise force. 
The rms of fit values of 66 cm and 0.4 cm now c10sely approximate the noise levels 
of the first-order ionosphere-free pseudo-range and carrier ph ase observations on 
TOPEX/Poseidon, which are about 70 cm and 0.5 cm respectively [24]. 
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Figure 3.9 Radial orbit overlap rms tor ten 30-hour consecutive TOPEXlPoseidon data arcs 
using a reduced-dynamic technique. 

Finally, the radial rms overlap results for the 6-hour time periods between 
consecutive data arcs using reduced-dynamic filtering (Figure 3.9) are about 2 cm. 
This means that the intemal consistency of the orbits is of the same level as the 
estimated 1-2 cm precision of the altimeter measurements [14]. 
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4 Crustal Dynamics 

One of the major applications of space geodesy is its use for cru stal dynamics 
investigations. Two different, though closely related activities can be distinguished 
here: data acquisition, which is discussed in Chapter 2, and data analysis, which is 
the subject of this Chapter. A second application of the space-geodetic technique is 
for studying the earth's rotation. This is discussed in Chapter 5. 

The data analyses described below concern two different types of observations, viz. 
Satellite Laser Range (SLR) observations and Global Positioning System (GPS) 
tracking data. The SLR observations are acquired by a global international network 
that currently exists of about 30 fixed stations, supplemented by 6 mobile systems, 
including the MTLRS-2 system from KOSG. For GPS the situation is much more 
complicated because there is much less coordination in the many observation 
campaigns, which are frequently organized all over the world. Until recently, the 
technique has mostly been used for regional networks. For the purpose of the cru stal 
dynamics investigations, described in this Chapter, only data collected during 
observation campaigns in the European region have been used. 

The analysis efforts at DUT have focussed in particular on sites in the central and 
eastern Mediterranean area, which have been occupied by transportabIe SLR tracking 
systems a number of times, since 1986. Some GPS data have also been collected at 
these sites. This region is the meeting place of three major tectonic plates (Eurasia, 
Africa and Arabia), and is consequently the theater of many earthquakes each year. 
Both operational and analysis activities are typically carried out in the framework of 
the WEGENER project, which will be discussed in the next Section. This is followed 
by an overview of the analyses of the SLR observations. The Chapter ends with a 
discussion of the analysis of several GPS datasets. 

4.1 WEGENER project 

The WEGENER project [I] was named after Alfred Wegener, a German 
meteorologist, who postulated the tectonic plate motion theory in 1912 for the fust 
time. The acronym stands for Working-group of European Geo-scientists for the 
Establishment of Networks for Earth-science Research. The project is aimed at the 
detennination of crustal deformations in the central and eastern Mediterranean 
area [2,3] . Here, the Eurasian, African and Arabian major tectonic plates collide: 
Africa and Arabia move northward with respect to Eurasia at a rate of 8 and 24 
mm/yr, respectively. These values are taken from NUVEL-I, a model for global plate 
tectonics derived from geophysical observations averaged over the last 3 rnillion 
years [4]. The situation in southeast Europe is complicated by the existence of a 
number of smaller plates situated between the major plates. Example5 of these 50-



38 Earth Orlented Space Research at DUT 

ca lied microplates are Adria (the African promontory covering the Adriatic Sea and 
its shorelines), the Aegean block and Anatolia. Whether Adria is rigidly attached to 
the major African plate or not, is stiU an issue under debate. Typically, microplates 
are not included in global plate tectonics modeis. The relative motions of the plates 

makes the area into the reg ion within Europe most afflicted by earthquakes. As 
shown in Figure 4.1, the boundaries of the major plates and the microplates have 
been established quite accurately by mapping the focal centra of the earthquakes that 
have taken place in this area [5]. WEGENER is aimed at the determination of the 
actual deformation rates, both in magnitude and in orientation. 
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Figure 4.1 An overview of the epicentral of the earthquakes in the Mediterranean area which 
have taken place in the period 1961 - 1970.[5] 

For this purpose, a special measurement project was defined, based on the SLR 
measurement technique. It was caUed WEGENER-MEDLAS. The fundamental idea 
behind the project is very simpie. During observation campaigns, mobile laser 
systems visit some 15 sites in the region, and obtain a good set of range observations 
of the geodetic satellite LAGEOS-I [6], which is depicted in Figure 4.2. This small 
and heavy spacecraft circles the earth at an altitude of about 5900 km. When 
combined with measurements that are acquired by the global network of SLR 
observatories, it is possible to reconstruct the sateUite trajectory with an accuracy of 
a few centimeters. On ce this model for the sateUite orbit has been established, it can 
be used as a reference for the range observations to determine the position of the 
laser system in the Mediterranean with an accuracy of better than 20 mrn. The 
occupations of the sites in the area are repeated at certain intervals, which results in 
a time-series of solutions for the position of each laser site. The deformations that 
are taking place at a certain location wiU show up as trends in the position solutions. 
On agiobal scale, this technique has been used successfully already to verify the 
tectonic models describing the major plate motions. 
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Figure 4.2 The geodetic satellite LAGEOS-1 . 

Three transportabie laser systems participate in the observation campaigns of 
WEGENER: MTLRS-I (Germany), MTLRS-2 (The Netherlands) and TLRS-I 
(USA). Since the beg inning of the project in 1985, four observation campaigns have 
been held, notably in 1986, 1987, 1989 (with an extension into the first months of 
1990) and 1992. In the years in between, one of the mobile systems has also visited 
several sites in the area, in particular in the ltalian part of the network. An 
observation campaign typically lasts for about 8 months. Mainly depending on the 
weather conditions, the SLR systems need 4 to 8 weeks to acquire a sufficient 
amount of observations on LAGEOS-I to allow a precise computation of the station 
coordinates. LAGEOS-2, a satellite identical to LAGEOS-1, was launched in October 
1992, and doubles the potentialof SLR for cru stal dynamics investigations. In 
principle, this redoubling can be used to reduce the required site occupation time. 
Since the most recent observation campaign in the Mediterranean was organized in 

1992, the LAGEOS-2 observation are not relevant for the SLR operations and 
analysis results described here. 

An overview of the sites in the area and their track:ing history is shown in Figure 4.3. 
The plot cIearly shows that the sites in Greece have been occupied most frequently: 
except for Karitsa, all of them have hosted mobile SLR systems during each of the 
4 WEGENER campaigns. The cru stal dynamics investigations are directly supported 
by the activities of the stationary SLR systems in the area, viz. Grasse, Matera, Bar 
Giyyora and Helwan. 
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Figure 4.3 An overview of the SLR operations in the Mediterranean area. The color code 
indicates during which years sites in this region have been occupied by transportabie SLR 
systems. Grasse, Matera, Bar Giyyora and Helwan host stationary SLR systems. 

Later, the GPS technique was also included in the project. Initially, it was primarily 
used for densification, measuring smaller scale sub-networks. More recently, in 1992, 
the complete WEGENER-MEDLAS network has also been integrally observed with 
GPS for the first time. This made it possible to combine the results of both 
techniques. 

4.2 SLR data analysis 

DUT is involved in two types of SLR data analysis for the WEGENER project. First, 
the university acts as the Quick-Look Data Analysis Center (QLDAC). Second, it is 
one of the analysis centers for the processing of the full-rate SLR observations. 

4.2.1 Quick-Iook 

QLDAC is responsible for providing semi real-time information on the data quality 
of the range observations taken by the mobile laser systems, and the detection and 
reporting of potential data anomalies. The analysis is performed on a weekly basis, 
and involves a fine-screening of the SLR observations collected in the previous week. 
An essential element of this activity is the computation of the orbit of the satellites 
(sin ce October 1992, both LAGEOS-l and LAGEOS-2 observations are being 
processed), using the best models for the mathematical description of the forces 
acting on the spacecraft and the motion of the earth that are currently available. As 
an example, the representation of the positions of the SLR observatories, modeled as 



Crustal Dynamics 41 

a linear function of time, typically has an accuracy of a few millimeters. The 
NASA/CSR JGM-2 model, which is used for the description of the gravitational 
attraction of the earth, includes provisions for the time-variation of this force, and is 
claimed to result in a radial accuracy of the LAGE OS orbits of better than 1 cm. 

The observations are processed in batches of 10 days, which, in combination with the 
I-week repeat period of the analyses, results in an overlap of successive analysis 
periods of 3 days. The main reason for choosing this arc length is the demand for a 
unique, yet continuous series of Earth Rotation Parameters (ERPs). This subject is 
discussed in Chapter 5. Solve-for parameters in the orbital analysis are the position 
and velocity of the satellites at epoch, related satellite-dependent parameters, ERPs 
and the positions of those SLR stations for which no accurate position information 
is available (yet). 

Typically, the orbital analysis converges at an rms value for the SLR residuals (i.e. 
the actual range measurements minus their modeled counterparts) of 3 cm on 
average. This good fit facilitates the detection of data anomalies in individual passes 
of about 10 cm, and consistent systematic errors at a level of about 2 cm. The 
analysis results are summarized in a report, which is available within 3-9 days af ter 
the actual data acquisition. Stations for which data anomalies have been detected, are 
contacted directly. 

4.2.2 Full-rate 

The most important contribution to WEGENER consists of the analysis of the full­
rate SLR observations [7,8]. These are the final data products of the SLR systems, 
fully calibrated and corrected for effects like tropospheric delay and the offset of the 
satellite laser-retroreflector w.r.t. the center of mass. In Delft, two different analysis 
methods have been explored. Both will be briefly described below. 

The first method, which is based on a so-called long-arc approach using I-week 
global data arcs, is very straightforward. First, the data period to be analyzed (the 
current interval runs from September 1983 to December 1992) is divided into a 
number of successive sub-intervals. The reason for this is due to the nature of the 
phenomenon under investigation itself: because of the ongoing deformations of the 
earth's cru st, the positions of the laser stations continuously change with time. This 
is a very gradual process, although, in the case of earthquakes, sudden shifts also 
may occur 

Since these deformations are not modeled in the data analysis and hence introduce 
an error which increases with time, it was decided to analyse the observations in 
batches that cover a relatively small period of time, where the change in the station 
coordinates is expected to be smaller than the a posteriori formal uncertainty of these 
parameters. On the other hand, a substantial number of satellite passes is required to 
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precisely determine each laser station position. The selected time-span (three months 
on average ) meets these requirements. The selection of the intervals has respected the 
deployment periods of the mobile laser systems at specific sites as much as possibIe. 
This way, a total of 38 sub-intervals have been identified, spanning three months on 
average each. 

The analysis then starts by computing a simultaneous solution of the orbit of 
LAGEOS-I, the coordinates of the SLR stations and the ERPs, for each sub-interval 
separately. In this long-arc (dynamic) approach, alI measurements of all global 
stations contribute to the determination of the satelIite orbit during a significant time 
span. As aresuIt, the modeled position of the spacecraft very closely fOlIows the 
physical trajectory of the satellite. Consequently, this also holds for the geodetic 
parameters that are derived, such as station coordinates. This "physical truth" concept 
is optirnized by using the best models for the description of the motion of the 
satelIite and the earth that are currently available. The computation model closely 
folIows the IERS Standards [9]. Exceptions are the use of the NASA/CSR JGM-I 
solution for the modeling of the earth's gravity field and ocean tides potential, and 
the absence of mode Is for representing the effects of long-term plate motion and 
short-periodic loading effects (atmosphere, ocean) on station positions. 

The buildup of pos si bIe residual dynamic model errors is lirnited by opting for an arc 
length of 7 days, with all arcs starting on Sunday moming, 0.0 hr GMT. To fully 
cover the selected data periods, the data reduction and parameter estimation process 
is executed in a so-calIed multi-arc mode, where a number of independent I-week 
satelIite trajectories are adjusted simultaneously, whereas all tracking information is 
combined for the estimation of the relevant common parameters, such as station 
coordinates. 

The actual data analysis is performed in two steps. First, for each arc separately, a 
normal equation is generated with GEODYN I1, which is the NASA program for 
geodetic data reduction and parameter estimation [10]. The solve-for parameters 
included in each normal equation comprise the state-vector at epoch, a constant 
along-track acceleration parameter, acceleration parameters with a frequency of once 
per revolution, the coordinates of each observing laser station and the poIe position 
and Universal Time at 5-day intervals. The solar radiation pressure force scaling 
parameter is kept fixed at a value of l.l3. Next, the normal equations are combined 
and inverted, and a complete parameter solution is computed for each individu al 
3-monthly sub-interval. For this purpose, we use the NASA program 
SOLVE II [11]. This way, a time-series of 38 independent, free global network 
solutions have been obtained. The parameter estimations typicalIy converge with an 
rms of the observation residuals ranging from 20 to 40 mmo This is a first indication 
for the quality of the parameter solutions. 

Another analysis method for the analysis of full-rate SLR data from a regional 
network is the so-calIed "spiral analysis method (SPAM)", developed at Delft. This 
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method combines the advantages of dynamicallong-arc solutions (stability) and pure 
geometric solutions (independency of dynamical model errors) with an efficient usage 
of data and computing power. It is based on relatively short data arcs of only a few 
orbital revolutÎons. By limiting the arc length, the errors due to inadequate modeling 
of the perturbing forces remain quite smal!. Furthermore, since only observations 
from simultaneously observing stations are used, the overall amount of data 
processed is also quite smal!. 

The method proceeds as follows. First, in the data selection step, the "spirais" are 
composed. A spiral is defined by at least two consecutive passes from a station, of 
which at least one pass is simultaneously observed by another station from the 
dedicated network. A gap of one orbital revolution is allowed. As a special case, a 
single pass that is co-observed by three or more stations also defines a spira!. 
Subsequently, all consecutive passes observed by any other station are added to the 
spiral as long as that station has at least one pass co-observed with one of the initial 
stations or with a station which was previously added to the set. Thus, a station is 
only included in aspiral if at least one of its passes is simultaneously observed by 
another station. This imp lies th at single passes from single stations, which indeed 
contain hardly any geometric information, are neglected in the analysis. Generally, 
some 80% of the data from a regional network is selected. For LAGEOS and the 
European network, including the Mediterranean sites, the spirals have arc lengths 
between 30 minutes and 18 hours. The spirals are clustered into batches of only 3 to 
4 weeks, taking full account of the deployment periods of the mobile laser systems. 

Then, starting from reasonably accurate a priori state-vectors, for example from the 
quick-Iook analysis, the orbit is adjusted for each cluster, providing a better estimate 
of this state-vector for each spiral. Finally, the state-vectors are adjusted again, but 
now together with the (relative) station coordinates in each cluster. An acceleration 
parameter is also solved for, in order to monitor the stability of the solutions. The 
dynamical model in these steps can be very simpIe. Each cluster of spirals thus 
produces an independent solution for the coordinates of a regional network of SLR 
stations. The spiral analysis method and its application to the WEGENER project is 
described in more detail in [7] . 

DEFORMATIONS 

In principle, both methods described above can provide information on the defor­
mations of the network, by studying time-dependent variations in the station coordi­
nates solutions. However, the SPAM method only yields solutions for station combi­
nations (baselines) that are occupied simultaneously. Ouring the various WEGENER 
observation campaigns, these baselines were of ten different from year to year, so that 
the time-series of solutions becomes rather sparse. The long-arc method is not 
hampered by this problem, because it relies on independent station coordinate 
solutÎons. Therefore, the results discussed below are based on this method only. 
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Figure 4.4 The history of the solutions for the linear distance 
between Herstmonceux (UK) and Matera (Italy) . The error 
bars represent the 1-0 uncertainty of each individual solution. 
The scatter of the individual solutions around the trend line 
is 18 mmo The baseline values are in m. 

-200.0 

STATION 7515 

200.0 

w 
o 
::::> 
I-

l­
a: 
..J 

-200.0 

200.0 
LONGITUDE 

100 . 0 +---------------------~ 

l­
J: 

'" 
W 
J: 

t + t! 

-100.01+------------------4 
860101 930101 

TI HE IYYMMDOl 
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deformation according to the linear model. Units: mmo 
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The crustal deformations, which are now manifest in the time-series of the SLR 
station positions, can be shown in two ways. First, one may look at changes in the 
di stance between two sites. As an example, in Figure 4.4, the results for the baseline 
between the permanent SLR stations in Herstmonceux (U.K., near London) and 
Matera (southern Italy) are presented. The solutions, as deterrnined for the period 
1983 - 1992, show a gradual decrease of the di stance at a rate of -5 mm per year. 
The scatter of the individual solutions around this trend is 18 mm only. 
Unfortunately, this method is not able to differentiate between deformations taking 
place in the UK. and those taking place in Italy. 

To overcome this problem, a technique has been developed which makes it possible 
to derive motion vectors for each SLR station individually. This technique is based 
on the rninirnization of the sum of the squares of the differences between the 
individu al station position solutions and a model for this position, which is allowed 
to change linearly with time. The coordinates at an arbitrary reference epoch and 
their time derivatives are estirnated for each individual laser station, simultaneously 
with systematic offsets for each global network solution (in origin and orientation). 
As an example, Figure 4;5 shows the results of this technique for the Dionysos 
station in Greece. The original solutions (corrected for systematic offsets) are 
depicted with circles, and accompanied by the pertaining I-cr uncertainty estimates. 
The crosses represent the positions for Dionysos according to the linear model, 
computed at the epochs corresponding to those of the original coordinates solutions. 
Full details of the estimation procedure can be found in [8]. The resulting motion 
vectors for the sites in the Mediterranean area have been decomposed into horizontal 
and vertical components. They will be discussed separately below. 

Figure 4.6 The solutions for the horizontal cru stal deformations in the Mediterranean 
area. The vectors are relative to Eurasia. The ellipses indicate the maximum error of 
each solution. 
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Horizontal motions 

In Figure 4.6, the horizontal motion solutions are given with respect to Eurasia. In 
this frame, stations rigidly located on the stabie part of this major plate should 
exhibit a zero motion. The ellipses that accompany each solution indicate the 
maximum error that can be expected. Clearly, there is a direct relation between the 
dimension of these ellipses and the occupation history for each site. 

Two different deformation regimes can be distinguished in the area of interest. First, 
the deformations in the eastern part are dictated by the convergence of Arabia and 
Eurasia. The solution for the SLR site in Diyarbakir, in eastern Turkey, shows a 
vector which is in reasonable agreement with the motion predicted by NUVEL-l: the 
longitude component differs by 1 mm/yr only, whereas the latitudinal component 
represents 60% of the NUVEL value (a difference of 9 mm/yr). However, 
considering the fact that this site hosted mobile SLR systems only twice (in 1987 and 
1989), and assurning that the site is rigidly located on the Arabian plate (Diyarbakir 
is situated weIl south of the Bitlis zone, the area which is generally regarded as the 
border between Eurasia and Arabia), it is conc1uded that the SLR motion solution 
does not conflict significantly with the motion for Arabia as described by NUVEL-l. 

Further to the west, both Y ozgat and Melengiçlik exhibit a significant westward 
motion. Both stations are located on the Anatolian rnicroplate, which is pushed to the 
west because of the convergence of Eurasia and Arabia. The magnitude of the 
velocity ranges from 13 to 29 mm/yr. The motion solution for Yigi1ca, which is 
situated along the Black Sea coastline, north of the North Anatolian Fault, shows that 
the westward motion of the Anatolian block is only partly transferred to this part of 
the country (the tota! vector having a length of 6 mm/yr). Unfortunately, because of 
lack of solutions for more stations in the area, it is not possible to draw more 
conc1usions on deformation patterns in the northern part of Turkey. 

The general pattern of the deformation in central and southern Greece is amotion 
ranging from 26 to 34 mm/yr in a southwestward direction, as indicated by the 
solutions for Chrisokellaria, Dionysos, Roumelli and Kattavia. Two different 
phenomena are generally assumed to act as the driving mechanism for the motion of 
the Aegean rnicroplate: the push by Anatolia along the eastern boundary of the 
Aegean block and the gravitational pull of the slab subducting along the Hellenic 
Arc, the southern and western boundary. The magnitude of the motion vectors in 
Greece are statistically not different from those recovered for the Turkish sites, which 
leaves this question still open. 

However, investigators from Cambridge (UK) [12] have recently proposed a so­
called braken-slat model, which can explain the kinematics for Chrisokellaria, 
Dionysos and Roumelli, driven by Anatolia. Although not explicitly mentioned, the 
Cambridge model can also explain the motion of Karitsa, if it is assumed that a 
direct, stabie link exists between this site and Anatolia which crosses the northem 
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Aegean. The problem is, th at the motion vector solution for this site is based on two 
vi sits by SLR systems only. Therefore, it has to be regarded with some care, because 
the vector proves to be incompatible with the results recently obtained independently 
from GPS. 

The broken-slat model fails to explain the SSW motion of Kattavia, so it is very weIl 
possible that the gravity pull plays a lead role at least in this part of the Aegean 
region. The latitudinal components of the horizontal motions for ChrisokeIlaria, 
Dionysos, Roumelli and Kattavia show a variation of 7 mm/yr at most, whereas the 
differences in the longitudinal direction are more significant. This may very weIl 
point to the existence of Creta, a separate microplate in southeast Aegea, on which 
Roumelli and Kattavia would be situated. 

The series of occupations of Askites, in northern Greece, has resulted in a very small 
easterly directed motion vector, which must be regarded as in significant considering 
the error estimate. This result suggests either th at Askites is located on the sta bie part 
of the Eurasian plate, or that the net effect of deformations in the region between 
Askites and stabie Eurasia is negligible. 

The deformation pattern in the central part of the Mediterranean is significantly 
different, as can be seen from the solutions for the motions of the Italian laser sites. 
The motion solution for Matera and Lampedusa is directed almost due north, at a rate 
of 7 mm/yr. This value corresponds very weIl with the motion that is predicted by 
the NUVEL- I model, provided these sites are assumed to be located on the 
(unperturbed) African tectonic plate. The motion solution for Punta sa Menta has a 
very large uncertainty, and can not be regarded as realistic. Additional occupations 
of at least this site are required to obtain more meaningful results. 

The laser site in Basovizza, in northern Italy, has been occupied only twice, 
unfortunately both times resulting in rather sparse batches of observations. 
Consequently, no meaningful solution can be obtained here. 

Grasse, the laser station in southern France, appears to be moving due south at a rate 
of 3 nun/yr. This motion vector solution is completely within the 99% confidence 
limits. 

Vertical motions 

In addition to the horizontal motions, the analysis of the SLR observations has also 
resulted in estimates for vertical station motions. A graphical representation is 
depicted in Figure 4.7. Generally, a value of 2-4 mm/yr is representative for these 
components, whereas the maximum value is -15 mm/yr (Diyarbakir). 
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Figure 4.7 Solutions forthe vertical crustal deformations in the Mediterranean area, The 
bars indicate the maximum error of each solution, 

The results that have been obtained so far have to be interpreted with some care, 
First of all, the deformations in the vertical are typically one order of magnitude 
smaller than those in the horizontal directions. However, the uncertainties of the 
motion solutions in this direction are not significantly different from those for the 
horizontal components, as can be seen in Figure 4.7, This implies that most of the 
solutions are not statistically meaningful yet. A second reason for being careful when 
interpreting the results for the vertical direction is the fact that possible systematic 
errors in the range measurements of the satellite are generally absorbed in the 
solution for the station height. This susceptibility for ranging errors may be the 
reason for the unusually large value for the vertical motion solution for Grasse, and 
possibly also for Diyarbakir. 

4.3 G PS data analysis 

The Global Positioning System (GPS) is playing an increasingly important roIe as a 
high-precision geodetic positioning system, complementing the "traditional" space­
geodetic techniques SLR and VLBI. As already mentioned, within the WEGENER 
project, it has been primarily used for small-scale densification projects, but in 1992, 
the first major GPS campaign was organized to observe the whole WEGENER­
MEDLAS network. Furthermore, in 1989, a large GPS campaign was undertaken to 
connect the various national geodetic reference frames in Europe. This so-called 
EUREF project included many of the well-known SLR sites and in particular some 
of the WEGENER-MEDLAS sites, It provided the first opportunity to make a 
comparison between the SLR and GPS results for these sites, A similar test could be 
performed with the data from a much smaller GPS campaign that was organized in 
1990. lts purpose was to link the positions of two new observation sites, which were 
established in ltaly in connection with the calibration of the radar altimeter of ERS-I, 
with the European SLR network, 
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In the following, the results of the data analyses of these three GPS observation 
campaigns are presented. It will be shown that the agreement with SLR is quite good, 
demonstrating that GPS is a very useful system for cru stal dynamics research. 

4.3.1 WEGENER/GPS-92 

During the IGS Epoch '92 campaign, which took place during a two week period 
centered around August 1, 1992, the WEGENER/GPS-92 subcampaign was carried 

out from July 29 until August 3, under the leadership of the Institute for Applied 
Geodesy (IfAG) in Frankfurt, Germany, in cooperation with DUT. All WEGENER­
MEDLAS sites and one additional site on Cyprus, Dhekelia, were occupied with 
Trimbie SST GPS receivers. This data set is of special interest due to the long 
experience with processing SLR data taken at the WEGENER-MEDLAS sites. It 
yields a unique opportunity to compare SLR derived coordinates with GPS derived 
coordinates since this is the fust time that all sites of the WEGENER-MEDLAS 
network were measured simultaneously using GPS. 

The dataset was analysed, using the GIPSY software deve10ped at the Jet Propulsion 
Laboratory and the Bernese GPS software version 3.4. In the analysis a weighted 
combination of the orbits provided by the IGS was used to model the motion of the 
GPS satellites. The total number of stations processed in the GPS analysis was 21 
from which 19 were 10cated on or near an SLR marker. From these 19 stations 3 
(Karitsa, Medicina, Noto) were downweighted in the comparison of the SLR and 
GPS solutions. The SLR solution for those sites was based on only I or 2 
occupations and therefore the velocity vectors are not very reliable. Two other sites 
(Wettzell and Grasse) showed relatively large differences of up to several 
centimeters. Since this is much higher than the formal errors of both the GPS and the 
SLR solutions it is expected that these differences are caused by site tie prob\ems. 
Using the remaining 14 sites the rms agreement between the SLR and GPS solutions 
is 12.1, 15.4 and 16.4 mm for the North, East and Up components after a 7 
parameter He1mert transformation. 

The very high accuracy of this comparison makes it useful to add the GPS solution 
to the SLR solutions considering it to be an additional occupation for all sites. This 
will greatly improve the accuracy of the velocity estimates since it increases the 
number of occupations with about 25% for most of the sites. In this way a new 
coordinate set and velocity field were obtained combining the GPS solution with the 
SLR solutions. Comparing the GPS solution with the new solution shows and rms 
agreement of 3.8, 5.2 and 12.5 mm for the North, East and Up components. This 
improved agreement is partly due to the fact the comparison is not independent, since 
the GPS solution has contributed to the combined solution, and is largely due to the 
better determined velocity vectors. 
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These results show that the GPS technique has matured to a point where it can now 
provide relative position solutions with an accuracy at least comparabie to that of 
SLR for large regional networks. Therefore, it is expected that GPS will play an 
increasingly important role in the expansion and further densification of the 
WEGENER network, with SLR providing the fiducial reference frame. 

4.3.2 The EUREF -89 dataset 

In May 1989, the lAG Subcommission for the European Reference Frame (EUREF) 
organized the first EUREF GPS campaign to establish a common European 
Reference Frame [13]. During a 2-week period, lasting from 16 to 28 May 1989, 
various types of GPS receivers were deployed at about 100 different European sites. 
The network includes many national geodetic first order points and most of the 
well-known VLBI and SLR sites, with baselines ranging from Ie ss than 100 m to 
more than 2500 km in length. 
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Figure 4.8 Geographical location of the selected subset of EUREF-89 GPS 
sites. 
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The processing and analysis of this GPS data set was a major effort, which was 
finally completed by a group led by the Astronomical Institute of the University of 
Beme (AIUB). The results of this group, the 'official' EUREF/GPS 1989 solution, 

were presented at the March 1992 EUREF meeting in Beme [14]. Due to the 
amount of data, and the work involved, several other processing centers produced 
only partial solutions. The University of Nottingham computed a solution for a 
sub-network consisting of the stations in the United Kingdom [15]. Another two 
different partial solutions were generated at Delft University of Technology (DUT). 
The Delft Geodetic Computing Center (LGR) of the Faculty of Geodetic Engineering 

computed a solution for the stations in the Benelux area [16], whereas the Section 

Space Research & Technology (SSR&T) analyzed the measurements of a subset 
consisting of all the SLR and VLBI sites, and three additional points in The 
Netherlands [17,18]. The location of the selected sites is shown in Figure 4.8. 

For the data analysis, the GIPSY software was used [19,20]. It is stressed that 
the study was an independent effort, which was primarily aimed at gaining 
experience with the GIPSY software, and exploring the capabilities of GPS to 
supplement SLR for the detection of tectonic motions. This investigation is a logical 
extension of the work of our group, which has been involved in the analysis of SLR 
data for many yearS now. This interest is reflected by the special emphasis on the 
comparison of the GPS results with our SLR solution, based on an analysis of 5 
years of observations of the LAGE OS satellite. These analyses are of particular 
importance for cru stal deformation studies in the framework of the 
WEGENER/MEDLAS project [8]. In addition the study also provided an interesting 
opportunity to assess the quality of the official EUREF solution. 

The accuracy of the estimated station coordinates has been investigated by examining 
the repeatability of the daily solutions of all baselines between the stations. As can 
be seen from Figure 4.9, this repeatability is of the order of 0.5 - 2.0 parts in 108 for 
baselines up to 2500 km in length. This result is considered to be quite reasonable, 
in particular when it is realized that four different types of GPS receivers were used. 
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Figure 4.9 Baseline length repeatability (rms scatter about the weighted mean) for baselines 
between the selected EUREF-89 sites. The results for the first week (16-21 May) are at left, 
and for the second week (23-28 May) at right . Also plotted are the best fit curves. 
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The accuracy of the GPS estimates has also been investigated by comparing the GPS 
results with the a priori SLR coordinates solution. The GPS-computed and 
SLR-derived baseline lengths between common stations in both solutions agree on 
average to better than 2.0 cm. The comparisons prove that the fiducial coordinates 
used in the official EUREF solution, indeed were consistent with the overall 
European SLR Reference Frame. 
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Figure 4.10 Time-histories ot baseline length results tor Dionysos­
Roumelli (top) , Askites-Dionysos (middle), and Zimmerwald­
Kootwijk (bonom). Error bars indicate the 1 cr standard deviation. 

For the baselines involving the stations in Greece, the EUREF results seem to 
confirm the trends in baseline length changes emerging from SLR analyses, reflecting 
crustal motions in Greece. The individu al solutions for these baselines, derived from 
an earl ier SLR solution which was available at the time of the analysis, have been 
plotted as a function of time in Figure 4.10, along with the results obtained from the 
analysis of the selected EUREF-89 GPS data. Also shown are the best fit straight 
lines and la error bars. The trends in the Greek baselines are quite evident and seem 
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to be consistent with tectonic models of the area. It is most striking that the GPS data 
points fit quite nicely between the SLR results, demonstrating that both techniques 
supplement each other weIl [21]. 

EUREF'89 took place in 1989. At that time, only a smaIl number of GPS satellites 
(7 instead of 24 in the final operational constellation) was available, and only about 
7 hour daily observation sessions were scheduled. Therefore, from today's point of 
view the quality of the results presented in this Section are relatively modest. The 
accuracy of the computed coordinates is estimated to be at a level of about 4.0 cm 
in the horizontal and 6.0 cm in the vertical direction. Today it is possible to get much 

better results with continuous tracking and more available satellites. However, this 
analysis c1early demonstrated that at the time, GPS was already a promising 
technique with a great future. Given the requirements of EUREF, the results are 
certainly accurate enough to start with the establishment and maintenance of a 
common European Reference Frame, which will play an important role in the next 
decade in Europe. 

4.3.3 Positioning of ERS-! altimeter calibration sites 

The first ESA European Remote Sensing satellite (ERS-I) was launched on July 17, 
1991. lts mission is to map the earth' s surface through a variety of space-borne 
down-looking sensors: a Synthetic Aperture Radar (SAR), a Wind Scatterometer 
(SCAT), an Along- Track Scanning Radiometer and Microwave Sounder (ATSR/M), 
and a Radar Altimeter (RA). The latter instrument was calibrated during the 
commissioning ph ase of the mission, when the satellite was in a 3-day repeat orbit. 
This orbit was controlled in such a way that once every three days, the satellite 
passed directly overhead the oceanographic platform 'Acqua Alta' in the Adriatic 
Sea, off the coast of Venice [22]. 

For the calibration, the sea level computed from the altimeter observations, taken 
during the brief passes over the Adriatic Sea surrounding the 'Venice platform', was 

compared with the real sea level. This altimetric sea level was derived from the 
altimeter measurements, corrected for atmospheric propagation effects and sea surface 
slope. In addition, the precise altitude of the ERS-I satellite was obtained from SLR 
observations taken by several fixed European SLR systems and by the Dutch mobile 
SLR system, MTLRS-2, at Monte Venda, a site at about 50 km west of Venice. The 
real sea level was determined from tide gauge observations, using a fixed point on 
the Venice platform as a height reference mark. 

This means that the height of this reference mark has to be accurately know in the 
geocentric reference system provided by the SLR stations. AIso, since Monte Venda 
was a new mobile SLR site, especiaIly established for the calibration, its position also 
needed to be determined within the network of the other stations. Because of the 
requirements on the precision of the bias calibration, the heights of these two markers 
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had to be ried into the SLR reference frame with an accuracy of better than 5 cm. 
Therefore, a dedicated GPS campaign was organized, which took place in the period 
October 14-19,1990. Figure 4.11 shows the network of points which were occupied 
by the GPS receivers. These consisted of a mix of Wild-Magnavox WM-102 systems, 
Trimble-SST receivers and one MiniMac. 

o 100 200 300 400 500 km 

Figure 4.11 Sites occupied by GPS receivers forthe calibration of 
the ERS-1 Radar Altimeter. The straight line indicates the 
'Calibration Orbit' of ERS-1 overhead the Venice Tower. 

The GPS measurements of this campaign have been analyzed at DUT. This activity 
was part of a larger effort which comprised the complete data analyses for the 
calibration of the ERS-l Radar Altimeter [23]. However, it also provided an 
interesting opportunity to compare the results of this GPS analysis with the SLR 
solutions for the stations included in this campaign. In the following, the results of 
the analysis of the GPS data are presented. 

Figure 4.12 shows the scatter of the five daily solutions (delta with respect to the 
a-priori coordinates) of the components of the baseline Monte Venda (WM90) -
Venice (WM90). For each day the daily solution is indicated together with the la 
forma 1 error bar. The '+' in each plot indicates the weighted mean delta estimate of 
each baseline component. 
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Figure 4.12 Scatter ol the live daily delta estimates ol the baseline components ol the 
baseline Monte Venda - Venice, and the 10 lormal error bars. The numbers 1-5 correspond 
to 14-18 October, respectively. The '+' indicates the weighted mean delta estimate of each 
baseline component. 

Figure 4.13 shows the scatter of the daily solutions of the height of the GPS marker 
at the Venice Tower, which is of the highest importance for the Altimeter Calibration 
analyses. For each day the daily solution is indicated together with the 1 cr formal 
error bar. The dashed line indicates the stochastically combined solution of the height 
of the marker. 
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Figure 4.13 Variation ol individual GPS height solutions with 10 formal 
error bars lor the GPS marker at the Venice Tower. The dashed line 
indicates the stochastically combined solution. 

The results show that the coordinates of the GPS markers at Monte Venda and the 
Venice Tower, and therefore the coordinates of the SLR marker at Monte Venda, 
have been determined very accurately. The estimated coordinates of the SLR marker 
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even agreed to within a few centimeter with the coordinates found af ter processing 
of LAGEOS quick-Iook SLR data of Monte Venda. 

The results also compare favorably with those derived independently from the same 
data by the Astronomical Institute of the University of Beme (AIUB). Differences 
between DUT's and AIUB's solution are smaller than the 30' uncertainties of the 
solutions. 
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5 Earth rotation 

For many millennia, the most accurate time-keeping instrument has been planet Earth 
itself, wruch was assumed to rotate evenly around a fixed axis. Astronomical 
observations were used as a means of accurate time-keeping. In the last decades of 
the 19th century, technology caught up with nature: astronomers discovered 
irregularities in the behavior of the earth's axis. In the 1930's it became clear th at 
the improved quality of clocks and other astronomical instruments made them agree 
better with each other than with the hypothesized perfectly simple earth rotation rate. 
These findings started the study of the irregularities in the rotation of the earth. 

5.1 Theoretica) background 

Earth rotation studies can follow a geophysical or a geodetical approach: theoretical 
modelling of the earth's rotation, using the Euler-Liouville equations, or 
determination and interpretation of the Earth Rotation Parameters (ERPs), using 
space-geodetic observations. 

Geophysically, variations in the earth's rotation can conveniently be separated into 
three parts [I]. Precession and nutation describe the rotational motion of the earth 
in inertial space. Polar motion is the variation in the position of the rotation axis with 
respect to the earth's crust. Variations in length-of-day or UT! are a measure of the 
variabie rotation rate about the instantaneous rotation axis. Precession and nutation 
are primarily caused by the lunar and solar gravitational attraction on the earth' s 
equatorial bulge. Variations in polar motion and rotation rate are excited by 
geophysical processes originating within the earth. The distinction between polar 
motion and nutation is somewhat artificial because polar motion cannot occur without 
accompanying nutation and vice versa. 

The Euler-Liouville dynamical equations describe the rotation of the non-rigid earth. 
Since, for the earth, the deviations from an uniformly rotating, rotationally symmetric 
rigid body are smalI, these equations can be rewritten in a perturbation form with 
rotation parameters on the left-hand side and excitation functions, including extern al 
torques, on the right-hand side. The rotation parameters can be determined from 
space-geodetic observations, while the excitation functions can be derived from 
geophysical observations and theory. Part of the earth rotation studies deal with 
explaining the observed rotation variations in terms of the available geophysical 
modeis, or, on the other hand, with deducing geophysical properties from the 
observed ERPs. 

From a geodetical point of view, earth rotation describes the rotation between the 
conventional celestial reference frame and the conventional terrestrial reference 
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frame [2]. In other words, earth rotation conneets the motion of objects in inertial 
space, such as geodetic satellites, with the motion of the observing stations, located 
on the earth's ernst. Earth rotation can be described as a coordinate transformation 
in the form of a series of rotation matrices, in which the fundamental components 
correspond with the three aspects of earth rotation. The International Earth Rotation 
Service (IERS) is responsible for the definition of the two conventional reference 
systems including the definition of the astronomical constants and dynamical models 
to be used in the analyses of space-geodetic data [3] and for the maintenance of the 
conventional reference frames and the deterrnination of the ER Ps to be used in the 
coordinate transformation [4]. 

Figure 5.1 lIIustration of the phenomena that perturb earth rotation. 

The various components of earth rotation, as weU as station positions and veloeities, 
satellite motions and radio source positions, are routinely determined from space­
geodetic observations. The situation is complicated, because different analysis centres 
use different analysis methods to process different datasets obtained with different 
techniques. The ERP and coordinate solutions therefore pertain to different reference 
systems, which is very important for the combination of the various solutions into 
an ERP series and the maintenance of the celestial and terrestrial reference frames. 
With the advent of high-frequency GPS solutions and the increasing temporal 
resolution of the other space-geodetic solutions (SLR, VLBI), short-periodic 
variations in earth rotation are becoming more important, while the distinction 
between polar motion and nutation is getting less clear. The ERP series can be 
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analyzed using spectral techniques to detennine the frequencies and amplitudes of the 
underlying processes. The ERPs can be correlated with auxiliary data to as se ss the 

type of geophysical processes which excite the earth rotation variations. For example, 

the short-periodic variations in polar motion and un show a high correlation with 
atmospheric angular momentum data. The greater part of the studies concentrate on 
these geodetical aspects of earth rotation. 

5.2 Determination of earth rotation 

As mentioned in the previous Section, the deterrnination of earth orientation 
parameters is an activity of IERS. This Ïnstitute accomplishes this task by combining 
ERP solutions from numerous contributors, who analyze data from a number of 
different observation techniques. DUT is one of the SLR contributors, and reports to 
IERS on two aspects of earth orientation. 
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Figure 5.2 The daily position of the pole for the years 1983 
through 1992. The positive x-axis points in the direction of 
Greenwich, the positive y-axis points in the general direction 
of New Orleans. 

The first aspect is polar motion. Here, one can distinguish periodic components with 
periods of one year and of about 435 days, a linear trend, and additional high 
frequency irregularities. These add up to a variation in pole position of almost 0.6 
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arcseconds, as illustrated in Figure 5.2, which shows the position of the rotational 
pole for the years 1983 through 1992. This maximum variation of the actual pole 
position is equivalent to about 20 m, when expressed as a distance measured over the 
surface of the earth, and may result in similar variations for the actual position of a 
laser tracldng station in its daily revolution around the earth's axis. This variation is 
reflected in the measured distances from the station to geodetic satellites such as 
LAGEOS-l, which position can be computed with an accuracy of a few centimeters. 
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Figure 5.3 The daily values of the Length Of Day for the years 1983 through 1992. 

The second aspect monitored by DUT is the irregular variation in the rotation rate 
of the earth. This variation results in an irregular growth of the difference between 
the time according to atomic cJocks and UT!, or Universal Time, which is defined 
by the direction of the Greenwich meridian. lrregularities in this difference show up 
most cJearly in the Length Of Day (LOD) time-history that can be derived from it. 
This LOD function, which represents the difference between the real duration of a 
day and its nominal duration of 24 hours, is depicted in Figure 5.3 for the years 1983 
through 1992. Af ter removing an easily distinguished seasonal oscillation, a slow 
trend and theoretically derived ridal effects, one is left with an irregular residual 
oscillation with amplitudes occasionally exceeding half a rnillisecond. At the equator 
this corresponds to a distance of about 20 cm. Since satellite orbits are not directly 
affected by variations in earth rotarion rate, the effect can be easily discernible, even 
for laser tracking stations at the higher latitudes. However, it should be mentioned 
that deficiencies in currently available models for satellite orbital dynamics induce 
slowly evolving errors in the mathematical representation of the orbital plane: UTI 
values derived from satellite tracking only will abs orb the unmodeled slow rotation 
of the orbital plane. 

As described in Chapter 4, DUT is an analysis center for laser ranging observations 
of the LAGE OS satellites, for which it needs accurate ERP values. However, these 
values are not yet known for the full data period under investigation. This holds in 
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particular for the quick-look analysis, which is done almost real-time. The required 
precision of the actual satellite orbit and the instantaneous station positions can 
therefore only be achieved by including the ERPs as solve-for parameters. The two 
types of operational analyses performed at DUT, viz. quick-look and full-rate, yield 
ERP solutions of the kind that are useful to IERS. The characteristics of the two 
types of analysis are described in the next Sections. 

5.2.1 Quick-Iook analysis 

DUT performs a weekly analysis of LAGEOS-l and LAGEOS-2 quick-look SLR 
data that are distributed in order to provide an early preview of the acquired 
measurements. The main functions of the quick-look analysis are computation of ERP 
solutions from observations of the LAGEOS satellites and monitoring of the 
performance of the SLR systems, in particular the transportabie systems that are 
involved in the WEGENERIMEDLAS observational campaigns (cf. Chapter 4). 

The quick-look data taken are generally made available within a few days af ter the 
observations have been recorded. This means that the activities represent a semi 
real-time operation, where the time of availability of the analysis results lags the 
events by no more than about 10 days. Since its establishment in 1987, ERP 
solutions for every fifth day have been reported to the IERS Sub-Bureau for Rapid 
Service and Predictions in Washington, and to the IERS Central Bureau in Paris as 
weU. These solutions are a product of a weekly analysis of aU available data for a 
period of one week plus the time tag difference of successive ERP values. The 
resulting overlap of analysis periods guarantees that every ERP value can be derived 
from satellite tracking data fuUy covering the time-span pertaining to that ERP data 
point (the data arcs start and stop at midnight, whereas the ERP intervals start and 
stop at noon). The results are included in both the weekly IERS Bulletin A and the 
monthly Bulletin B, and are used to compute the combined ERP series. 

The ever increasing accuracy of SLR measurements and the improved models for 
satellite dynamics allow the computation of precise high frequency ERP solutions. 
Since June 1993, DUT submits 3-day ERP solutions to IERS, in addition to the 
standard 5-day solutions. These results are obtained in a lO-day data arc analysis, 
which still guarantees the computation of a unique, non-overlapping series of ERP 
solutions. In order to allow a smooth transition from 5-day to 3-day ERP solutions, 
additional 3-day solutions were computed for the first half of 1993. As aresuit, the 
5-day series was phased out in January 1994. 

5.2.2 Full-rate analysis 

Starting in 1987, DUT has submitted an ERP solution to IERS every year. Each 
solution was derived from an analysis of all LAGEOS-l full-rate data available at 
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that time, occasionally complemented with more recent quick-Iook data. The most 
recently subrnitted solution, ERP(DUT) 94L01, encompasses the period from 
September 1983 to December 1992. For this time-interval, a continuous series of 
pol ar motion and UT! solutions, at a frequency of 3 days, has been computed from 
SLR measurements of LAGEOS-l. The solution will be published in the 1993 IERS 
Annual Report [5]. Details of the computations are given in Chapter 4. 

Even though ERPs are already solved for during the computation of positions and 
velocities of SLR stations for the WEGENER project, an extra step is added for the 
derivation of the final ERP solutions. In this additional step, a simultaneous solution 
is made of the pole position, UT!, and the orbit of LAGEOS-l. Stability is provided 
for this solution by constraining the ascending node of the LAGEOS-l orbit to values 
that were recovered from the WEGENER analysis. The advantage of adding this final 
step is that it can also utilize the model for instantaneous station positions that was 
derived in the WEG ENER analysis, and thereby make the solutions mutually 
consistent. 

5.2.3 Results 

The characteristics of the DUT solutions are illustrated by plots of the differences 
between those solutions and the EOP(IERS) 90C04 series, produced and distributed 
by IERS [5]. The latter series consists of a slightly smoothed combination of the 
solutions that were contributed by analysis centers for all relevant measurement 
techniques (i.e. very long baseline interferometry, lunar laser ranging, GPS and SLR). 

For the latest full-rate results, Figure 5.4 displays the differences with the EOP(IERS) 
90C04 solution. They tend to concentrate in bands with a number of interesting 
features. In the fIrst pI ace, the fact that the bands are getting narrower as time 
progresses, nicely illustrates that the number and quality of SLR observations has 
increased over the years. A second characteristic, the linear trend in the differences 
for the y-component of the pole position, can be interpreted as a consequence of 
differences in reference frame motions due to a disparity in assumed station 
velocities. 

The UT! comparison is only included for completeness' sake. The goals of the 
current WEGENER analysis do not include long term satellite orbit stability. The 
resulting irregularities in the longitude of the orbit's ascending node are echoed in 
the computed UT! values, which makes them considerably less reliable than the pole 
position solutions. 

For the quick-Iook results, the differences between DUTs 3-day solutions for 1993 
and the EOP(IERS) 90C04 series are shown in Figure 5.5. This fIgure illustrates that 
the quality of the 3-day quick-Iook pole position solutions corresponds with that of 
the full-rate solutions. 
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Figure 5.4 Difference between 3-day ERP solutions from the 
ERP(DUT) 94L01 full-rate solution and the IERS EOP 90C04 series. 
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The UT! values, however, look completely different. For the quick-Iook analysis, the 
satellite orbits for successive weekly analyses are linked. This is do ne by setting the 
position of the LAGEOS-I orbit' s ascending node at the beginning of each analyzed 
period equal to the node position computed for that moment during the previous 
week's analysis. Although this technique avoids the high frequency irregularities 
resulting from using independent satellite orbits for successive analyses (that occur 
in the full-rate analysis), it leads to a significant trend in the UT! values echoing the 
slow variations of the orbit's computed node position. The latter phenomenon is 
caused by imperfections in the dynamic models for the satellites. It is expected th at 
improved models will alleviate this problem and possibly result in more useful UT! 
values. 

11 II! II i ii lil '11111. I .• 
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Figure 5.5 Difference between 3-day ERP solutions lor 1993 
lrom the DUT quick-Iook series and the IERS EOP 90C04 series. 
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6 Ocean Currents and Gravity Field from AItimetry 

Various satellite radar altimeter missions, such as SEASAT, GEOSAT, ERS-I and 

TOPEX/Poseidon, have provided or are still providing range measurements from the 

satellite to the sea surface, with uniform quality on agIobal scale. The indirectly 
derived sea level, or ocean topography, is of major interest to geoscientists, and can 
be regarded as the natural link between oceanography, geophysics, and geodesy. 
After more than a decade of research, satellite altimetry has proven to be of great 
importance in the field of plate tectonics, geophysical exploration, and for tuning and 

improving oceanographic and earth's gravity models [1]. An important step forward, 
during the last few years, is the more than one order of magnitude improvement in 
orbit accuracy both in global orbit determination [2] and in local configurations for 
altimeter calibration purposes, e.g., that for ERS-l near Venice [3]. This led to a 
better interpretation of the altimeter data, and at the same time enabled research for 
new applications. Optimal data editing and processing techniques have been 
developed in preparation of the ERS-I and TOPEX/Poseidon missions [4]. 
Meanwhile, both satellites have been launched, and new challenges are accepted 
leading to the fust promising multi-satellite results [5,6]. 

The progress in altimeter research during the past years allowed a better 
understanding of both the gravity field as well as the ocean circulation. The latter can 
be regarded as the recognition of a few of the pieces in the complex puzzle of 
climatology research. Clearly, measuring the sea level is of great importance in 
current and future studies on global change and in monitoring sea level change. In 
the following a detailed description is given of the altimeter research as conducted 

at Delft University. 

6.1 Altimetry in perspective 

To underiine the importance of altimetric research it can be put in the framework of 
Global Change Research. People want to forecast natural and man-induced hazards 
like floods, tropical storms, and earthquakes, and to predict climate changes. For 
in stance, global temperature rise and sea level rise will have a great impact on our 
environment. The climate is largely controlled by the oceans and the cryosphere. The 

oceans supply half of the total heat transport from the equator to the poles, resulting 

in mild climates at higher latitudes. The oceans absorb a great deal of the CO2 and 
other greenhouse gases in the atmosphere. Furthermore, changes in the deep ocean 
circulation, the wind-driven circulation and the mesoscale circulation (e.g. EI Niiio), 
wiJl directly and indirectly have an influence on the climate. The cryosphere contains 
80% of the total available fresh water. In addition it regulates the hydrological cycie 

and sea level. 
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So, if we want to look at global change and understand it, a continuous observation 
of the ocean and the polar ice caps is indispensable. Therefore, calibrated 
measurements are needed of the total system (global), repeated within the time scales 
in which important changes occur (semi-synoptic). These measurements can then be 
used to obtain the boundary values of coupled dynamic ocean/atmosphere models in 
order to make reliable predictions possible. Clearly, only a satellite encircling the 
earth can meet the requirements of being global and synoptic. A way to monitor the 
ocean is simply monitoring the sea surface height, and this is done by the 
al timeter [7]. 

Altimetry started with an experiment on Skylab back in 1973. The first satellite 
carrying a radar altimeter was GEOS 3 (1975-1978), succeeded by SEASAT in 1978. 
These two satellites already demonstrated the feasibility of altimetry to be applied in 
ocean and gravity studies. However, it was only af ter the operation of the U.S. Navy 
GEOdetic SATellite GEOSAT that altimeter data could be fully exploited [1,8,9]. 
GEOSAT, launched in 1985, started its Exact Repeat Mission (repeating ground 
tracks every 17 days) in November 1986 and died in January 1990. More recent data 
co me from the fust European Remote Sensing Satellite ERS-I launched in July 1991, 
and the NASA/CNES TOPEX/Poseidon satellite launched in August 1992. ERS-I 
repeats its ground tracks every 35 days and TOPEX/poseidon every 10 days. Already 
new missions are defined for the future to ensure an uninterrupted time series of sea 
level measurements; e.g. ERS-2, ENVISAT, and GEOSAT and TOPEX/Poseidon 
follow-ons . 

Basically, altimetry has four areas of application. One is the study of the dynamic 
ocean topography and ocean circulation; both large-scale and mesoscale, and both 
semi-permanent and variabIe. One can think of the impact of ocean circulation on 
c1imate, weather, fishery, shipping, waste trajectories, and military or commercial sea 
operations. The vertical structure of the ocean circulation can be inferred from the 
ocean topography by using complex ocean modeIs. Predictions for variations in the 
ocean circulation can be made. And also the changes in the global sea level can be 
monitored. Another area of application is the study of the geoid, i.e., the mean sea 
surface with the mean circulation subtracted. Undulations in this equipotential surface 
are caused by hot spot distributions, lateral variations in the lithosphere, the mass 
distribution in the earth's cru st, and sea bottom topography [10]. One can think of 
deterrnining marine gravity, detecting ocean bottom topography, using it as one of 
the tools in modelling spreading ridges and fracture zones, or in geophysical 
exploration. The two other areas of application are the study of waves and wind, and 
the study of ice topography. Especially the latter is important for monitoring c1imate 
and sea level changes; the volume of the polar ice can be determined and its 
evolution can be observed by the altimeter. 

Delft University is, in close cooperation with the Institute for Marine and 
Atmospheric Research of Utrecht University (IMAU), involved in the first two 
studies, i.e., ocean circulation and gravity field studies [11,12]. Earlier studies 



Ocean Currents and Gravlty Field from Altlmetry 69 

mainly focussed on the precise orbit computation of altimeter satellites but the 
activities soon extended to the processing and interpretation of the altimeter data for 
the various purposes mentioned above. The research is conducted in cooperation with 
international groups like ESA, NASA, and CNES, and national groups like KNMI, 
NIOZ, and RijkswaterstaatIRIKZ. 

6.1.1 Altimeter data 

The altimeter aboard the satellite measures the di stance between the satellite and the 
instantaneous sea surface by recording the time needed for a radar pulse to be 
transmitted, reflected by the sea surface and to be received [13]. The travel time 
for a pul se transmitted from 800 km height is about 5 ms. To obtain an accuracy of 
I cm this travel time has to be measured with a precision of 30 ps. A short pulse of 
this size would require a carrier with to large a bandwidth, and it would be 
completely scattered at the sea surface and obscured by the sea waves. To be able 
to employ larger pulses, to put in enough signal strength, and at the same time to 
arrive at the 5 cm precision level special pulse compression techniques (chirped 
pulses) are used. The actual one-per-second measurement is formed by averaging 
over 100 to 1000 individual measurements of the time that is needed to receive half 
the ocean return power. 

Additional information can be subtracted from the slope of the leading edge of the 
return pul se (wave height) and from the total ocean return power (wind speed). 
Because the pulse traveIs trough the atmosphere the derived distance has to be 
corrected for refraction effects, i.e., the pulse wiU be delayed by free electrons, air 
molecules and water vapor. Also a correction is needed for the sea surface roughness; 
wave troughs are somewhat flatter and less steep than wave crests. The difference in 
reflection characteristics causes a bias in the timing of the return pulse, and therefore 
a bias in the estimated distance. When the corrected altimeter measurement is 
subtracted from the satellite orbital height, referenced to an eUipsoid fitted through 
the global sea surface, the sea height above th at ellipsoid is found. The orbital height 
is computed at DUT/SSR&T independently using precise tracking data [14]. 
FinaUy, af ter subtraction of the contributions of solid-earth and ocean tides, ocean 
loading, and inverse barometer effects, the instantaneous sea level is obtained [15]. 

This sea level is a combination of the marine geoid and the dynamic ocean 
topography. The marine geoid is solely due to the gravitation and rotation of the 
earth and is on the order of tens of meters, from about -100 m to 70 m. lts 
topography is perpendicular to the local effective gravity. The variation in gravity is 
mainly caused by mass anomalies in the earth ' s interior which deviate from a 
homogeneous model earth. The dynamic ocean topography is due to ocean circulation 
and is on the order of I m. It can be divided into a semi-permanent part and a 
time-variant part. By studying the fust the global ocean surface circulation can be 
inferred as weil as secular changes in the global sea level can be monitored. By 
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studying the latter, which is referred to as 'relative' dynamic ocean topography, both 
the meandering of large-scale ocean currents and the evolution of mesoscale ocean 
currents can be determined. Next to information on currents the sea level 
measurements also contain information on tides. 

6.2 Orbits, peripheral modeis, and pre-processing 

The application of altimeter measurements in oceanographic research is limited by 
the presence of errors introduced by uncertainties in the satellite position and in the 
marine geoid. Both uncertainties arise from the fact th at the earth gravity field cannot 
be described sufficiently precise. To fully exploit the altimeter data in oceanographic 
research, methods have been devised that provide a suitable way to eliminate the 
radial orbit error of the satellite without eliminating too much of the oceanographic 
information, and by-pass the marine geoid model inaccuracies. 

6.2.1 Orbit and geoid errors 

The desired accuracy of the position of the satellite in its orbit is around or better 
below the altimeter noise level « 4 cm). Normally, this is not true. Therefore many 
studies have been performed to improve the orbit accuracy [15,16]. The orbit 
errors are caused by uncertainties in the earth's gravity field and are concentrated at 
the zero and once per revolution frequency. One can distinguish several approaches 
to eliminate or reduce the effect of orbit errors. For ocean variability studies the orbit 
error can be eliminated quite easily by means of collinear polynomial fitting with 
respect to a mean track, or better to a reference track [17,18]. In the case of 
mean sea surface height (or geoid) determination, the orbit error is determined 
empirically from crossover analysis [4]. Also, in order to circumvent geoid model 
errors, local differences of altimeter measurements have to be processed. In these 
differences the time-invariant geoid and semi-permanent dynamic ocean topography 
contributions cancel. The collinear tracks technique uses the along-track differences 
from repeated ground tracks, whereas the crossover difference minimization 
technique uses crossover differences, i.e. the differences between measured sea 
heights at the location where two satellite passes cross. 

Applications of these techniques indicate that the relative orbit errors can be removed 
up to the sea surface variability level. In practice these differencing techniques 
resolve only relative orbit errors, and therefore still suffer from datum problems. The 
differences are actually ' blind' for a common error to both measurements. The 
treatment and interpretation of the datum part of those errors in agiobal sense is 
often referred to as ' geographically correlated orbit errors' , and has led to a lot of 
confusion in the literature. Recently, the misconceptions concerning the 
geographically correlated orbit error have been clarified to a certain extent [19] . 
Due to this error the resulting mean sea surface is as accurate as the chosen reference 
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gravity field in those wavelengths that cause the major part of the orbit error [20]. 
Recent orbit computations for TOPEX/Poseidon, which has excellent tracking 
facilities, indicate that the absolute orbit error has been reduced so drastically, that 
other error sources like in tidal models have become more dominant. This has turned 

the TOPEX/Poseidon orbit into a reference for other satellites. 

6.2.2 Collinear difference minimization 

Sea level measurements along repeated ground tracks of a satellite are aligned at one 
second intervals measured from the time of the equator crossing. Relative height 
differences per point between two tracks, or between one track and a mean track are 
mainly due to relative orbit errors. These errors can be eliminated by removing an 
estimated flIst or second order polynomial, or truncated Fourier series. Obviously, 
it is important to eliminate blunders even though it may seem unnecessary in such 
a robust problem: thousand or more observations and only a few unknowns. From 
a w-test, testing the residuals against the a priori point standard deviation, it appeared 
that for GEOSAT and ERS-I areasonabie number of blunders should be eliminated. 
The testing parameter can be found with an a of 1/2m, where m is the number of 
observations, which is a rule of thumb in deformation analysis. The erroneous data 
are usually caused by bad correction models such as tides, the ionosphere, or the wet 
troposphere in equatorial regions, near coasts and near ice. Because this kind of tests 
is based on normally distributed height differences, sudden sea level anomalies, e.g. 
caused by an eddy passing one of the satellite tracks, violate this assumption, and 
may cause biased orbit fits. 

The w-test is not always sensitive for such cases, so additional tests have to be do ne 
based on Chauvenet's criterion, for eliminating this time variabIe signal [21]. 
These tests are performed iteratively to obtain the best orbit error fit, in order to 
derive from all repeated profiles the optimal mean profile. Clearly, the high 
frequency sea level variability has to be removed wh en estimating the orbit error, but 
need to be taken into account when analyzing the sea level anomalies af ter the orbit 
error removal. An other approach is to assign less weight to the along-track 
differences in the so-called high ener ge tic ocean areas according to an a priori 
variability model [4]. 

6.2.3 Crossover difference minimization 

In the crossover minimization the orbit error along tracks of up to 10,000 km length 
can be modeled adequately by a 2nd-order Fourier series whose base frequency is 1 
cpr. As indicated earlier the orbit error has a long-wavelength nature: most of its 
power is c!ustered around this I cpr [20,22] . The parameters of the Fourier series 

are assumed to be constant along a track. Crossover differences, primarily a measure 
of the orbit error, are used as observations in the minimization process. Because there 
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are more observations than parameters to be solved the solution is obtained by 
least-squares minimization. The parameters of each track are simultaneously adjusted 
such that the overall RMS of the crossover difference residuals is minimized. This 
crossover minimization does not incorporate an absolute reference for the individual 
tracks. Because each track is corrected with respect to allother tracks a mean sea 
surface is obtained that has a number of degrees of freedom. The whole surface in 
which the tracks lie can be tilted, rotated and deformed; e.g. lifting the entire surface 
by adding a constant to all measurements will not change the crossover differences. 
So, constraints and/or a priori information are needed. The adoption of the Bayesian 
weighted least-squares minimization allows the use of a priori values for the 
parameters to be estimated together with their standard deviations as constraints [18]. 

To generate the crossover data, pseudo-measurements have to be created at the 
crossover locations. Basically, this is done in two steps. One that guesses possible 
crossovers between tracks assuming a circular satellite orbit and taking into account 
the rotarion of the earth. The initial longitude of a crossover is given by the average 
equator crossing of two crossing tracks. Then, in a Picard-iteration process the 
crossover location is found (2 or 3 iterations suffice). In the other step the actual 

crossover data are created by a quick-search (based on the crossover guess) of the 
3 measurements on each side of the crossover along a track, by a fit of a cubic spline 
through the total of 6 measurements, and by differencing the sea heights in the 
computed crossover point. 

6.2.4 Orbit error reduction and gravity model adjustment 

Nowadays, orbit accuracies are better than 20 cm rms in radial direction. Taking into 
account that for wavelengths larger than some 2,000 km the geoid errors are still 
bel ow the anricipated oceanographic signals, a separation of geoid signal and 
dynamic sea height is possible. In the so-called integrated approach a selected set of 
earth gravity model coefficients is adjusted and simultaneously models are estimated 
for the dynamic ocean topography and for the satellite initial state error (or bit error 
not due to the gravity model) [23]. The observation equations in this least-squares 
parameter adjustment are formed by the sea height residuals; i.e., orbit minus 
altimeter measurement and minus geoid. The adjustment reduces at the same time the 
errors in the geoid model and in the radial orbit. Again constraints are needed here 
for the gravity coefficients (based on the variance-covariance matrix of the geoid 
model), for the dynamic ocean topography coefficients (based on the degree variances 
of an ocean circulation model or on hydrographic data), and for the initial state 
coefficients. 

The model for the dynamic ocean topography is similar to that of the gravity field ; 
a spherical harmonic expansion. Contemporary geoid models limit this expansion to 
about degree 20. This means that the smalle st wavelength to be recovered in the 
global ocean circulation is about 2000 km. Such a resolution is sufficient to recover 
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the large subtropical gyres, the eastern and western boundary currents, and the 
Circumpolar Current. The initial state error model is comparabie to the radial orbit 
error model used in the crossover minimization. It has been extended, though, with 

the so-called bow-tie effect (typical for orbit integration methods) and terms that 

absorb resonance not mode led in the gravity model. In the set of parameters to be 
estimated the first zonalof the dynamic ocean topography model is inseparabie from 
the 1 cpr term of the initial state. Therefore, also the coefficients of the initial state 
have to be constrained. For in stance, by the variance of the a priori orbit error. 

6.2.5 Interpolation to equidistant or equiangular grid points 

The altimeter data gathered by the satellite are not synoptic, but distributed more or 
less irregularly in space and time. Altimeter satellites usually encircle the earth in 
repeat orbits, which results in a sampling of the oceans along repeated ground tracks. 
Consequently, the sampling density is high along the track but low across the track. 
Therefore, sophisticated interpolation techniques must be applied to yield a regular 
distribution in space and time. 

Sea height residuals, corrected for orbit error, are transformed to sets of residuals at 
reference points, also referred to as normal points. All residuals within a 5 km radius 
from selected locations along the tracks are interpolated to these locations, based on 
di stance weighting. Af ter all the data have been grouped into the normal points, time 
series of the sea surface height are available in each of these points. Now, the mean 
sea height and the standard deviation can be computed in each of the normal points. 
The standard deviation or sea surface variability, gives a measure of the power of 
temporal changes in the sea surface height. These changes are mainly due to 
oceanographic phenomena, like meandering currents, the motion of eddies, Rossby 
and Kelvin waves, etc. When the mean is subtracted from all the data in anormal 
point a time series originates that reflects the history of the relative sea surface 
height, also referred to as relative dynamic ocean topography. By interpolating the 
differences from the mean in time the time series can be obtained at arbitrary 

intervals. 

One of the last steps in the altimeter data processing is interpolating the results, e.g., 
mean sea heights, relative sea heights, standard deviations, etcetera, to equidistant or 
equiangular points on a rectangular grid. Most of the data visualization software 
requires rectangular gridded data. For this purpose two gridding procedures were 

adopted. 

One is objective mapping or Gauss-Markov interpolation, and is frequently used for 
mean sea surface grids. The shortest wavelength to be recovered from the mean sea 
surface data is about 30 km. However, the cross-track di stance between the data is 
much larger. In order to map a high frequency signal between the tracks, an 
interpolation technique is needed that uses additional a priori information on the 
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expected variance of the surface. Objective mapping makes use of the correlation 
between the measurements and the values at the grid points, not necessarily the same 
quantity (cross-covariance), and the correlation among the measurements and grid 
va1ues themselves (auto-covariances). It gives the best linear estimate by minirnizing 
the variance of the difference between the original signal and the signal to be 
estimated. This requires the computation of the inverse of the combined 
auto-covariances matrix. The matrix dimensions are determined by the number of 
measurements. When a geoid model is subtracted, the sea height residuals have 
characteristics comparabie to unmodeled geoid undulations. In this case, the geoid 
undulation covariance function can be used to approximate the covariances between 
the sea heights in two points. The covariance then only concerns the commission 
errors - errors in the model coefficients given by the model covariance - and the 

omission errors - the unmodeled higher degree part, which is approximated by a 
gravity model power rule. In this way, short-wavelength features down to some 50-
100 km can be recovered, especially when more satellites are combined. The 
implementation of this method in the software limits the number of measurements, 
and therefore the size of the grid, because large matrices have to be inverted to solve 
the norma1 equations. In practice, overlapping tiles are taken from the tota1 grid and 

solved separately, assuming that measurements, that are reasonably far apart (> 3°) 
are uncorrelated. 

The objective mapping can be extended to least squares collocation by including 
functional relations in the covariance functions. This makes it, for instance, suitable 
for obtaining the function derivative in each point of a grid in one computational 
step. In general, gravity anomaly grids are computed from the along-track sea height 

data like this [6]. The same principal is used for computing flow velocity grids from 
the relative dynamic heights. However, in both examples the proper choice of a 
covariance model is important. To show this, three different covarianee models for 
the flow velocity have been compared and displayed significant differences in the 
computed grids. As a matter of fact, the most reliable case did not show much 
difference with a two dimensional spline interpolation. 

The other gridding procedure is based on distance weighting, and is used for grids 
of sea surface variability and relative dynamic topography. The value in a grid point 
is the sum of a11 data in it's vicinity divided by the sum of the weights assigned to 
the data. These weights are reversely proportional to the distance between the 
measurements and the grid point. The decorrelation length in the weigh function 
deterrnines the smalle st wavelength to be recovered. The actual implementation 
consists of several steps. Af ter each step residuals, i.e., data minus grid values 
interpolated to the data points, are determined and interpolated in the next step with 
a smaller decorrelation length. The final grid is then the sum of all grids from the 
separate steps. Usually, three steps suffice. In this manner reasonable 
short-wavelength features can still be recovered without deforming long-wavelength 
slopes in the surface (stair-case effect). Also this procedure adequately deals with 
data gaps by using a high decorrelation-Iength in the fust step. 
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6.2.6 Ocean tides 

In order to study the ocean circulation or more locally currents like eddies and 

meanders, the tidal contribution need to be removed from the altimeter data. The 
global ocean tide modeIs used are generally inaccurate in continental shelf areas or 
in nearly closed seas. From a comparison between the global Schwiderski ocean tide 
model with the Continental Shelf models of Rijkswaterstaat/RIKZ and Bidston, it 
could be concluded that the sea surface variability is drastically reduced when the 
local tide models are applied. Such tide models can even be improved when the 
altimeter is used as a kind of space-borne tide gauge [24]. Conventional tide 
gauges are mainly located near the co ast, and the altimeter data are a welcome 
completion for interpolating tides between the individual gauges. At the same time, 
several studies showed that also global tide models can be improved by including 
altimeter data. For in stance, in the study by Schrama and Ray [25], a joint effort 
of DUT and NASA, significant errors in the M2 tidal constituent were found and 
corrected based on TOPEX/poseidon altimeter data. The main advantage of 
TOPEX/Poseidon over, for instance, GEOSAT, is the possibility to make a clear 
distinction between the tidal contribution and oceanographic information, since the 
tides are aliased at weil known frequencies that do not interfere with the 
oceanographic seasonal and annual cycles. The comparison of the new tide 
corrections with tide gauge data (mainly for the M2 tide) shows an rms difference 
of 2.7 cm, whereas older models like Schwiderski or Cartwright/Ray do not get 
beyond 4 cm. The improved tide corrections allow a better detection and 
interpretation of oceanographic signals like Kelvin waves, and the annual and semi 
annual cycles [26]. 

6.3 Altimetry and oceanography 

Quite a lot of oceanographic studies have been conducted in the framework of the 
Earth Oriented Space Research project. A number of these studies has been joint 
efforts between DUT and IMAU. In this Section some results will be presented 
covering several regions of interest, like the oceans around South Africa, and the 
North Atlantic Ocean. Next to these local studies, also some global studies wiU be 
discussed. 

6.3.1 Ocean variability methods 

Because several different methods circulate for determining ocean variability from 
satellite altimetry, the quality of variability results had to be established first [8]. For 
this purpose one year of Geosat altimeter data was used in order to compare three 
processing techniques for the determination of mesoscale ocean currents. Clearly, this 
is of importance, since observations like sea surface variability and relative sea height 
time series yield a valuable contribution to all kinds of oceanographical studies. In 
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summary, the study gives an a priori estimate of the feasible spatial and temporal 
resolutions of the data by validating the techniques and comparing the results. The 
correlation between the different sea surface anomaly field solutions appear to be 
considerably high. The overall quality of the results obtained depend on the power 
of the sea level variability and therefore on wh at area is considered. For in stance, for 
the Agulhas Retroflection area it was found that the rms difference of the relative sea 
level grids amounts up to only 4 cm, and that on the average the correlation is better 
than 0.90 (±0.04). The non-isotropic behavior was also studied in detail by analyzing 
the signal-to-noise ratio for two extreme sampling cases, i.e. , a quiet area, and a 
noisy area. Obviously, the best results are obtained wh en the variations in sea level 
are strong. 

6.3.2 Oceanographic results around South Africa 

Figure 6.1 shows a shaded image of a mean sea surface model computed from one 
year of GEOSAT altimeter data (July 1987 through July 1988), covering the South 

Atlantic and South lndian Ocean (top). Also shown is the associated standard 
deviation or sea surface variability (bottom). It will be clear from this figure that the 
mean sea surface, on this sc ale equal to the geoid, is correlated with ocean bottom 
topography. Most of the major ocean ridges left their signatures in the sea surface; 
e.g. the Ninety-East Ridge, the South-East and South-West lndian Ridge, and the 
Mid-Atlantic Ridge with the Falkland and Rio-Grande fracture zones. Also smaller 
features like seamounts and plateaus are represented: e.g. the Discovery Tablemount, 
the Meteor Seamount, the Schrnitt-Ott Seamount, the Kerguelen Plateau, and the 
Agulhas Plateau. The high levels of variability are caused by changes in the position 
of the Agulhas Current and the Agulhas Retroflection Front, by moving eddies, and 
by meandering of the Agulhas Return Current. This meandering is a result of the 
interaction of the currents with bottom topography, especially the Agulhas Plateau, 
and the variation of the Coriolis force with latitude. A similar reasoning applies to 
the East Madagascar Retroflection and Madagascar Return Current. Here eddies are 
produced, which enter the Agulhas Current along the African coastline. Two branches 
of variability can be noticed west of South Africa in the vicinity of the Walvis Ridge 
stretching out to the Mid-Atlantic Ridge. This is due to the westward motion of large 
anticyclonic eddies that were shed from the Agulhas Retroflection Front. 

To study the mesoscale currents in detail, GEOSAT relative dynamic sea height grids 
have been converted to relative flow field grids by imposing geostrophic equilibrium, 
i.e., the Coriolis force (rotating earth!) balancing the surface pressure gradient or the 
sea surface gradient. Vector plots of the relative flow field, representing flow 
magnitude and direction, allow detection, qualification (cyclonic or anticyclonic 
motion) and quantification (swirl velocity) of coherent structures, such as eddies and 
current meanders. The motion of these structures can be followed in time when a 
time series of vector plots is studied in detail. 
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Figure 6.1 GEOSAT Mean sea surface (top) and sea surface variability (bottom) covering 
part of the South Atlantic and Indian Ocean. 

This procedure was adopted for the eastern part of the South Atlantic ocean. A 
considerable number of anticyclonic and cyclonic mesoscale ocean features were 
detected and found to be moving in a general westward direction. The diameter of 
these eddy-like features range from some 100 km to 350 km. Figure 6.2 shows the 
established trajectories of 13 large eddies, of which most are anticyclonic. Also 
drawn are the 2000-m and 3500-m isodepth contours.The beginning of each trajectory 
is indicated by a large circle and the plotted dots represent successive eddy locations 
separated by 10 days. Open dots indicate cyclonic motion and solid dots anticyclonic 
motion. For the southern hemisphere an anticyclonic motion is associated with a 
counterclockwise rotation. From ship CTD (Conductivity, Temperature and Depth) 
measurements it was demonstrated that eddy "A" is a typical Agulhas eddy originated 
from the Agulhas Retroflection area [27]. Agulhas eddies are generated south of 
South Africa by a temporarily short-circuited Agulhas Retroflection; the most western 
part of the Retroflection is cut-off and becomes an independent anticyclonic 
ring-shaped current system. A comparison with Figure 6.1 (bottom panel) confrrms 
that the trajectory of eddy "A" faBs within the most northern branch of increased 
variability, that stretches out to the Mid-Atlantic Ridge. 

.1, 
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A computer animation of the relative dynamic ocean topography time series has 
enabled us to visualize the temporal evolution of the mesoscale ocean currents in this 
region, and to study the eddy/eddy interaction and eddy/bottom-topography inter­
action effects, as weIl as the effect of bottom topography on eddy trajectories [28]. 
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Figure 6.2 Eddy trajectories in the South·east Atlantic as deduced 
from GEOSAT altimetry. 

Some eddy characteristics have been plotted in Figure 6.3 for two anticyclonic eddies 
in the South-East Atlantic. Presented are the translation velocity and the swirl 
velocity histories, for eddy "A" (left) and eddy "0" (right). Eddy "A" has a mean 
translation velocity of 4 cm/s. The regression line through the velocities of both eddy 
"A" and "0" suggests a gradual decay of the eddies. This rnight be due to intemal 
friction, exchange of heat with the atmosphere, or interaction with the main flow. A 
rough estimate of the eddy's lifetime can be obtained by extrapolating the regression 
line. For in stance, eddy "A" should live for about two years, which is sufficient to 
allow it to cross the entire South Atlantic and to reach South America, where it may 
be absorbed by the Brazil Current. Such a long lifetime indicates that the eddy 
motion is quasi-two-dimensional, rather than three-dimensional. Remarkable is the 
relatively low swirl velocity, and therefore smaller gradients in the relative dynamic 
sea surface topography, when eddy "A" moves over the Walvis Ridge and the water 
column beneath decreases. This is likely to be associated with a temporarily increase 
of eddy radius to con serve angular momentum. 

Most of the detected large anticyclonic eddies have their origin in the Agulhas 
Retroflection and enter the South Atlantic at a rate of about 8 eddies per year, 
carrying a large amount of warm lndian Ocean water. Evidently, they play a key role 
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in the dynamics and the heat budget of the South Atlantic. In general, these Agulhas 
eddies pass north of the Schmitt-Ott seamount and Cape Rise, but some have a more 
southwest trajectory and cross the subtropical convergence. The Cape Basin is found 
to be an area with a dense population of cyclonic and anticyclonic eddies that seem 
to interact. North of 35° South these eddies generally move with an average 
translation velocity of 5 cm/s in a westward direction and many have to cross the 
Walvis Ridge. The ocean bottom topography, in particular that of the Walvis Ridge, 
plays an important role in the eddy motion and eddy behavior. It seems that the 
eddies have preferential trajectories over the deeper parts of the Walvis Ridge, which 
was already observed from Figure 6.1 (bottom panel) and Figure 6.2. 
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Figure 6.3 Eddy translation and rotation velocity lor two anticyclonic eddies in the 
South-east Atlantic. (Denotations reler to Figure 6.2) . 

GEOSAT altimeter data of the period November 1986 through September 1989, 
covering the area 30° W - 90° E, and 15° S - 50° S, have been used to analyze in 
more detail the ring-shedding process in the Agulhas Current System [29] . To 
remove orbit error, the data set was processed with the collinear difference 
minimization method as described in Section 6.2.2. At regular time intervals, the 
corrected data were interpolated to rectangular grids of 10x 1 0, using objective 
mapping. Figure 6.4 presents the power density spectra of the tempo ral variations in 
the relative sea height for an active area (AR = Agulhas Retroflection) and a quiet 
area (SA = South Atlantic). These spectra were calculated for each grid point 
available in an area and averaged. The stdev or the standard deviation represents the 
variation per spectral component. The South Atlantic resuIts are muItiplied by 10 for 

----'--
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a better visualization. The Agulhas Retroflection spectrum (AR) shows two peaks 
around II and 14 weeks. In order to investigate the origin of these peaks, especially 
in relation to the ring-shedding process, a combination of different statistical tools 
is needed. For this reason, the harmonic analysis and principal component analysis 
techniques were adopted to extract the characteristic frequencies in the Agulhas 
Retroflection from the 3 years worth of GEOSAT data. 
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Figure 6.4 Power density spectra and standard deviations of 
the relative sea height time series in the Agulhas Retroflection 
(AR) and in the Southern Atlantic (SA). 

The analyses indicate th at 11 or 12 dominant events took place over the 3-year 
period. The number of events vary from year to year. February, March, and April 
(austral sumrner/auturnn) are identified as anomalous months in which the relative 
sea height signal is not as weIl defined as in the other part of the year. It can be 
shown that the flTst three modes of variability (explaining 25%, 20%, and 12% of the 
variance, respectively) are dominant. The structure of the spatial and temporal scales 
leads to the hypothesis that these modes are to be associated with periodic Agulhas 
front movements, culminating in the formation of the Agulhas rings. Sharp changes 
(pulses) in the stability of the sea level pattem give an indication of the time a ring 
is pinched off. A number of 18 (±2) pulses over the 3-year period was found in 
which an anomaly in the average decoITelation time occuITed. If these pulses really 
can be attributed to the formation of Agulhas rings, they are of great importance in 
the study of the large-scale circulation, because these rings contribute significantly 
to the energy and freshwater flux between the Indian Ocean and the South Atlantic. 

The next logical step in analyzing altimeter data is to compare the results with the 
results from analyzing a contemporary oceanographic model. The ocean variability 
in the major western boundary CUITent systems of the Southern Ocean was studied 
by comparing results from the United Kingdom Fine Resolution Antarctic Model 
(FRAM) to 3 years worth of GEOSAT data [30]. For this purpose, several analysis 
techniques, like harmonic analysis, principal component analysis, and principal 
oscillating pattern analysis, were applied to both the modeled sea levels and the real 
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ocean altimeter data. The results from the analysis of the altimeter observations were 
verified, and the interpretation of the GEOSA T data in the three southern ocean 
western boundary systems could be improved significantly. 

The hypothesis that ring formations can be catalogued and studied from variations 
in the decorrelation time of successive sea level anomaly fields, is confirmed by 
FRAM. Applying the techniques to altimeter data of the Agulhas, Brazil/Malvinas, 
and East Australian Currents showed that regular ring formations take place, roughly 
every 100, 150, and 130 days, respectively. The first period is close to the empirical 
value of 14 weeks shown in Figure 6.4. FRAM only generates periodic ring 
formations in the Agulhas and East Australian Current, both with a very regular 
125-130 days period. This period is clearly a model favored harmonie (1/3 year) 
which is however sufficiently close to the ground-truth altimeter observations. 

Figure 6.5 Sea surface variability in the North Atlantic as computed lrom two years ol 
GEOSAT data. 

6.3.3 Oceanographic results of the North Atlantic 

Figure 6.5 shows for the North Atlantic the sea surface variability computed from 2 
years of GEOSA T data (November 1986 to November 1988). It ranges from 6 cm 
in the Atlantic Basin, west of Africa, to about 40 cm in the Gulf Stream and Gulf of 
Mexico. The highe st variability levels can be associated with the shifting positions 
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of the core of the Gulf Stream and Gulf Stream Extension, and the formation and 
motion of Gulf Stream eddies. These eddies are pinched off from Gulf Stream 
meanders both to the north (anticyclonic: warm-core) and to the south (cyclonic: 
cold-core). High variability is also found where the cold waters of the Labrador 
Current interacts with the warmer Gulf Stream water. Remarkable is the fact that 
almost no variability exists over the Grand Banks, which indicates that the motion 
of eddies here is confined to the deeper parts of the ocean. 
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Figure 6.6 Observed eddy trajectories in the North-west Atlantic 
from GEOSAT data. 

The variability associated with the Gulf Stream seems to bifurcate southeast of the 
Grand Banks. One broad branch extends to the southeast, a narrower and more 
energetic branch of variability extends northward. The southeastward branch consists 
of a recirculation component which flows back along the Gulf Stream itself and an 
eastward component extending over the Mid-Atlantic Ridge south of the Azores 
feeding the Canary Current. The activity in this area may be caused by the 
propagation of Rossby waves. The high levels of sea surface variability that occur 
in a band between Scotland and Iceland were at first thought to be due to the shifting 
positions of the thermal front between the Arctic and Atlantic waters. Analyzing time 
series of the differences from the mean sea surface, based on GEOSAT data, learned 



Ocean Currents and Gravity Field from Altlmetry 83 

that a strong semi-annual signal is present in this area, which was identified as a M2 
tide error aliased close to the annual cycle. Tide modeling errors also are to be 
expected in shallow waters, for in stance near the British and northem Canadian isles 

and in the North Sea. 

For the western part of the North Atlantic time series of the relative flow field were 
computed from the GEOSAT data and the resulting grids were studied in detail. 
Figure 6.6 shows the observed trajectories of 6 large cyclonic and 2 large 
anticyclonic eddies. The eddy diameters range from 50 km to 250 km. Apparently, 
the motion of these Gulf Stream eddies is generally westward. At fITst sight this 
might look a bit strange, because the main stream flows eastward. However, it is in 
agreement with fluid dynamics [31] and this behavior has already been observed 
from drifting buoys and infrared images. The lifetime of the observed Gulf Stream 
eddies is rather short. It was found that most of the eddies are absorbed again by the 
Gulf Stream after a few months. Typical translation and rotation veloeities that have 
been found are 4 cm/s and 30 cm/s, respectively. Unlike the behavior of the above­
mentioned Agulhas Eddies, there is no clear decay in time; eddy "G" was even found 
to gain vorticity. This must be due to interaction with Gulf Stream meanders. No 
evidence was found for a correlation between eddy translation velocity and rotation 
veIocity. Although, in theory there should be a correlation, this result was not 
surprising, because the eddy propagation depends on the eddy behavior itself 
(vorticity, merging, instability, pulsation, nutation, Rossby wave generation, etc.), on 
the influence of the surrounding fluid, and on the presence of ocean bottom 
topography. 

The same kind of analysis was repeated when ERS-l became available and resulted 
in similar results. Figure 6.7 presents a relative flow field for part of the North 
Atlantic on 24 June 1992 (left panel). The z-component of the rotation of the velocity 
grid, also referred to as relative vorticity, is plotted in the right panel. The contour 
interval is 0.2 x 10.5 

S'l, and the dashed lines indicate negative vorticity, and the solid 
ones positive vorticity. In these figures one can quite easily identify a number of 
cyclonic and anticyclonic features such as Gulf Stream rings and meanders. 

To study spatial scale characteristics of the sea surface currents in the North Atlantic, 
mean wavenumber spectra were derived from 5 months worth of ERS-I data. For 
two 15° x 15° areas, one representing an energetic area (Gulf Stream area) and one 
representing a less energetic area (Azores area), spectral analysis was perforrned on 
the reIative sea heights in the norrnal points along each track passing the area. This 
was done for ascending and descending tracks separately. However, the difference 
between the two did not reveal any significant anisotropie effects, and the results 
were combined. Figure 6.8 presents the spectra for the two areas. For both areas a 
white noise level of approximately 300 cm2jcycle/km ('" 5 cm) is found for 
wavelengths below some 50 km. Interesting differences, however, are to be found in 
the red part of the spectrum between 80 and 500 km wavelength. The difference in 
the spectrum slope indicates a difference in the mechanism of eddy energy 
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Figure 6.7 Relative flow field (Ieft) and relative vorticity (right) on 24 June 1992 based on 
ERS-1 data. 

generation. In the Gulf Stream area a possible mechanism is the instability of the 
mean eurrents eausing turbuIenee, whereas in the Azores area a more plausible 
meehanism is wind foreing. 
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Figure 6.8 Spatial power density plots tor two areas in the North Atlantic based on 
ERS-1 data. 

6.3.4 Global oceanographic results 

A mean long-wavelength dynamie oeean topography model is shown in Figure 6.9 
on page 86. It is based on the first ten lO-day repeat eycles of the TOPEX/Poseidon 
mission. For every eycle a spherieal harmonie model of the semi-permanent dynamie 
oeean topography up to degree and order 20 was eomputed using the integrated 
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approach mentioned in Section 6.2.4. The constraints applied to the models come 
from the degree variances of the Levitus model which is based on 75 years of 
hydrographical data. This forces the solution to be close to zero over land. The mean 
dynamic topography, computed from the ten individual solutions, was mapped on a 
globe and is viewed here from four different angles. Bearing in mind that the water 
flows along the lines of constant height (similar to the atmosphere, where wind blows 
along lines of constant pressure), we notice many known features of the global ocean 
circulation like the Circumpolar current and the western boundary currents: the Gulf 
Stream in the Northwest Atlantic, the Kuro Shio in the Northwest Pacific, the 
Agulhas Current in the West-Indian Ocean, and the Brazil Current in the Southwest 
Atlantic. 

When time series of such dynamic topography models are studied, the evolution of 
currents can be monitored and ocean phenomena like El Nifio can be observed. For 
this purpose computer animations out of sequences of the dynamic ocean topography 
were made. In addition, sec uI ar changes in the first parameter of the initial state error 
or bias give insight in changes in global sea level. It will be clear, that one must be 
very cautious in choosing the different constraints to stabilize the solutions, if 
phenomena are studied that have an amplitude of a coup Ie of centimeters. Also a 
better a priori gravity model or a more precise satellite orbit is a prerequisite; better 
than 5 cm, the challenge for the near future. 

Recently, another study was perlormed to obtain the mean dynamic topography from 
horizontal eddy fluxes derived from altimeter measurements [32]. A method based 
on the quasigeostrophic instability theory [33] was developed to estimate the mean 
topography from its observed fluctuations in time or tempora I variability. Basic 
turbulence cJosure (K-theory) was applied to express the unknown mean relative 
vorticity gradients in terms of relative vorticity flux es. The mean potential vorticity 
can than be calculated, from which the mean topography can be derived. For the 
boundary conditions an a priori mean topography modellike Levitus' model can be 
used. In contrast to the previous method it is possible to arrive at a higher spatial 
resolution for the mean topography. Subsequently, this field can be merged with the 
eddy field, i.e., relative dynamic topography, to be able to derive the total 

geostrophic surlace velocity field. In this manner a rigorous improvement in 
oceanographic interpretation of the ocean dynamic topography can be achieved. At 
the same time, due to a better knowledge of the ocean circulation, an improvement 
of geoid models in the wavelengths between 200 and 2000 km is expected. 

6.4 Altimetry and gravity field research 

Figure 6.10 shows for the North Atlantic a mean sea surface model illuminated from 
the northwest. This model is based on five months of ERS-l data (8 April to 19 
September 1992). Areas with no data or data over land are coded black. Because of 
the den se pattem of the ERS-I satellite ground tracks the spatial resolution is very 
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high and many bathymetric features can be identified in more detail than from a 
3-years averaged GEOSAT mean sea surface. The steep edge of the American 
Continental Plateau can be seen all along the American East Coast, from the Grand 
Banks of New Foundland to the Puerto Rieo Trench. Evidently, islands (Bermuda, 
Canary Islands, Azores, Cape Verde Islands) on the tops of largely submarine 
mountains cause the sea surface to sloop. Also submarine mountains at large depths, 
such as the New England Sea Mount Chain can be seen in front of the American 
coast near New York. The depth of the mountain tops varies from 1500 to 2500 
meters in the 5000 meter deep North American Basin. 

Figure 6.9 Mean large-scale dynamic ocean topography model based on TOPEXlPoseidon 
data. The model is viewed from four angles. 

The most striking feature is the Mid-Atlantic Ridge running vertically through the 
picture from Iceland down. Clearly, the ridge is intersected by many fracture zones. 
The large st of them, the Gibbs Fracture Zone, splitting the Reykjanes Ridge from the 
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rest of the Mid-Atlantic Ridge, runs all the way from the Labrador Sea to the edge 
of the European Continental Shelf. Apparently, the fracture zone is rather wide and 
has a U-shaped cross-section. Apart from the smaller Oceanographer and Atlantis 
Fracture Zones, the Cape Verde Fracture Zone is quite interesting, as it appears to 
have a very fine extension throughout the Cape Verde Basin. There is also a 
noticeable difference in the texture between the rough mountainous areas and the 
smooth 5000 to 6000 meter deep Canary, Cape Verde and North American Basins. 
Even the Bermuda Rise seems to be more rough than its deeper surroundings. 
Moreover, the Reykjanes Ridge seems to have a structure which is quite unlike the 
rest of the Mid-Atlantic Ridge. 

Figure 6.10 ERS-1 Mean sea sur1ace covering the North Atlantic Ocean. 

Another region of interest is the North Sea; a relatively shallow sea surrounded by 

land masses, covering part of the European Continental Shelf. Altimeter data from 
three satellites have been combined and processed through crossover difference 
minimization; i.e., three years of GEOSAT data (Nov. 1986 - Nov. 1989), more than 
one year of ERS-l data (April 1992 - J une 1993), and 7 months of TOPEX/Poseidon 
data (September 1992 - April 1993). The combination of the data resulted in a very 
dense network of satellite ground tracks, and therefore a very high spatial resolution 
of sea height measurements. In addition, the large number of tracks resulted in a 
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large amount of crossovers. It will be clear that this is beneficial for the least-squares 
rninirnization. The applied tide model is a local model for the North-east AtIantic and 
North Sea, obtained from the Proudman Oceanographic Laboratory [34] . 
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Figure 6.11 Gravity anomaly map ot the North Sea as 
computed trom GEOSAT, ERS-1 and TOPEXlPoseidon 
altimeter data. Contours plotted at 5 mgals interval. 

Figure 6.11 gives a gravity anomaly map of the North Sea. It was computed from the 
mean sea heights at the normal points as discussed in Section 6.2.5, by applying the 
functional relation between geoid and gravity anomaly in the objective mapping 
scheme. A comparison with a map based on ship gravimetrie data shows excellent 
correspondence. As a matter of fact, due to the dense coverage of the altimeter data 
more detail is obtained from the altimetric gravity. It is interesting to know th at the 
bathymetry is quite flat in this area, which means that most of the undulations we see 
in Figure 6.11 are due to mass fluctuations beneath the ocean bottom. When the 
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mean sea surface is compared with a geological map of the same area, a correlation 
with geological structures that were formed several million years ago is noticed. 
Visible are, for instance, some faults like the Hom Graben, the Central Graben and 

the Viking Graben. These faults were later filled with sediment and can therefore not 
be detected from bathymetry only. However, also a few bathymetric features are 
present like the Grandpian High, The Ringkobing-fyn High, and the Brabant Massive. 

For the gravity field research, also other techniques have been developed that create 
grids of geoid heights and gravity anomalies from the altimetric sea heights [35] . 
At fust, these developments were based on the inverse Stokes' formulation in 
combination with an appropriate interpolation method. Later, it seemed more 
profitable to obtain the along-track fust derivatives of the potential and combine 
those to gravity anomalies by means of an inverse Vening Meinesz forrnulation 
[36,37]. Both methods rely on a proper evaluation of the integral equations and 
on a sensible choice of aprediction technique. The evaluation should, in principle, 
be carried out over the entire world, but in practice it is restricted to regional or even 
local computations. That the prediction technique is very important is due to the 
specific spatial sampling characteristics of the altimeter: a high resolution along-track, 
but low in cross-track direction. To exclude the subjectivity of objective interpolation 
techniques, we tried to extract information about the vertical component of the 
gravity field in an altemative way. 

In theory the vertical component can be deduced from along-track second derivatives 
of the geoid profil es. The combination of two orthogonal horizontal components at 
a crossover point yields the gravity gradient through Laplace's formula [38]. The 
satellite tracks at a crossover do not intersect orthogonally, so th at Laplace 's equation 
for a loc al oblique frame has to be used. This means the inc1usion of two additional 
terms consisting of cross components depending on both directions, and a factor 
depending on the angle of intersection. The theoretical framework of this method is 
rather simple being based on this local formula. This in contrast to the methods 
mentioned before. Furthermore, no gridding or interpolation is involved. The 
pointwise evaluation at the crossovers is advantageous near coasts and in c10sed 
basins, where conventional two-dimensional integration techniques fail, and also in 
case data from different satellites are combined. Nevertheless, not the gravity 
anomaly is obtained but the vertical gravity gradient which cannot be compared 
directly with ship gravimetric data. So, the anomalies have to be derived in a 
additional step, if desired. 

To validate the implementation of the method and to show its feasibility, a first test 
with SEASAT data was carried out. Since in each differentiation step the noise is 
amplified, a proper filter has to be chosen. For this purpose, Fourier techniques, with 
simple differential operations and filters in the frequency domain, and smoothing 
splines, with the best approximation properties, have been tested thoroughly. This 
resulted in a preference for optimal smoothing splines, because point standard 
deviations and non-regular data sampling can easily be inc1uded, and a continuous 
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smoothed function value, its fITst and second derivative, can be extracted at every 
point. In addition, no trends have to be removed and restored like in discrete Fourier 
transformations. 
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Figure 6.12 Along-track second derivatives of the potential from GEOSAT altimeter 
data (top: descending tracks, bottom: ascending tracks). 
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Figure 6.13 Topography and bathymetry in m. (top) and its topographic-isostatic contribution 
to the geoid in m. (bottom). 
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The degree of smoothing for every individual sea height profile is determined by the 
method of Oeneralized Cross Validation (OCV) as pro~osed by [39]. A fITSt simple 
implementation of the iterative search for the minimum of the OCV function, which 
corresponds to the optimal degree of smoothing, appe, red to take up far too much 
computer time. Therefore, the implementation was optimized using a moving inverse 
instead of the real inverse. This approximation has led tp a 30 times faster algorithm 
with a maximum deviation of 0.001 in the smoothing parameter, which generally lies 
between 0.5 and 1.5 for altimetry. The associated maximr m change in the along-track 
second derivatives is 0.02 E (1 E = 1O-9/sec2), which is negligible compared to the 
overall precision of the computation of 0.9 E. The O~V procedure appears to be 
rather sensitive for blunders in both data and standard deviations, so that six more 

or less robust tests had to be designed to eliminate thos~ erroneous data. A practical 
drawback of smoothing splines is that originally no error propagation was available. 
Therefore, we developed and implemented this error p~pagation ourselves [40]. 

Af ter the test with SEASAT data, OEOSAT data, cov9ring the lndonesian Waters, 
were processed. Per individu al track 3-5 % of the observations was rejected. This 
number seemed to be correlated with the percentage of ~urrounding obstacles along­
track, like islands. Obviously, islands have an influence on various corrections, like 
humidity, pressure, temperature or tides. From 3 years worth of data we derived, 
along-track, the mean sea height profiles, the deflections of the vertical, and the 
second derivatives. The relative precision of these Iquantities is estimated at, 
respectively, 1.7 cm, 0.5 ).lrad ("" 0.5 mgal), and 0.9 E. The results for the second 
derivatives for ascending and descending tracks are sh01n in Figure 6.12. Due to the 
nature of the second derivatives, displaying only local variations of the gravity field, 
one can easily recognize the signature of the deep tren~h south of Java. The trench 
is more distinct in the descending tracks sin ce these cross the trench almost 
perpendicular. The repeatability of yearly averaged profiles can be examined from 
the difference between the yearS and the point precision. It appeared that the 
differences between the mean sea surfaces, the first derivatives, and the second 

I 

derivatives remain within a ± 1.950' error margin. Details preserved in the second 
derivative reflect information from all wavelengths o~ the gravity field down to 
22.5 km where the signal to noise ratio becomes one. This indicates that the method 
is capable of filtering the signal adequately to obtain g~od signal to noise ratio for 

I 

mean sea surface heights, mean first and second along-track derivatives. At the same 
time, it is able to preserve as much signal as possible, e~en in the high frequencies. 

In cooperation with Norsk Hydro Research Centre one ~ear of ERS-l 35-day repeat 
data have been processed to obtain gravity gradients in the Barents Sea in a similar 
way. The high inclination of the ERS-l orbit offered the unique possibility to study 
an area that was not yet covered by other altimeter satellites. The average precision 
of the computed mean sea height profil es could be estimated at about 4 cm, whereas 
the vertical deflections have a precision of about 1.2 ).lra~ , and the second derivatives 
of 2.1 E. The difference in quality between the OEOSAjr and ERS-I results can be 
explained by the difference in the number of repeated tracks. The ratio of the 
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empirically determined variances of the combinations Nxx and Nyy, and Nxy and Nyx, 

and of Nzz, follows largely the theoretical rule from gradiometry. For the sake of 
completeness; N represents the geoid height, and subscript xx the dldx2

, and so on. 

Finally, to study geology from the gravity field quantities as computed from altimeter 
data, a first attempt was made to model the anomalous potential field, and the 
corresponding attraction, solely caused by the isostatically compensated bathymetry, 
according to a Airy-Heiskanen isostatic model. Newton's law of attraction was 
evaluated in terms of spherical harmonies representing the so-called equivalent rock 
topography. This corresponds with topography on land and bathymetry at se a, where 
the sea is filled with solid rock so that equal rock density is used on land and sea. 
An expansion based on this equivalent rock topography and isostasy was developed 
up to degree and order 180, corresponding with l°x 1 ° a grid. The bathymetry for 
the North Atlantic and its topographic-isostatic contribution to the geoid is shown in 
Figure 6.13 on page 91. The height values range respectively from -6200 m to 2700 
m, and from -1 m to 19 m. The fine topography and its compensation up to 5'x 5' 
was subsequently obtained from a three dimensional layered model solved by 
numerical integration in the z direction and by two dimensional FFT in the x,y 
planes [41]. This model needs to be extended for all flIst and second derivatives 
of the potentialor geoid, so that all altimetry results mentioned above can be 
corrected for the bathymetric attraction. The remaining signal displays geological 
phenomena like fractures or density distributions. 
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7 Gravity field 

The general mathematical theory of the determination of the gravity field was studied 
to get a better understanding how the different measurement types relate to the 
gravity field. Specific tests have been carried out to evaluate the possible contribution 
to the knowledge of the gravity field that can be determined from satellite 
gradiometry. For direct application in practice, numerical improvements were made 
in the field of geoid determination. 

7.1 Gravity field theory 

For the determination of the earth's gravity field many types of observations are 
available nowadays: e.g., terrestrial gravimetry, airborne gravimetry, satellite to 
satellite tracIcing (SST) and (satellite) gradiometry. The mathematica! connection 
between these observables, the gravity field and the shape of the earth is called the 
geode tic boundary value problem (GBVP). In its classica! form the problem is 
defined as the determination of the gravity potential and the shape of the earth from 
the observations of the gravity vector and potentiaion the earth' s surface. With the 
introduction of new measurement techniques other formulations of the GBVP were 
developed. The goal is to include all observations available, of different type, quality 
and density into one optimal solution of the earth' s gravity field. Furthermore a 
possibility is required to evaluate the contribution to the knowledge of the gravity 
field of future measurement campaigns. 

7.1.1 Theory 

Studies in the field of geodetic boundary va!ue problems are presented below for the 
real earth and an irnaginary two-dimensional version. 

General 

The theory of the determination of the shape of the earth and its gravity field is 
based on solving a non-linear free boundary value problem from continuous boundary 
functions. Since a direct solution cannot be found, approximate solutions have to be 
used; if desired improved by means of an iteration procedure. 

Usually the tools of potential theory are applied for the derivation of the solution. In 
Delft, however, solutions were sought along a new line. A GBVP, simplified in the 
coefficients of the boundary operator (the earth's surface and the equipotential 
surfaces are approximated by a sphere), is formulated as a system of observation 
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equations, with the coefficients of a series expansion for the disturbing potential as 
unknowns, which are solved by a least-squares adjustment. If real (discrete) 
observations are introduced the system has to be solved numerically. A closed 
solution can be obtained for the limiting case: a complete, continuous coverage of 
the earth' s boundary by observation functions. These solutions are identical to those 
obtained by the classical methods of potential theory for the problem formulated with 
the same degree of approximation, e.g., the well-known Stokes integral. Not only 
solutions were obtained for combinations of observables, where none was available 
up to now, e.g., the determination of the potentiaI solely from the deflections of the 
verticaI [1], but this new formulation aIso gives more insight into the OBVP by 
clearly separating the known and unknown parameters and connecting them by a 
matrix equation. 

With this approach new types of observations can be easily incorporated. Also the 
overdetermined OBVP can be solved aIong the same lines with convolution integrals 
and by introducing relative weights between the incorporated types of observables. 
In this way a complete structure has been established providing the relationship 
between all kinds of observables and the solution for the gravity potential. Simple 

and exact analytical solutions could only be found for the modified GBVP (the 
spherical approximation) and only with continuous observations on the boundary, but 
the level of approximation is suitable for most applications. Usually an interpolation 
step is made before applying the integral operators, e.g. least-squares interpolation. 
A more accurate solution can be obtained by an iteration. Basically this is based on 
the series expansion for the inverse of a matrix; occasionally referred to as a 
Neumann series. It can be implemented as a direct iteration or by means of 
correction terms to the original solution. 

The formulation of the OBVP as a system of !inear observation equations makes 
error prediction straightforward. If a priori (co)variances for the observations are 
known, the inverse normal matrix directly yields the error estimates for the potential 
coefficients to be deterrnined. Also for the (inverse) normal matrix analytical 
expressions are available. 

Two-dimensional earth 

The transition from a discrete OBVP (which we have with real data) to the 
continuo us OBVP (for which in some cases a solution exists) gives, although not yet 
mathematically rigorous, aconnection between the practical situation and the 
idealization. The OBVP is closely related to (smoothing) collocation, for which 
convergence of the solution to the OBVP solution was proven by Krarup [2] . 

The work on the theory of the OBVP was mainly concentrated on a study of the 
OBVP for an (hypothetical) two-dimensional earth [3] . It seemed attractive to try 

the same concept as demonstrated above on a two-dimensional earth. This two-
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dimensional earth is not aplanar approximation of the curved boundary of the real 
earth, but a complete two-dimensional world with an one-dimensional boundary, as 

used in [4,5]. This hypothetical earth can be imagined as an infinitely thin slice of 
the real earth through its center and poles. The two-dimensional earth has a number 
of advantages over the three-dimensional one. The reduction of the dimension by one 
releases us from awkward things such as meridian convergence, azimuths and 
Legendre functions. Strong mathematical tools are available: conformal mapping, 
used by Gerontopoulos for his solutions to the two dimensional GBVP, the theory 
of complex numbers and Fourier series. The extensive literature on time series, with 
well-formulated theorems on sampling, discrete and contÏnuous signals, averaging and 
noise modelling, can be applied to the GBVP. The formulae are simpIer and more 
compact, because of the reduction of the number of parameters. This facilitates not 
only the interpretation of the formulae, but also the implementation of numerical 
tests. 

(I) 

I 

l"­
N 
I 

Polor series 

Elliplical series 

Degree 

Figure 7.1 The error power spectra of the solved two dimensional 
potential coefficients with two types of series in a simulation run. 

First the GBVP is formulated as for the three-dimensional earth, and its solutions 
were derived. For the improvement of the initial solution an iteration method was 
developed. The theory was validated by means of numerical simulations. A two­
dimensional earth with a gravity field was synthesized and its GBVP solved by 
means of the various methods. It was demonstrated th at iteration is a feasible way 
to get more accurate solutions. The convergence of the iteration mainly depends on 
the data quality and the level of approximation of the GBVP. For solutions of the 
potential up to high degree, convergence can be greatly improved by the use of 
elliptical harmonies; see Figure 7.1. Comparison of the error in the potential 
coefficients, obtained from the simulations, with simple analytical formulae for error 
prediction as proposed in [6], showed good agreement at the two. 
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7.1.2 Signal and noise prediction 

For the judgement of the contribution of the various types of observation to the 

improvement of the knowledge of the earth's gravity field, error propagation is 

mandatory. Rigorous error prediction is of ten possible, but usually time-consuming 
and not required. Therefore approximate, more simp Ie relations are employed. 

Most quantities of interest for gravity field determination can be related with 
reasonable accuracy by linear operators. The measurable quantities are (at the level 
of spherical and constant radius approximation) linear functionals of the fundamental 
unknown, the earth' s gravity (disturbance) potential. Their natural field representation 
is in terms of an infinite spherical harmonie series. With the spherical harmonies as 
system of eigenfunctions the eigenvalue representation of the linear operators is de­
rived, and consequently the spectral connection among all (measurable) linear gravity 
functionals. Error prediction is performed most easily by covarianee propagation. 

If the covarianee functions are homogeneous and isotropie (not dependent on position 

and the azimuth), they can be propagated by multiplying their spectral coefficients 
with the square of the eigenvalue of the corresponding operator. If for one quantity 
related to the gravity field a signal power spectrum model is available, e.g. Kaula's 
rule for the disturbing potential, the signal power spectrum for the other quantities 
can be obtained directly. By comparing signal and error power spectra of the 
measurements, predictions can be made of the resolution and accuracy of the gravity 
field as computed from the observed values. 

The operators connecting the disturbing potential and its radial derivatives and the 
operators to get the disturbing potential at a different height, have the spherical 
harmonies as eigenfunctions and are fully determined by their eigenvalues. This leads 
to the scheme as shown in Figure 7.2. First ideas in these directions are given 
in [7]. Also quantities like gravity anomalies or geoid heights can be incorporated 
since they are a linear combination of Tand aT/ar. 

It was more difficult for the operators involving horizontal differentiation. Since they 
are generally azimuth dependent, the spherical harmonies are not their eigenfunctions 
so an eigenvalue representation is not directly feasible. An incorporation of 
deflections of the vertical into the scheme of Figure 7.2, which are the horizontal 
derivatives of the potential in the spherical approximation, was achieved by 
combining them into a vector, the surface gradient. If th is combination is available 
in each point and both components carry the same weight in the adjustment, the 
solution of their GBVP is again a convolution integral. Also second order derivatives 
of the potential involving horizontal differentiation could only be included into the 
scheme if they are available in combinations. 

More mathematically it can be explained as follows. The operators for radial 
differentiation are self-adjoint and isotropic. They have the spherical harmonies as 
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their eigenfunctions. For tangent vector fields (tangent to the sphere) a similar 
structure exists. Their basefunctions are related to the spherical harmonies by 
applying the surface gradient operator to them. These vectorial spherical harmonies 
form a complete and orthonormal set of basefunctions for tangent vector fields. For 
the complete vector of fITst derivatives of the potential, a set of vectorial 
basefunctions is required with three elements. It consists of the scalar spherieal 
harmonies for the radial part of the vector and zero's for the other two elements and 
a second set with a zero for the radial part and the vector spherical harmonies as the 
other two elements. 

Figure 7.2 Approximate relations between the power spectra ol the 
zero, lirst and second order derivatives ol the gravity potential. 

For the second derivates of the potential, the gradients of the gravity vector, the 
tensorial spherical harmonies form a complete and orthonormal system for second­
order tensor fields on the sphere. Three sets of these harmonies (they are identical 
to the pure-spin harmonies known from physics) form a complete and orthonormal 

basis for second-order tensor functions on the sphere. 

In practice the assumptions of isotropy and homogeneity of the (error)covariance 
function will never be met; inhomogeneities in the data quality and distribution are 
almost inevitable. The operator equations are also based on the assumption of 
continuous data distribution. If the data distribution is fairly regular and 

homogeneous of quality, these assumptions are not too far from reality and the 
scheme can be used for error prediction. But we do have to design the error models 
in such a way th at they reflect the actual data quality as good as possible within the 
limits defined before. This was studied in more detail, and especially the results for 
satel!ite data were very promising. Comparison to more sophisticated error 
propagation yielded only smal! differences. However, irregular data distribution, such 

I i ., ft , I I i \ , ,ij i ft! j. ,u I 
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as caused by the polar caps with satellite missions, or the availability of land data on 
continents only, and effects like aliasing, cannot be represented properly by the 

existing models. It will have our attention in the next phase. 

7.1.3 Computational aspects 

Further progress has been made in the field of global spherical harmonie analysis and 
synthesis. By re-exanumng old german literature, Gauss [8,9] and 
Neumann [10,11] , recent advances in global spherical harmonie analysis could 
be placed in a more historical perspective. More specific, the independent treatment 
of latitude and longitude information, which allows for very efficient algorithms, was 
discussed and applied already in this old literature. Furthermore a remedy was found 
for the loss of orthogonality of Legendre polynomials af ter discretization. One of the 
approaches is the use of Gauss-Legendre quadrature as known in numerical analysis. 
The solutions that were found make use of special quadrature weights, which can be 
computed even for high sampling rate along the meridians. e.g. latitude sampling 
.11.9 = n:/360 or n:/720. The adaptions of Neumann ' s methods, necessary for the 
computation, were found in the meteorological literature [12]. 

In conclusion, this research has led to a deeper understanding of global spherical 
harmonie analysis of functions on a sphere, which are given on a regular grid. The 
Neumann methods, and in general other quadrature methods as weil, could be fit into 
a generalized framework of a weighted least squares approach towards spherical 
harmonie computation [13,14,15]. 

7.2 Gravity field determination 

In preparation of the altimetric satellite missions TOPEX/Poseidon and ERS-I a 
whole new generation of geopotential models was computed. Examples are the 
TEG-2 model of the University of Texas at Austin, GEM-Tl to GEM-TI of NASA's 
Goddard Space Flight Center, JGM-l and JGM-2 as the joint effort of these two 
groups, and GRIM4-S 1 and GRIM4-C 1 of the GermanfFrench DGFI/GRGS combi­
nation. Characteristic to the fields represented by these models is that all program 
parts were carefully evaluated and improved, more data from measurements to more 
satellites was included and a thorough error assessment took place. These models 
serve as current standard of satellite based gravitational field modelling. On the other 
hand, applications in solid earth physics, oceanography, navigation, geodesy and 
surveying still require more detailed and accurate information about the gravitational 
field of the earth. lndeed there exist concepts to further improve our current 
knowledge of the earth 's gravitational field in terms of resolution and accuracy. New 
to these concepts is that they are based on a single dedicated gravity field satellite 
mission. The question thus arises whether such an expectation is well-founded or, 
more genera!, where does geopotential modelling by satellites go to? 
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With good approximation, a satellite orbiting the earth can be considered a harmonie 
oscillator. lts two eigen-modes are the zero and once-per-revolution frequency. Any 
structure of the earth' s gravity field contributing to these eigen-modes causes 

relatively large perturbations on the satellite's orbit. For example, when expressing 

the gravity field in a series of spherical harmonics with corresponding potential 
coefficients, we observe that the main orbit perturbations are caused by certain 
clusters of potential coefficients, namely those that contribute to the above two 
resonance frequencies. Coefficients outside the resonance bands have a much smaller, 
e.g. short periodic, effect on the orbit [16]. Typically a satellite is tracked at most 
10 to 15 % of a fuIl revolution. This is sufficient to deterrnine the zero and once-per­
revolution frequency. Consequently the potential coefficients close to the resonance 
bands can be deterrnÏned very weIl. However, tracking density and precision do not 
suffice to reproduce the short-periodic orbital motions related to the potential 
coefficients outside the resonance bands. For geopotential modelling the consequence 
is that only certain clusters of coefficients are weU estimable. Of course, by using 
several sateUites covering a wide range of altitudes, inclinations and eccentricities the 
range of estimable potential coefficients becomes wider, but in tendency the above 
rule remains valid. 

As a remedy, in order to obtain from the estimation procedure also some results for 
the non-resonant coefficients, a priori information is introduced into the adjustment 
process of geopotential modelling. Of ten the a priori values of the potential coeffi­
cients are considered to be zero, while their varianee is described by some signal 
degree-variance model. This varianee is added to the normal matrix of the least­
squares adjustment procedure. The result is that certain groups of coefficients (e.g. 
the non-resonant) are deterrnined solely by a priori information, carrying little or no 
relevant sateUite information, whereas others (e.g. the coefficients in the resonance 
bands) are deterrnined partly from the a priori information and mainly by satellite 
information [17]. In conclusion the expectation is that along the traditional path 
of satellite orbit tracking and analysis no significant further improvement of the 
geopotential models can be achieved any more. The natural limit has almost been 
reached. Thus, how must one proceed in the future? 

New microwave tracking concepts, such as DORIS and PRARE, are not only aiming 
at greater precision but also at a ground tracking coverage of up to 80 to 90 % of a 
full revolution. Then short wavelength features in the orbit tend to get vi si bIe. The 
traditional limitation sketched above gets overcome. This is even more the case for 
the method of space-borne GPS, where a low-flying satellite, carrying one or more 
GPS receivers, is tracked simultaneously by several high-flying GPS satellites (what 
is called SST: Satellite-to-SateIlite Tracking). With this method we have continuous 
measurement coverage so the complete sateIlite orbit (fuIl revolutions) can be 
determined. For maximum precision the GPS measurements are carried out in the 
differential mode, relative to some network of selected ground stations. With 
TOPEXlPoseidon (TIP) this method is actuaIly tested for the first time. 
Unfortunately, the TIP sateIlite is not drag-free, hen ce the problem remains of 
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separating gravitational from non-gravitational (air drag, solar radiation pressure, etc.) 
accelerations. 

In the case of SST it is, in fact, the relative motion between high and low satellites 
in the direction of their line of sight which is measured. With satellite gravity 
gradiometry (SOO), however, instead of the orbit the tiny differential accelerations 
between adjacent test masses inside a spacecraft are the principle observables. FIOm 
these acceleration differences some or all of the nine elements of the gravitational 
tensor ëfv/ax'axi (of which only five are independent) are deduced. Typical for a 
differential accelerometry setup is the so-called common-mode rejection: linear 
disturbing accelerations due to e.g. air drag are to a large extent elirninated from the 
measurements by taking acceleration differences. Nevertheless, the existence of non­
gravitational accelerations like rotations and residual air drag, puts high demands on 
the applied technology. 

Both methods SST and SGG share the fact that (explicitly or irnplicitly) gravitational 
variations between the trajectories of two or more masses moving in space are 
analyzed. In the case of SST (space-bome OPS) these masses are separate satellites 

and the distances between them are relatively large. This makes SST especially 
suitable for determination of the long and medium wavelengths of the gravitational 
field. With SGG the masses are two or more small test-masses situated inside one 
satellite at a typical di stance of about 50 to 100 cm. So, SGG is weIl suited for the 
determination of small wavelength features of the gravity field. Both techniques are 
thus complementary and the combination of the two on one satellite yields a very 
prornising mission concept for global gravity field determination [18,19,20]. 

Until now, two missions have been proposed by ESA: ARISTOTELES and STEP, 
the latter in cooperation with NASA, none of them was realised. 

Thus the general trend for gravity field deterrnination from space is to track a 
satellite with very high sample rate and uninterrupted, ideally throughout its mission 
life time. In conjunction with a low altitude and an almost pol ar and circular orbit, 
all spherical harmonics up to a certain maximum degree become estirnabie, in 
principle. Higher spatial resolution can be attained by not only following the orbit 
of one satellite but by means of space-bome GPS and/or SGG. 

7.2.1 Spherical harmonie analysis and synthesis 

The resolution of the gravity field to be obtained from such a dedicated gravity field 
mission is expected to be much higher than the resolution of current geopotential 
modeis. Typically one can think of a maximum degree and order of 200-300 in terms 
of a spherical hannonic expansion of the gravitational potential. For example, a 
maximum degree of 200 imp lies a total number of some 40,000 potential coefficients. 
Numerical computations with such huge series are very time consuming and put high 
demands on the software as weIl as the hardware. For such computations one usually 
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makes use of geopotential models up to high maximum degree, typically 180 or 360 
like the OSU models from the Ohio State University, which are derived from 
combinations of data types like satellite orbit tracking, terrestrial gravity 
measurements, satellite altimetry and geophysical knowiedge. Although these kind 
of models suffer from inhomogeneity in precision they are of particular importance 
for simulation studies. 

In the past a considerable amount of effort was dedicated to the development of fast 
spherical harmonie synthesis and analysis software. For spherical harmonie synthesis 
(computation of potential functionals like gravity gradients from a priori given 
geopotential modeIs) up to high degree and order, software, especially tailored for 
use on vector computers, was developed. In terms of calculation speed this vectorized 
software seemed to be the most efficient [21]. Other computational methods exist, 
each with its own software and hardware related problems, like underflow, stability 
and computational speed. A comparative study in this field was performed with 
several software packages developed at different European centres [22]. Spherieal 
harmonie synthesis and analysis can be described in a rather dual manner and many 
of the problems related to synthesis play a role in analysis too. When using satellite 
observations, ho wever, two at first sight rather different approaches for the analysis 
step are possible. 

7.2.2 Timewise versus spacewise approach 

It is remarkable to observe that dynamic satellite geodesy and physical geodesy, 
although strongly cross-fertilizing from each other, developed as two rather indepen­
dent branches. No serious attempt for a unified theory of gravity field deterrnination 
has been undertaken. The former addresses gravitational field estimation from the 
solution of the equations of motion for earth orbiting satellites, the latter solves the 
gravitational field and the shape of the earth in the form of a boundary value problem 
with the earth's surface as known or unknown boundary. Gradiometric measurements 
are ideally suited for a study of the similarities and differences of these two 
approaches since they are on the one hand performed inside an earth orbiting satellite 
but on the other hand are direct functionals of the gravitational potential. 

Simply put, the main difference between the two approaches is that in physical 
geodesy observations are usually performed in a static measurement setup and are 
thus considered to be given as function of spatial position only whereas in dynamic 
satellite geodesy successive measurements performed in or to an earth orbiting 
satellite are considered a time series, i.e. being in the first place a function of time 
t. Appropriately the former is therefore called spacewise approach and the latter 
timewise approach. The main advantage of the spacewise approach (and really a 
disadvantage of the timewise approach) considers computation time. In the spacewise 
approach the millions of observations which are collected during a typical dedicated 
gravity field mission are usually comprised into a world-wide equi-angular grid. 
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Block averages are then used as derived observations in the actual analysis, 
decreasing the required computation time drastically. In the time-wise approach, 
however, each original observation has to be handled separately in the analysis. Other 
differences between the two approaches concern the geometry and the dynamical 
behaviour of the satellite orbit and the description of the instrument noise 
characteristics. 

The spacewise approach, in fact, fully coincides with the techniques well established 
in the field of physical geodesy. In this interpretation satellite gradiometry can be 
analyzed with the tools discussed in Section 7.1 [23]. For the tirnewise approach, 
on the other hand, the intimate relation to satellite perturbation theory is evident, as 
will be discussed below. This close connection of the timewise approach with orbit 
perturbation analysis, as usually applied in dynamic satellite geodesy, becomes even 
more pronounced if we look at a measured tensor component from a slightly different 
angle. In differential accelerometry, as it has to be applied within the ARISTOTELES 
mission, an arbitrary tensor component is measured by prohibiting two neighbouring 
test masses from their free motion (fall) in orbit and by constraining them to a fixed 
levitated position inside the instrument by means of some feedback mechanism. The 
feedback signal suitably differentiated is translated into the gradient measure. It 
permits reconstruction - or is equivalent to the measurement - of the relative 
acceleration between adjacent test masses in free fall at known distance, as discussed 
in [24]. Hence the signal could be modelled by means of perturbation theory of 
two neighbouring space trajectories. As the two trajectories are highly similar, their 
absolute shape and location is of les ser importance. The gradiometric information is 
concealed in their relative differences [25]. 

This view leads to a nice connection with the fundamental physics project STEP. 
There, the relative motion between two test masses is used to test the famous 
equivalence principle of gravitational and inertial mass (see also below). Satellite 
gradiometry viewed upon in this way thus bears close connections to the general 
theory of relativity. Indeed it can be shown that in relativistic terms the elements of 
the gravity gradient tensor exactly describe the curvature of four-dimensional 
spacetime [24,26,27]. In fact, the relativistic model for satellite gradiometry is 
based upon the same view as above, namely the so-called equation of geodesic devi­
ation, where the two adjacent test mass trajectories are considered as neighbouring 
geodesics in spacetime. 

Spacewise approach 

Consider first the satellite as a carrier of an instrument that delivers the gravitational 
tensor components lij at regular intervals. At each measurement epoch the spatial 
position of the instrument is expressed by the coordinate triple (cp , À , r} (geocentric 
spherical coordinates), representing the position of the satellite's center of mass, 
which is usually only known approximately. With each revolution of the spacecraft 
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a new circle of densely spaeed measurements is delivered. Depending on the choice 
of the orbit, in particular of the orbital inclination land the precession rate of its 
node n , an almost arbitrarily dense coverage of the earth can be achieved. With 

IJ cp , À , r) - or approxirnated IJ cp , À) if the height variation of the satellite can 
be neglected or all observations are reduced to one sphere a(O , r) - each tensor 
component represents a gravity related functional, given on a known (or unknown) 
boundary surface. The determination of the global gravity field in terms of spherical 
harmonies from such a functional is carried out by quadrature techniques or the 
solution of a geodetic boundary value problem (g.b.v.p.). For each gradiometric 
component, certain combinations of components and the full tensor, solutions of the 
g.b.v.p. have been computed. The approach is rather simpie, but the results agree 
weil with those from the timewise approach discussed below. A number of studies, 
in particular for error analysis, were based on this view. lts drawback is that the 
peculiarities of the actual satellite orbit, in particular resonances, and specific 
measurement error characteristics such as coloured noise, are not taken care of. 
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Figure 7.3 Degree varianees of potential coefficients derived from 1 
month simulated gradient data using the spacewise approach compared 
to the original signal degree varianees from the OSU86F model. 

A full analysis, aiming at the recovery of potential coefficients from satellite gradio­
metric observations, based on the spacewise approach will consist of an iterative 
solution procedure. In each iteration step potential coefficient correction estimates are 
computed and the nominalorbit is updated. In this way the gravity field is solved 
from the measurements as is the satellite's orbit [28]. For the first part of this 
procedure, the estimation of potential coefficients, a functioning analysis program has 
been developed. For testing purposes use was made of a large one month mission 
simulation of gradiometric measurements computed at the Space Research Center of 
the University of Texas at Austin. From this data set a full field of potential coeffi­
cients up to maximum degree and order 180 was estimated, see Figure 7.3. Although 
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this test comprised only a fITst step of the iterative procedure, the results were 
prornising and give confidence that the method could be applied to real mission 
data [27,21]. 

Timewise approach 

Equally well, the measured sequence of tensor components may be viewed upon as 
a discrete time series, rit), ideally spanning the entire mission length without 
interruption. In reality, though, data gaps may occur due to instrument failures, 
excessive drag variations and satellite orbit manoeuvres. In a six months mission, 
ho wever, consisting of one or more repeat periods, a so dense coverage is obtained 
that the influence of such data gaps is likely to be overcome. In this approach the 
deterrnination of spherical harmonie coefficients becomes possible only af ter 
connecting the spherical harmonie representation given in an earth fixed coordinate 
system with the time series provided along the inclined, slowly precessing orbital 
plane. Various ways are conceivable for this connection and for the parametrization 
of the time series. In any case, the relation to dynamic satellite geodesy is obvious 
and this approach is therefore particularly suited for studies of the influence of the 
choiee of the orbit parameters on gravity field recovery and, as measurement samp­
ling is actually a time process, for analysis of realistical instrument error modeis. 

Measured gravity gradients, considered as a time series, can be connected to potential 
coefficients by means of a series expansion in so-called inclination functions [29]. 
Inclination functions, in fact, describe a rotation from an earth fixed to an orbit 
related coordinate system [30]. In [30] or [31] they are derived in a elegant way 
by means of a group theoretical approach which makes use of so-called 
representation coefficients (or Wigner coefficients). Inclination functions have three 
spectral indices and computation of them for a certain value of the inclination I up 
to high degree and order is a large computational task. Several methods to compute 
inclination functions are possible. They can e.g. be computed in a direct manner by 
means of stabie recursion schemes based on the algorithm by Emeljanov & 

Kanter [32]. Software which makes use of this algorithm has been documented 
in [30]. In an indirect way they can be computed by using Fourier methods [33]. 
Both methods have been worked out in operational software. For potential functionals 
involving cross-track derivatives related inc1ination functions, so-called cross-track 
inc1ination functions, have to be used. They can be derived and computed in a similar 
manner as the ordinary inc1ination functions [34]. 

For a number of years considerable effort has been invested in the development of 
an error propagation model and computer software that allow arealistic study of the 
influence of the error behaviour of SGG and SST/GPS on global gravity field 
deterrnination. Realistic in this context means that the model should be capable of 
properly reflecting the orbit characteristics (altitude, inc1ination), mission length and 
sampling rate and instrument characteristics, in particular coloured noise behaviour 
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and band limitation. With the developed software package extensive simulations have 
been carried out in preparation of the ARISTOTELES and STEP experiments and for 
the general ESA studies CIGAR. Simultaneously, theoretical work has started to find 
systematic structures for a unified analysis of all satellite techniques that could be 
employed for gravity field recovery, so-to-say a second pocket-guide (see 
Section 7.3), this time for dynamic satellite geodesy. The timewise approach dis­
cussed here is particularly suitable for such a pocket-guide. In this approach, the 
analysis model can be set up in two ways [35]. 

First, the equations connecting successive measurements of a time series (as in our 
case gravity gradients or other potential functionals measured in an earth orbiting 
spacecraft) with potential coefficients can be used as observation equations for 
gravity field analysis. This approach can be called timewise in the time domain [27]. 
In essence, the observation equations are used in a least-squares adjustment procedure 
to estimate the unknown harmonic coefficients from the available measurements. In 
the framework of an error analysis the solution of the system of normal equations 
corresponds to the propagation of a given variance-covariance matrix of the 
observables into an a posteriori variance-covariance matrix of the unknown 
parameters. A typical expansion degree for analysis of gradiometric data is L = 240 
or a total of L2 = 57600 unknown field parameters. These are to be estimated from 
millions of observations to be collected in a six months mission. Even for modem 
mainframe computers such a problem can be solved in a reasonable time only when 
the normal matrix has a certain favourable structure. U nder the assumptions of a 
circular repeat orbit and a constant data sampling it can be shown that, if we order 
the unknown parameters in a specific manner, the normal matrix attains a block 
diagonal structure [36]. This is due to the orthogonality properties of the trigono­
metric series expansion of the gradients in inclination functions. The block­
diagonality reduces the computation time drastically [27,37] .The si ze of the large st 
sub-block is "only" (L/2+1) x (L/2+/). 

The same assumptions mentioned above allow us to view upon the time series also 
in another manner. In the theory of signal processing uninterrupted time series with 
constant sample rate may be considered a discrete Fourier series. By applying now 
FFT techniques to the time series we obtain a set of Fourier coefficients which, in 
a second stage, can be translated into a set of coefficients with two spectral indices, 
corresponding to the so-called lumped coefficients. These lumped coefficients, i.e. 
the Fourier spectrum of the observables, are now used as a kind of pseudo­
observations. They are linearly related to the unknown spherical harmonic 
coefficients of the earth's gravity field [38]. In this view, the block-diagonality of 
the normal matrix becomes very obvious. This approach is called timewise in the 
frequency domain. In this formulation it is very easy to include other observation 
types from satellite geodesy, like space-bome GPS, in the same model. For the case 
of GPS it is assumed th at in some pre-adjustment from the combination of observed 
carrier-phase and pseudo-range measurements orbit perturbations &, ~y, ~z can be 
determined relative to a given reference orbit. The connection between &, ~y, ~z 
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and the accelerations &, ~y, M, both given in alocal orbit system, has been 
established from the solution of the Hill equations. The acceleration perturbations can 
directIy be related to the gradient of the gravitational potential. 

Each specific type of observabIe requires a specific relationship between the lumped 
coefficients and the harmonie coefficients. These' 'transfer coefficients" depend upon 
orbit characteristics, curvature of the gravity field and, in the case of aps position 
estimates, on space-craft dynamics. The pocket-guide of dynamic satellite geodesy, 
mentioned earlier, would comprise the total set of observabIe specific relationships. 
One important part in this spectral formulation (Fourier vs. spherical harmonies) are 
the orbital mechanics. One choice would be to use the linear perturbation theory, 
developed by Kaula [29], based on Lagrange's Planetary Equations. Alternatively, as 
it is done in the error analysis software, HilI equations could be employed [38,39] . 

With the gradiometry and space-borne aps propagation model the propagation can 
be analyzed of given a priori errors of all measurement types to the estimated gravity 
parameters. Input are the error spectra of the observabIe gradiometric or aps time 
series. This choice allows modelling of band Iirnitation and coloured noise and may 
be different for each observabIe. The actual error propagation takes place by 
inversion of the normal matrix. For certain, non-ideal, mission scenarios, one or more 
sub-blocks of the normal matrix may be ill-conditioned or even numerically singular, 
requiring some stabilization technique to be applied. In such case one usually adds 
certain a priori information (of ten some signal degree varianee modellike "Kaula's 
rule") to the normal matrix for preventing it from being singular. However, the 
consequence of such technique is that the estimates become biased. This aspect of 
gravity field determination has been investigated in general in terms of biased 
estimation and ridge regression [17] and for satellite gradiometry in 
particular [40,27]. 

Summarizing, the error propagation model, as it stands now, accepts as observables 
all pos si bie gradiometric components and aps. Our model can accept input error 
spectra on the level of position, velocity and acceleration. This is important if e.g. 
drag compensation or drag modelling needs to be studied. So far only aps multipath 
effects got some special attention. 

The main features of our error propagator are: 
- the program accepts all six measurable gradiometer components (either in an earth­

pointing or space-stable orientation) and orbit perturbations in x, y, and z on 
position, velocity and acceleration level (as e.g. derived by space-bome apS); these 
quantities can be analyzed individually or in any combination; 

- for each measurement type an appropriate spectral error model can be implemented; 
the model may contain band limitations and/or coloured noise; 

- orbit altitude and inclination are input parameters; a circular orbit is assumed so far; 
- the mission length is equal to the length of one or several ground-track repeat 

cycle(s); the sample rate of each observabie can be chosen; 



Gravlty field 111 

- the nonnal matrix can be combined with a degree variance model representing a 
priori infonnation for exclusion of singularities; 

- output are error varianees and covarianees of the set of spherical harmonie coeffi­
cients to be estimated; from these quantities an estimate of any potential functional 
error, e.g. the expected geoid height or gravity anomaly error, can be deduced. 

With this model we are confident to produce experiment error analyses that are quite 
realistical, deviations being only of second order. Nevertheless, the simplicity of the 
procedure has its price. Such analyses cannot replace full end-to-end simulations [37]. 
In particular, the manner in which GPS is included is rather "global". For example, 
our procedure does not take into account the geometrie constellation of the actually 
received GPS satellites, nor the distributions of ground sites or the actual 
combination of carrier-phase and pseudo-range observations. Thus for the actual 
analysis of real data a differential orbit deterrnination technique should be developed, 
similar to what is applied in geopotential model computations from satellite tracking. 

7.2.3 ARISTOTELES 

So far, a dedicated gravity field mission carrying a satellite gradiometer has not 
flown yet. Several proposals, though, for such or similar missions have been 
presented, e.g. NASA's Geopotential Research Mission [41] and ESA's 
ARISTOTELES mission [42]. The latter was under study for several years. lts 
main characteristics are an on-board GPS-receiver, aplanar gradiometer measuring 
only two gradient tensor components (second-order radial components Vzz and 
second-order cross-track component Vy), non drag-free satellite resulting in a band 
limited and coloured noise measurement error spectrum at the 0.01 EIHz\7 level (IE 
= 10-9 S-2), a 95° inclination and low (200 km) orbit, six months mission with 4 
seconds sampling rate. In the context of the ARISTOTELES mission we participated 
in several projects concerning gravity field determination from SGG and SST/GPS. 
Ouring the course of these projects the error analysis model and software described 
above were developed and improved. It was shown that the results from the 
spacewise and the timewise approaches coincide, at least for an ideal mission 
scenario (polar orbit, white measurement noise) [35] It appeared that polar gaps and 
limitations of the measurement bandwidth due to disturbing accelerations, strongly 
influence the quality of the results obtained from such rnissions. The existence of 
polar gaps makes the application of some stabilization technique inevitable. Band 
lirnitation, especially lower band lirnitation, causes the lower degrees of the gravity 
field spectrum to become inestimable and distorts the remaining part of the 
spectrum [35,43]. The long-wavelength problem thus requires the application of 
the comp1ementary technique of space-borne GPS. Study of error sources in case of 
GPS was perfonned as far as it concerns multipath effects. It appeared, however, that 
for amission like ARISTOTELES, multipath effects play no important role [44]. 
Furthennore, the influence of orbital altitude and mission duration, was made clear 
by means of error analysis studies [43]. 
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Results are usually presented in terms of error degree variance spectra of the solved 
potential coefficients and global error r.m.s. values for gravity anomalies and geoid 
undulations. Thereby it is not to be forgotten that, depending on further applieations, 
the results from the error propagation only represent the commission part of the error. 
The gravity field, in reality, is a continuum to be represented by an infinite number 
of harmonies. The part of this spectrum whieh cannot be solved from SGG or 
SST/GPS has to be regarded as omission error [43]. 

Parallel to the development of the ARiSTOTELES gradiometer and satellite, a 
scientific study was performed for ESA by a consortium of several European 
scientific institutes. This study focused on gravity field determination methods and 
missions with, at first instance, emphasis on ARlSTOTELES/SGG but tuming into 
a general study for the combination SGG and SST/GPS [45,46,47]. Our main 
contribution in these projects concerned the theoretical background of global gravity 
field analysis from space, the development of the error analysis software for SGG 
and SST/GPS, analytical and numerical techniques involved in the error analysis 
model and extensive gravity field analysis simulations. The goals for a combined 
SGG/SST mission would be to improve our current knowledge of the earth's gravity 
field up to a resolution of at least 100 km half wavelength (corresponding to a 
maximum degree and order of 180 in a spherical harmonic series expansion) and an 
accuracy of less than 5 mgal in terms of gravity anomalies or less than 10 cm in 
terms of geoid undulations. The error simulations showed that with amission like 
ARISTOTELES this would have been possible, at least for the SGG/SST 
combination. Resolution could even be improved up to degree and order 240. SGG 
alone would suffer too much fiom the band limitations of the gradiometer so the 
complementary technique space-borne GPS is really needed. The coloured noise error 
spectrum has only a small influence on the results. This in contrast to the polar gaps, 
which require addition of a priori information for stabilizing the solution. It appeared 
that small polar gaps (up to 93° inclination) do not di stort the solution but only 
larger gaps do (like with ARlSTOTELES). Additionally many different mission 
scenarios (in terms of satellite altitude, inclination, mission duration, band limitation) 
were studied, all based on our global error analysis approach. 

7.2.4 STEP 

STEP (Satellite Test of the Equivalence Principle) is a joint ESA/NASA mission in 
the discipline area of fundamental physies. lts scientific objectives are: 
- to test the Equivalence Principle to one part in 1017

, six orders of magnitude better 
than has been achieved on the ground; 

- to search for a new interaction between quantum-mechanical spin and ordinary 
matter, and 

- to determine the constant of gravity G with a precision of one part in 106 and to 
test the validity of the inverse square law (ISL) with the same precision, bath two 
order of magnitude better than has been achieved on the ground. 
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The extreme demands of the fundamental physics experiments on STEP in terms of 
drag-free environment, cryogenics for the use of superconducting e1ectronics and 
precise accelerometry, also offer an opportunity for a unique geodesy experiment. 
STEP will con sist of several superconducting accelerometers, two of which can be 
used as a very precise one-axis gradiometer, in this particular case measuring the 
second order cross-track gradient Vyy • With STEP's orbit rather low (550 km) and 
almost polar (i = 97°) the global gravity field can be mapped with considerabIe 
detail. The long wavelength features of the gravity field are extracted from the orbit 
which is determined with cm-level precision since the satellite is drag-free and 
continuously tracked in three dirnensions using GPS. Laser reflectors mounted on the 
satellite remove ambiguities and convert this precision to accuracy. 

The medium wavelengths (down to 130 km half wavelength) are derived from SGG 
using the two G/ISL accelerometers. They will provide the out-of-plane gravity 
gradient component with a precision of 10-4 E/Hz~. This extremely high precision 
largely compensates for the natural attenuation effect with height. The combination 
of the two geodesy elements (gradiometry and GPS) on a drag-free satellite are 
unique and would result in a gravity field which comes close to that from 
ARISTOTELES, see Figure 7.4 .. 
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Figure 7.4 Comparison of gravity field recovery performance 
from STEP and Aristoteles in relation to current knowiedge. 

Delft participated in the STEP Phase A study [48]. Many mission scenarios have 
been investigated on their gravity field recovery capabilities [39], using the error 
analysis techniques described above. The baseline configuration (550 km altitude, 
97°.5 inclination, six months mission, GPS tracking, out-of-plane single axis gradio­
meter with precision 10-4 E/Hz~) would increase our knowledge of the gravity field 
enormously. The long wavelengths (up to degree 70) would gain 2-3 orders in 
precision, while the resolution would improve up to degree and order 150 approxi-

lil 
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mately (half wavelength 130 km). Reduction of the satellite altitude would give the 
STEP-satellite even "ARISTOTELES" -capabilities. Furthennore, the STEP drag-free 
system has been evaluated, i.e. the effect of residual drag-free noise on the gravity 
field recovery. 

7.3 Gravity and geoid 

Study of the gravity field of the earth has been a major task of geodesy. The geoid 
is the equipotential surface of the earth at mean sea level. lts classical determination 
requires gravity to be available all over the earth. In recent years the geometric shape 
of the earth, continents and ocean surface, became measurable with an unprecedented 
precision, due to the enormous progress of space methods like GPS and altimetry. 

In geodesy the geoid is the reference surface for height measurements. The classical 
method to determine the height above the geoid is levelling. This is a very time 
consuming and expensive method. However with modern space techniques like GPS 
positioning, it is possible to determine the topographic heights independently. A 
necessary condition is that the geoid must be available with a very high precision. 
In modern geodesy we use global reference systems which should be connected to 
the local systems by datumshift transformations. For the connection of the height 
datums in the different continents and for the connection of the horizontal datum 
points it is also necessary to know the gravity field or more precise the geoid. 

7.3.1 Gravity measurements 

Characteristic for the data collection in The Netherlands is the position near the sea. 
For geoid computation we need data up to a di stance of at least 500 km around the 
country. The collection of sea gravity data is therefore a necessity. Dutch gravity 
measurements are divided in four steps: the absolute gravity measurements on four 
points, the relative gravity measurements (first order net) of about 40 points, the 
relative gravity measurement (second order net) with point distance of 2 km and the 
gravity measurements at sea. 

A general overview of most of these gravity activities is given in [49] and are 
briefly described in the sections below. Next to this work, theoretical research was 
done on orthometric corrections which must be applied to levelling measurements 
[50]. The new results have great impact on practical computations. 

Absolute gravity measurements 

To determine the scale and absolute level of the Netherlands gravity net, it is 
necessary to determine three or four absolute gravity points. These measurements 
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give also areliabie connection to the international gravity network. Secondly, 
repeated measurements give us an insight in the change of gravity in time. This is 

important in connection with the study of land subsidence and sea level change. 

In the Netherlands such an instrument is not available, therefore the Institut für 
Erdmessung in Hannover was asked to execute these measurements. In 1991 three 
stations were measured: Delft, Kootwijk and Westerbork. The measurements in 
Kootwijk and Westerbork were very accurate, they have a precision of a few parts 
of 10.9 g. However, Delft was less accurate (3.10.8 g) due to micro seismics caused 

by the unstable ground [51]. Since three good stations was the minimum condition 
for determining the scale and stability of the network, it was decided to measure a 
forth station in 1993. This one is situated in Epen, South Limburg, in a newly built 
seismic station of the KNMI. It turned out that this station was extraordinary stabie, 
one of the best stations in Europe. Also Kootwijk was measured again. 

4 5 6 7 

À (deg) 

Figure 7.5 The status of the Dutch gravity network on 
December 1993 

First order gravity net 

Relative gravity measurements are carried out by extraordinary precise spring 
gravimeters. The extension of the spring is a measure for the gravity. Only gravity 
differences between points can be measured with this method, as the name relative 
gravity measurements indicates. In 1984 a Lacoste Romberg gravimeter was 
purchased and in the same year a new gravity net was measured. In 1985 a contract 

i i 
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was agreed with the Survey department of Rijkswaterstaat (RWS) to set up a 
common gravity network. In 1987 and 1990 RWS measured a first order net which 
will be combined with the net of the DUT. The adjustment of the gravity networks 
is done by the DUT. In future the fITst order network will be remeasured with 
intervals of three to five years, in order to deterrnine gravity changes in time [49]. 

Second order network 

For precise geoid computation it is necessary to have a very dense gravity network 
of one point per 5 square km. In 1989 and 1990 some testnets were measured near 
Eindhoven and in South Limburg [52]. In 1991 RWS started with the big job to 
measure the whole country of the Netherlands. This will be finished in 1994. DUT 
is active1y participating in adjustment of the measurements and quality control of 
several aspects of the project. This gravity network will not be the first second order 
network; see figure. Already in the fifties Royal Dutch/Shell measured a detailed 
gravity network, however with less accurate instruments. 

Sea-gravimetry 

In the footsteps of Vening Meinesz the DUT continued the sea gravity measurements 
af ter 1960. A modern sea gravimeter was purchased and used in several international 
projects. In recent years there has been cooperation in the following sea gravity 
expeditions [53,54,55]: 

- 1985: Snellius expedition in Indonesia, with University of Amsterdam. 
- 1986: Navgrav expedition on the North Sea. 
- 1991: Survey western Mediterranean, with University of Amsterdam. 
- 1992: Wadgrav survey on the IJsselmeer and Waddenzee. 

The Navgrav and Wadgrav expeditions on the North Sea and IJsselmeer respectively 
were specially organized to complete the gravity database on land. This was 
necessary for the precise geoid computation. The Navgrav expedition covered the 
dutch part of the North Sea. The ship tracks had a spacing of 20 km. 20000 point 
values were registrated. The precision could be checked on 350 cross points, giving 
a precision of l.l mgal. The Wadgrav expedition is a similar expedition on the 
Waddenzee and the IJ sselmeer. 

7.3.2 Geoid computation 

As mentioned before geoid computation is necessary for several purposes, both 
scientific and practical. To compute the geoid with a precision of one cm is a big 
problem. Accurate gravity measurements are needed all over the earth. For the long 
wavelength structure of the gravity field the gravity model OSU91 is used [56]. 
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This is a model in tenns of spherical hannonics up to degree 360, equivalent to a 
resolution of 1 °x 1 ° gravity values. In Europe the data is completed by a lOx 10 km2 

dataset provided by the University of Hannover [57]. In the Netherlands the gravity 
field should be measured in most detail. The described gravity campaign will provide 
us with a point density of one point per 5 km2

• The sea gravity campaigns will 
complete the picture. 

If the measurements are available it is still possible to use different methods of 
computation, each having its own advantages, disadvantages and approximations. 
Main topics of research are the comparison of the methods, improvement and 
renewal, estimation of all kinds of small error sources, and computation of the final 
precision. Theoretical and practical comparison of different methods like several 
numerical integration techniques and collocation are done [58]. One of those 
methods using point gravity values and a triangulation network [59] was developed 
ten years ago, but in 1992 further improved [60] with promising results. Although 
allmethods start from the same continuous formula on the sphere too large errors 
show up in the different solutions, which need to be investigated more closely in the 
near future. Aplanar method based up on two dimensional FFf, which was widely 
used in geodesy for geoid computation from gravity data was given a complete new 
direction with an approximated spherical 2D FFf method [61]. Many 
approximations appeared to be unnecessary. This method was successfully applied 
for the geoid computation of the USA [62]. Later a final improvement of this 
method without any approximations was found at DUT based upon one dimensional 
FFf and numerical integration [63]. This method has a lot of international 
attention, and already led to an improved geoid for Canada and part of the USA 
[64]. The two dimensional FFf methods especially show large errors in 
mountainous areas. Further studies gave an inventory and estimation of many sources 
of errors in the geoid computation process [65] and an improved way to describe 
error propagation of gravity data to geoid heights [66] . With the publication of the 
geopotential field GEM-Tl in 1988, a complete variance/covariance matrix of the 
coefficients was made available for the fust time. With this information the global 
characteristics of the error covariances of geoid heights exclusively derived from this 
model can be directly determined. In local geoid computations a geopotential model 
is used for the long wavelengths. The influence of neglected correlations for errors 
and geoid heights was studied. ft was found th at the neglect of the error covariances 
of this model can lead to errors up to 10 - 20 cm in the local geoid [67]. 
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8 Outlook 

The project Earth Oriented Space Research at Delft University of Technology covers 
a major part of the space-geodetic component of the multi-disciplinary issue of global 
change. Crustal motions, the gravity field, ocean currents and mean sea level are all 
interre1ated features of an incredibly complex and dynamic system in which the solid 
earth interacts with the oceans and atmosphere. As such, a research project like this 
one necessarily is a long-term effort and the team at DUT is aware of its 
responsibility to continue to develop and deploy its expertise in space-geodesy in the 
study of global change. In the summer of 1993, the team therefore issued a new 
research plan for the project Earth Oriented Space Research at Delft University of 
Technology, covering the period 1994 - 1997 [Wakker, K.F., PJ.G. Teunissen, and 
E. Vermaat, Earth Oriented Space Research at Delft University of Technology, 
Research plan 1994 - 1997, Faculty of Geodetic Engineering and Faculty of 
Aerospace Engineering, Delft University of Technology, Delft, July 1993]. 

The space-geodetic techniques, including the modeling aspects, seem to continue to 
improve by an order of magnitude over each decade. Global station positions are now 
being determined with sub-centimeter accuracy and satellite orbits can be 
reconstructed at the few centimeter level. Even the orbits of "flying monster" 
satellites, not at all optimized for precise orbit determination, e.g. the low-flying 
ERS-l and the satellites of the high-altitude GPS constellation, can be modeled with 
unprecedented precision. StiU, the precision of the measurement systems is at least 
one order of magnitude higher than the accuracy of the current modeIs. This means 
that there is a continuo us drive for further improvement of the results. 

A key problem in the application of space-geodetic techniques is the modeling of the 
gravity field of the earth. Over the last decade, dramatic improvements have been 
achieved in this area, primarily through the analysis of the tracking data of a large 
variety of sateUites. However, further developments are now Iimited by the lack of 
suitable measurement information. Therefore, a new c1ass of satellites is required 
which wiU be able to sen se the higher-frequency variations of the gravity field by 
flying into lower orbits. They wiU provide in-situ observations using new 
measurement devices such as gravity gradiometers and space-borne GPS receivers. 

For this purpose, several missions have been studied and proposed (e.g. GRM, 
ARISTOTELES, STEP and GP-B), but none of them has been approved until now. 
Besides, the orbital characteristics of all but one of these missions are sub-optimal, 
because gravity field research is not the primary goal of those missions. So, there is 
still a great interest to fly a dedicated gravity mission. Therefore, it may be useful 
to study the possibilities to design a new slightly less ambitious mission which might 
be executed by a small cheap satellite, carrying only a geodetic precision GPS 
receiver as payload, and flying in a low, decaying orbit. 
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An important research area which will benefit from an improved gravity field is the 
oceanography. Such improvement will allow a better separation of the dynamic sea 
surface topography from the geoid, which is crucial for a better understanding of the 
ocean circulation system. This research area has also received a significant boost 
from the successful ERS-I and TOPEX/Poseidon missions, which have provided an 
enormous amount of invaluable radar altimeter measurements. It is of extreme 
importance that the time-series of measurements compiled by these missions be 
continued in the future, so that long-term variations in the ocean circulation system 
and in mean sea-Ievel can be detected. Therefore, there is a large interest in the 
upcoming ERS-2 and ENVISAT missions, which wil! hopefully provide these 
measurements. 

Another measurement technique which has been decisive for the recent advances in 
space geodesy is SLR. The global SLR record now dates back some twenty years. 
Extremely precise reference system definition on agIobal scale has resulted, with 
unique contributions to the monitoring of the rotation of the earth over these years 
and providing a stabie reference for global tectonic plate motion models and for 
constraining regional networks for crustal deformation studies in plate boundary 
regions. Especially the orbits of high satellites (e.g LAGEOS-I and -2) have proven 
to provide a unique long-term stabie framework for these applications. It is 
considered of utmost importance, that the joint groups continue to support the 
maintenance of the historical records based on the SLR technique, at state-of-the-art 
level, by exploiting its expertise and capabilities in this area. 

A further motivation to continue the SLR effort is the increasingly important role of 
GPS in high-precision positioning. It calls for a new strategy of deploying the 
transportable SLR systems, optimally answering to the complementary role of SLR 
as compared to the significantly increased capability of GPS. It is of major 
importance that this new strategy will preserve the history of the epoch 
measurements, which have been obtained in the previous years, e.g. in the 
WEGENER/MEDLAS project in the Mediterranean. Similarly, this strategy should 
encompass the measurements of fiducial sites elsewhere, satisfying the programs for 
the study of post-glacial uplift and mean sea level change. In all areas, emphasis 
needs to be placed on the vertical component of position, for which SLR is 
particularly suited. 

The GPS Global Positioning System, which has already been mentioned twice above, 
has evolved into a major measurement technique over the last decade, and wil! 
certainly find increased application in the foreseeable future. The trend is towards 
continuously operating permanent networks at local regional and global scales. The 
International GPS Service for geodynarnics (IGS) has set a standard for the global 
network and is seeking densification at regional scales. An example of this could be 
the dedicated GPS network for WEGENER (WEGNET), which is currently being 
studied. Through overlap with IGS, it would provide access to the global reference 
frame established by this service, for small-scale local or national measurement 
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campaigns. AIso, such continuous monitoring regional networks will provide "real­
time" information on the deformations in those networks. The joint groups at DUT 
can provide significant contributions to these developments. Apart from their 
comrnitments to the WEG ENER project, since 1994, they are already involved in a 
GPS research project in South-East Asia, sponsored by the EU. AIso, there are 
serious plans to provide assistance in the establishment of a new IGS site in 
Indonesia. 

Another important application of GPS is for low-earth satellite tracking. The fITst 
experimental geodetic-precision receiver was successfully flown in 1992 onboard the 
TOPEX/Poseidon satellite. It demonstrated that this tracking concept has enormous 
advantages, since it provides 3-dimensional coverage, which makes the orbit 
determination almost independent of dynamical modeling. Conversely, this also 
means that the dynamical modeis, in particular the gravity field, can be irnproved 
using the GPS tracking data from low-orbit satellites. This principle has also already 
been demonstrated on basis of the TOPEX/Poseidon data, and forms the background 
of missions like ARISTOTELES and the proposed dedicated GPS-based gravity field 
mission mentioned earlier. It is expected that there will be a large increase in this 
application of GPS. The joint groups at DUT are very interested in these 
developments and have all the capabilities to participate in the data analysis. 

The need for strengthening the capability for geophysical interpretation of the 
research results has been of concern for some time now and it motivated us to embed 
our research to a large extent in international programs, e.g. the WEG ENER, Crustal 
Dynamics, ERS-! and TOPEX/Poseidon projects. Through that cooperation, expertise 
has been accumulated within the team, regarding the geophysica! and oceanographic 
significance of space-geodetic results. In addition, in the last years in particular, the 
contacts with the "Instituut voor Aardwetenschappen" at the University of Utrecht 
have been reinforced. The Delft and Utrecht groups have recognized the cIear 
interrelation which exists between their respective research, with common interest in 
particular in the tectonics in the Mediterranean region. We are aware of the unique 
perspective of combining knowledge on tectonic motions, gravity field and 
geophysical processes in the earth's crust. In view of this recognition, both groups 
are working towards intensifying and formalizing the cooperation, possibly with the 
perspective of joint participation in a Research School on Earth Sciences. 
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