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Foreword

The XXIV General Assembly of the International Union of Geodesy and Geophysics IUGG) will take place in Perugia/Italy
from July 2 to July 13, 2007. It is a good tradition to take this opportunity for a review of the progress made in the fields
of geodesy and geophysics within the period from 2003 to 2007. When the preparation of the National report has been
discussed by the members of the German Geodetic Commission there was considerable doubt whether it should still be
provided in printed form or rather distributed only electronically. The commission came to the conclusion that a printed
documentation is still appropriate and it decided to provide a printed and an electronic version. We hope that the present
report offers a useful overview of the geodetic research that has taken place in Germany during the past four years and that,
in particular for the younger colleagues, it gives some ideas for future research.

The past four years were of great importance, to German geodesy in particular and to international geodesy in general.

Geodetic measurement techniques have meanwhile attained a level of precision and reliability that make them important
tools for science and application not conceivable in previous times. Geodetic space techniques deliver global data sets that
turn out to be of high relevance for the understanding of the current changes in our Earth system. It can also be observed
that geodesy is more and more concerned with measuring temporal changes; whether it be plate motion, isostatic mass
adjustment, ice motion, sea level change or temporal variations of the Earth’s gravity field due to deglaciation, atmospheric
and ocean mass transports and the global water cycle or the variable rotation of Earth reflecting global effects of mass variations
and motion in all Earth components including the Earth deep interior. However it is not only Earth sciences; applications
extend from civil engineering, disaster management, navigation, time synchronisation to planetology and fundamental physics.

In Germany a large part of research concentrated on the analysis of data from the on-going and very successful satellite
missions CHAMP and GRACE, and on the preparation of the gravity gradiometric satellite mission GOCE. As important
are the studies concerned with Earth rotation analysis, the preparations for GALILEO, optimization of the use of GNSS,
and research towards the realization of the Global Geodetic Observing System (GGOS). This research has been funded in
part by the Federal Ministry of Education and Research in its special Geotechnologies programme within the theme
“Observation of System Earth from Space” and by the German Research Foundation (DFG) in particular with the research
unit FOR 584 “Earth Rotation and Global Dynamic Processes” and with the priority program SPP-1257 “Mass Transport
and Mass Distribution in the Earth System”.

This National Report is arranged according to the new structure of IAG. The extensive contributions of Germany to the various
IAG Services is described within the individual commission reports, except the work for the International Bibliographic
Service (IBS) which is presented in a seperate report at the end of this volume.

The German Geodetic Commission acknowledges very much the work of all colleagues who contributed and who helped
to coordinate this report. Our special thanks go to the two editors Jiirgen Miiller and Helmut Hornik for their excellent work
in preparing this report.

Reiner Rummel
Miinchen, 21 May 2007 permanent secretary of
the German Geodetic Commission (DGK)






Contents
Commission 1 — Reference Frames . . . = . . . .. .. . .. 7
Overview and Highlights . . . . . . . . . . . ... H. DREWES 9
Combination of Space Geodetic Techniques . . . . . . . . . . . . . . . ... .. . . . M. ROTHACHER 11
Celestial Reference Frames & Interaction with Terrestrial Reference Frames . . . . . . . . . V.TESMER 14
Terrestrial Reference Frames (Global and Regional Frames) . . . . . . . . . . . . . .. D. ANGERMANN 17
Vertical Reference Frames IC2) . . . . . . . . . . . . . . . J.IHDE 24
Satellite Altimetry (IC 2,3) . . . . . . . . . . W.BosCcH 28
Commission 2 — Gravity Field . . . ... ... ... ... ... . 33
Overview and Highlights . . . . . . . . . . .. . ... N. SNEEUW 35
Absolute and Relative Gravimetry, Gravity Networks . . . . . . . . . . . . .. H. WILMES, L. TIMMEN 37
Airborne Gravimetry . . . . . . .. ... G. BOEDECKER, U. MEYER 41
Gravity Field Satellite Missions . . . . . . . . . . . . .. .. .. ... ... F. FLECHTNER, T. GRUBER 45
Global Gravity Field Modelling . . . . . . . . . .. ... ... ... ... ... ... T.GRUBER 50
Regional Gravity Field Modelling . . . . . . . . .. ... . ... ... ... .. ... .. H.DENKER 58
Temporal Gravity Field Variations . . . . . . . . . .. . .. .. F. FLECHTNER, T. GRUBER, R. SCHMIDT 65
Satellite Gravity Theory . . . . . . . . . . . . . . N. SNEEUW 70
Commission 3 — Earth Rotation and Geodynamices . . . ... ... ... ... . .. . . . 75
Overview and Highlights . . . . . . . . . . . .. J.MULLER 77
Crustal Deformation and Geodynamics . . . . . . . . . . . . . . .. .. .. ... H. DREWES, D. WOLF 79
Earth Tides and Non-tidal Gravity Field Variations . . . . . . . . . . . . . . .. .. . . . . B.RICHTER 84
Geophysical Fluids . . . . . . . . . .. . B. RICHTER, F. SEITZ 88
Earth Rotation — Theory and Analysis . . . . . . . . . ... ... . M. THOMAS, M. SOFFEL, H. DREWES 90
Sea Level and Ice Sheets . . . . . . . . . . . . R.DIETRICH 94
International Earth Rotation and Reference Systems Service IERS) . . . . . . . . . . . . B.RICHTER 97
Commission 4 — Positioning and Applications . . . . ... ... ... . ... ... 99
Overview and Highlights . . . . . . . . . .. . .. ... ... ... M. BECKER, J. IHDE 101
Space Geodetic Techniques (VLBI, LLR, SLR,DORIS) . . . . . . .. ... ... . .. A.NOTHNAGEL 103
GNSS Positioning . . . . . . ... T.SCHULER 107
Nuisance Effects in GNSS . . . . . . . . . . L. WANNINGER, S. SCHON 114
Permanent GNSS Networks, including SAPOS . . . . . . . . . . . . . G. WEBER, M. BECKER, J.IHDE 117
Satellite Orbit Modelling . . . . . . . . . . . . ... ... ... ... K.-H. ILK, M. ROTHACHER, J. Dow 123

GNSS Based Sounding of the Atmosphere/lonosphere . . . . . . . . . . . . .. J. WICKERT, N. JAKOWSKI 125



SAR and Imaging Techniques . . . . . . . . ... ... ... . . R. BAMLER, M. EINEDER, R. DIETRICH
Applications in Engineering . . . . . . . . . ... 0000 W. SCHWARZ, W. NIEMEIER
Navigation . . . . . . . . ... S. SCHON, B. EISSFELLER
IAG Projects . . . . . . .
Global Geodetic Observing System (GGOS) . . . . . . . . . . . .. .. ... ... ... M. ROTHACHER

Inter-commission committees ICC) . . . . . . . .. ..

A)ICCon Theory AICCT) . . . . . . . . . .
Overview and Highlights . . . . . . . . . . . . . B. HECK
Physical Aspects on Geodetic Modelling, Relativity . . . . . . . . . . . . . . .. H. DREWES, M. SOFFEL
Mathematical Aspects of Geodetic Modelling . . . . . . . . . .. .. . .. .. W. KELLER, W. FREEDEN

Quality Measures and Control (Stochastic and Non-Stochastic Methods of Data Evaluation)
H. KUTTERER, W. SCHUH

B) ICC on Planetary Geodesy ICCPG) . . . . . . . . . . . . . ..
ICC on Planetary Geodesy (ICCPG) . . . . . . . . . . .. .. ... .. ... ... CH. KocH, J. MULLER

International Bibliographic Service IBS) . . . . . . . . . . . .. A.KORTH

130
133
137

143

145

149

149

151

153

156

160

167

169

172



COMMISSION 1
REFERENCE FRAMES






Overview and Highlights

H. DREWES!

Overview

The activities of German scientists and institutions in the
scientific research related to reference frames shall be
highlighted according to the structure of the corresponding
IAG Commission 1, which is divided into four Sub-com-
missions, two Inter-commission Projects, and two Inter-
commission Study Groups:

- SCl1.1 Coordination of Space Techniques,

— SC1.2 Global Reference Frames,

- SC1.3 Regional Reference Frames,

- SC1.4 Interaction of Celestial and Terrestrial
Reference Frames,

- IC-P1.1 Satellite Altimetry,

— IC-P1.2 Vertical Reference Frames,

— IC-SG1.1 Vertical Reference Frames,
— IC-SG1.2 Use of GNSS for Reference Frames.

German scientists participated in all of these entities with
basic research, developments of methodologies and soft-
ware, and education. The investigations included theoreti-
cal, observational, analytical and product generating
activities. They also held positions as Commission officers:
HERMANN DREWES was the President of Commission 1,
MARKUS ROTHACHER acted as the President of SC1.1,
WOLFGANG BOSCH chaired the IC-P1.1, JOHANNES IHDE
the IC-P1.2, and MICHAEL SCHMIDT the IC-SG1.1. Many
scientists were active in the various working groups of the
sub-commissions and projects.

The Commission’s work is closely connected with the IAG
services dealing with reference frames:

— International Earth Rotation and Reference Systems
Service (IERS),

— International GNSS Service (IGS),

— International Laser Ranging Service (ILRS),

— International VLBI Service for Geodesy and Astrometry
IVS),

— International DORIS Service (IDS).

— International Altimetry Service (IAS, under develop-
ment).

There was an intensive participation of German scientists
and institutions in these services, also holding superior
positions: BERND RICHTER as the Director of the IERS
Central Bureau, MARKUS ROTHACHER as the IERS analysis
coordinator, JOHN DOW as the President and GERD GENDT
as the analysis coordinator of the IGS, WOLFGANG

SCHLUTER as the President and AXEL NOTHNAGEL as the
analysis coordinator of the IVS. Other German scientists
acted as chairs of Service’s analysis (AC), combination
(CC), data (DC) or operating centres (OC) which were
conducted by

— Bayerische Kommission fiir die Internationale Erd-
messung (BEK) in the IGS (AC for Europe),

— Bundesamt fiir Kartographie und Geodisie (BKG) in
IGS (AC and DC for Europe), ILRS (AC), and IVS (DC
and AC),

— Deutsches Geoditisches Forschungsinstitut (DGFI) in
IERS (ITRS CC), IGS (DC and AC for Latin America),
ILRS (AC, CC and DC) and IVS (AC),

— Geoditisches Institut, Universitit Bonn, (GIUB) in IVS
(AC, OC and correlator),

— GeoForschungsZentrum Potsdam (GFZ) in IGS (AC)
and ILRS (AC),

— Institut fiir Erdmessung, Universitit Hannover (IfE) in
ILRS (LLR),

— European Space Operations Centre (ESOC), Darmstadt,
in IGS (AC).

These institutions also operated a large number of observa-
tion stations (GPS, SLR and VLBI) for the maintenance
of global and regional reference frames, above all the
Fundamental Station Wettzell (Germany) and the Transport-
able Integrated Geodetic Observatory (TIGO) in Concep-
cién (Chile) of BKG. Others are the SLR station in Potsdam
(GFZ), the VLBI station in O’Higgins (Antarctica, BKG)
and many GPS stations of BEK, BKG, DGFI, GFZ all over
the world.

Highlights

The most important investigations in the field of SCI1.1
“Coordination of space techniques” were those done for
the combination of the different observation types (GPS,
SLR, VLBI, DORIS). Major activities were the participa-
tion in international projects, such as the [IERS Combination
Pilot Project. The project “Integration of space geodetic
techniques as the basis for a Global Geodetic-Geophysical
Observing System (GGOS-D)”, financed by the German
Bundesministerium fiir Bildung und Forschung (BMBF)
is to study a rigorous combination with different approaches
and software. Exactly identical constants, models and
parameters are used for the analysis in all techniques. Other
projects were the comparison and combination of precise
orbits derived from different space techniques, in particular
studies in low Earth orbiting satellites (LEOS) and the

' Hermann Drewes: Deutsches Geoditisches Forschungsinstitut (DGFI), Alfons-Goppel-Str. 11, D-80539 Miinchen, Germany, Tel.
+49 - 89 - 23031-1106, Fax +49 - 89 - 23031 1240, e-mail drewes @dgfi.badw.de



10 Commission 1 — Reference Frames

interaction and consistency between the ITRF, EOP and
gravity field.

The dominating activity with respect to SC1.2 “Global
Reference Frames” were the investigations for and the
computation of the International Terrestrial Reference
Frame 2005 (ITRF2005) where several German scientists
and institutions participated. The mathematical approaches
for combining the observation results of the different
techniques were intensively studied. Input data for the
ITRF2005 were epoch (weekly or session-wise) station
coordinates and daily Earth orientation parameters (EOP).
These were provided as unique combined solutions by the
techniques’ services, in Germany by GIUB for VLBI and
(as a backup solution) by DGFI for SLR. The combination
of all the epoch solutions over a time span of more than
twenty years was done at DGFI as one of the ITRS Combi-
nation Centres. The results were inter-changed and com-
pared with the other Combination Centre at IGN, Paris. The
final solution of ITRF2005 was released in October 2006.

In SC 1.3 “Regional Reference Frames” there were several
German activities in Europe (EUREF), Latin America
(SIRGAS), Antarctica (SCAR) and Africa (AFREF), all
done within the IGS. BEK and BKG concentrated on
EUREF, DGFI on SIRGAS, and the Institut fiir Planetare
Geodisie, Technische Universitit Dresden (IPGD) on the
Antarctic reference frame. Weekly station coordinate solu-
tions (as loosely constrained normal equations) are provided
for EUREF and SIRGAS. These are delivered to the IGS
Analysis Centres for global combination. DGFI also
provides weekly station coordinates consistent with the
ITREF for users in Latin America. In Antarctica there are
repeated observation campaigns, which are periodically
combined and adjusted. AFREEF is still in development;
there were several meetings with German participation,
where plans for establishing an African reference frame
were discussed.

The SC1.4 “Interaction of Celestial and Terrestrial Refer-
ence Frames” works strongly towards the realization of a
new ICRF. There were several studies concerning the
theoretical aspects of the ICRF after the new precession
model of the International Astronomical Union (IAU2000)
and the systematic effects affecting the ICRF determination.
A joint Working Group of IERS (including IVS) and IAU
was established with German participation to compute a
new ICRF in a common adjustment with the ITRF, EOP,
and precession/nutation parameters. Several test computa-
tions were done at DGFI showing the improvements with
respect to the nearly ten years old ICRF-Ext. 1.

The IC-P1.1 “Satellite Altimetry” has the primary objec-
tives to identify the scientific requirements for a precise,
long time series of consistent altimeter observations and
to initiate the establishment of an International Altimeter
Service for such a task. A planning group (IAS-PG) was
installed under the chairmanship of WOLFGANG BOSCH. As
a first result, a call for an IAS Integrating Office was
released in January 2007.

Main activities of IC-P1.2 “Vertical Reference Frames”
were to elaborate a proposal for the definition and realiza-
tion of a global vertical reference system and the unification
of regional (continental) height systems, which included
the computation of a global W, value from sea surface and
gravity field models. Other activities were the European
Vertical Reference System (EVRS) and the re-measurement
of the German First Order Levelling Network (DHHN)).

The IC-SG1.1 Ionosphere Modelling and Analysis shall
study the methodology to improve the parameters of
existing physical ionosphere models (e.g., NeQuick, IRI)
by geodetic observations (e.g., two-frequency GPS and
Satellite Altimetry data). The parameters for geodetic use
(e.g., TEC) can then be derived from such a model. There
was a close cooperation with scientists from the Inter-
national Centre for Theoretical Physics, Trieste, Italy and
the Goddard Space Flight Centre, Greenbelt, USA, with a
very promising progress.

All the activities in the IC-SG1.2 “Use of GNSS for Refer-
ence Frames” are performed in very close cooperation with
the IGS. Topics are the integration of GPS and GLONASS
data, where several German scientists did extensive studies,
and the future adoption of the Galileo observations. There
was also a significant German contribution to the Galileo
Geodesy Service Provider (GGSP) project (BKG and GFZ).

A very important highlight of German activities in Commis-
sion 1 was the IAG Symposium “Geodetic Reference
Frames (GRF2006)” organized by DGFI and held in
October 2006 in Munich. More than 160 participants
discussed in more than 100 presentations for one week all
the topics dealt with in the Commission. A full day was
spent for joint sessions with the XXIII Congress of the
Fédération Internationale des Géometres (FIG) and the
German INTERGEO Congress, where mainly geodesists
and engineers from practice are participating, thus offering
the oportunity for direct scientific transfer.
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Combination of Space Geodetic Techniques

M. ROTHACHER!

Introduction

The combination and integration of the data of the various
space geodetic techniques like VLBI, SLR/LLR, GNSS,
and DORIS but also the satellite missions is an important
challenge of our time. The large variety of sensors should
be integrated into one Global Geodetic Observing System
(GGOS) that appears to the outside world as one large and
complex "instrument" with the goal to monitor the pro-
cesses in the Earth system. Because of the individual
strengths and weaknesses of the observation techniques,
it is a necessity to make use of their complementarity and
to combine them in order to obtain consistent and highly
accurate results. It is also clear that only the use of different,
partially redundant techniques allows it to differ between
technique-specific systematic biases and genuine geo-
dynamic/geophysical signals and, thus, to make fast pro-
gress.

A very important aspect in the combination of different
techniques is co-location. The co-location of different and
complementary instruments is crucial for several reasons:

— Without co-location sites and highly accurate local tie
information, it is impossible to establish a unique and
common global reference frame for all major space geo-
detic techniques (e.g. for sea level monitoring).

— Co-location sites allow the comparison, validation and
combination of estimated parameters common to more
than one technique. The comparison is crucial for the
detection of technique-specific biases and the combina-
tion of common parameters strengthens the solutions.

— Complementary observation techniques may be the only
way to separate different processes taking place in the
Earth system.

Both, co-location at the ground and co-location on satellites
should be considered.

Intra-technique and Inter-Technique Combi-
nations

Routine combination activities have been built up over the
last few years and take place at a few institutions in
Germany. In fact, Germany has an official intra-technique
combination center for each of the space geodetic tech-
niques (VLBI, SLR, GNSS) except for DORIS: DGFI
(Deutsches Geoditisches Forschungsinstitut) is one of two
intra-technique combination centers of the International
Laser Ranging Service (ILRS) that is routinely combining
the weekly solutions of the individual ILRS analysis centers

to produce — together with ASI, the primary combination
center — the official ILRS weekly products. At the Institute
for Geodesy and Geoinformation (IGG) at the University
of Bonn the combination of the individual weekly VLBI
solutions is performed based on solutions delivered in
SINEX files. Finally, at the GeoForschungsZentrum (GFZ)
in Potsdam the IGS combined products (satellite orbits and
satellite clocks) are generated. It should also be mentioned
that, at present, the Analysis Coordinators of the IERS
(MARKUS ROTHACHER), the IGS (GERD GENDT), and the
IVS (AXEL NOTHNAGEL) are located in Germany. Inter-
technique combinations are not yet done on a routine basis,
but considerable know-how exists at DGFI as one of the
ITRF Combination Centers (see Section "Terrestrial
Reference Frames" in this volume for more details) and at
GFZ. Most of the combination work has been done in the
framework of the Geotechnologien projects (see below) and
the new DFG Research Group "Earth Rotation and Geo-
physical Processes" (see the Section on "GGOS" in this
report for more information about these major research
programs).

Geotechnologien Project "'GGOS-D"

GGOS-D (Integration of Space Geodetic Techniques as the
Basis for a Global Geodetic-Geophysical Observing
System) is probably the most important project in Germany
concerning the combination of space geodetic techniques
and therefore it is briefly described here. This project is
funded by the Federal Ministry of Education and Research
(BMBF). The participating institutions are GFZ, BKG
(Bundesamt fiir Kartographie und Geodisie), DGFI and
IGG. The project is organized similar to a small "IERS",
i.e., for each of the space geodetic techniques (VLBI, SLR,
GPS, except DORIS) two fully reprocessed solutions
(weekly SINEX files) are generated covering the entire data
span of the observation techniques, using, in each case, two
different software packages. These homogeneous series are
then combined as rigorously as possible, first on the intra-
then on the inter-technique level. In some aspects to be
mentioned here, this project goes far beyond present
international activities:

— Strict use of common standards concerning geodetic/
geophysical models and the type of parameterization for
all participating software packages — Inclusion of Low
Earth Orbiters (CHAMP, GRACE, ...) and altimetry in
addition to the space techniques SLR, VLBI, and GPS.

— Increase of the parameter space to be combined to link,
for the first time, geometry, Earth rotation, gravity field
and sea surface.

' Markus Rothacher: GeoForschungsZentrum Potsdam (GFZ), Department 1 Geodesy & Remote Sensing, Telegrafenberg A 17,
D - 14473 Potsdam, Germany, Tel. +49 - 331 288 1100, Fax +49 - 331 288 1111, e-mail rothacher@gfz-potsdam.de
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— Combination of additional parameters, namely quasar
coordinates, nutation offsets and rates, troposphere
zenith delays and gradients, and low degree spherical
harmonic coefficients of the Earth‘s gravity field.

— Higher temporal resolution for some of the parameter
types (not only weekly, but also daily solutions; sub-
daily resolution of Earth rotation parameters).

Presently, the second iteration of solutions is produced and
will subsequently be combined and interpreted.

So far major research aspects have been:
— Rigorous combination of site coordinates and EOP.

— Comparison and combination of troposphere parameters
from GPS and VLBI.

— Importance of tropospheric local ties between GPS and
VLBI.

— Combination of UT1 from VLBI and length of day from
satellite techniques (GPS, SLR).

— Combination of nutation offsets (VLBI) and rates (GPS,
SLR).

— Intensive studies of the local tie discrepancies between
techniques.

— Homogeneous multi-year solutions of the techniques.

— Impact of systematic effects on the comparison/combi-
nation results like GPS receiver and satellite phase center
variations, troposphere mapping functions, higher-order
ionospheric corrections, etc.

Details may be found in the literature given at the end of
this chapter.

Combination on the Observation Level

Combination on the level of the individual observations
certainly is one of the challenging goals. To be able to do
this, a software package has to developed that allows the
processing of all the major observation types. In Germany,
in the last few years, two software packages have been, step
by step, modified in this direction: the Bernese GPS Soft-
ware — in a joint effort of the TU Munich and the Astro-
nomical Institute, University of Berne — has been modified
to allow the processing of SLR data to GNSS satellites, to
Lageos-type satellites and to Low Earth Orbiters and to
allow the processing of VLBI data. Some work is also under
way to add DORIS to the set of observables. The second
package is the EPOS software of GFZ, where the processing
of SLR, PRARE, GPS, altimetry, K-band, etc. data is
possible. These capabilities are used to generate big global
solutions of the GPS ground network, the SLR network and
the LEOs CHAMP and GRACE in one step, correctly
taking into account all correlations. First results are very
encouraging. Solutions over longer time periods are now
produced within the GGOS-D project.

Future Activities

One of the future goals will be to also integrate Lunar Laser
Ranging solutions generated at the Institut fiir Erdmessung
(IfE) in Hannover into the combination framework estab-
lished by GGOS-D. One of the major challenges will then

be, to go for a fully consistent combination of the geometric
parameters with the full set of gravity field coefficients
from CHAMP, GRACE and GOCE. On the long run, the
integration of altimetry data and the data of super-
conducting and absolute gravimeters will be a additional
challenges for the future. Finally, the combination of all
common parameters of the space geodetic techniques will
have to be followed by an integrated modelling of the
variations in the Earth deformation, in Earth rotation and
in the Earth gravity field. First attempts in this direction
have been undertaken by DGFI (Earth rotation model of
FLORIAN SEITZ) and the ocean-atmosphere-hydrology
model by MAIK THOMAS at the TU Dresden.
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Celestial Reference Frames & Interaction

with Terrestrial Reference Frames

V. TESMER!

Introduction

In geodesy, there are two types of celestial reference
frames: (1) positions of extragalactic objects and (2)
dynamic realizations by ephemeris (positions and velocities
or orbital elements) of the planets, the moon and artificial
earth orbiting satellites. The first ones are often called
inertial, the second ones quasi inertial (see SCHUH et al.,
2003). While satellite orbits are in general discussed in
Commission 4 “Satellite Orbit Modelling”, this chapter
concentrates on (quasi) inertial frames as such and their
interaction with terrestrial reference frames.

Towards ICRF2

In January 1998, the VLBI-determined ICRF (608 radio
positions of extragalactic objects) replaced the optical FK5
as the celestial reference frame. Since then, it was extended
twice, 1999 by 59 (ICRF-Extl) and 2002 by 50 sources
(ICRF-Ext2). To keep the ICRF homogeneous throughout
the extensions, the same VLBI analysis setup was kept as
used for the first solution in 1995. With continued appli-
cable VLBI observations and improvements in analysis a
better realization of the ICRF is now possible and an even
better realization is feasible in the foreseeable future. So
the IAU, the IERS, as well as the IVS aim at a new realiza-
tion of the ICRS in the next years. It is planned to be
completed concurrent with the 2009 IAU General Assem-
bly.

The IAU as well as the IVS have working groups related
to ICRF2. BKG and DGFI actively take part in the IVS
Working Group for ICRF2, which was founded 2006 in
Prague during the IAU General Assembly. The result of
this working group will be submitted to the AU Working
Group. This IAU working group will then validate the
ICRF2, and, in case of positive evaluation, be engaged in
the formulation of resolutions to be adopted by the TAU.
Both, DGFI and BKG submit catalogues, source position
time series and other relevant results.

Effect of various analysis options on VLBI-
determined CRF

In 2006, the effect of various analysis options on VLBI-
determined CRF was investigated at DGFI (TESMER et al.,
2006a, 2006b, and TESMER, 2007):

— different troposphere mapping functions and gradient
models,

— choice of the data set (neglecting sessions before 1990
and 21 astrometric sessions),

— handling of sources that may not be assumed to have
time-invariant positions,

— handling of the station network (estimate the station
positions per session, as positions and velocities over 20
years, or fix them to a priori values).

The biggest, clearly systematic effects in the estimated
source positions up to 0.5 mas were found to be due to
different gradient models (esp. the selection of the a priori
values and the constraints). The choice of the data set does
generally not have a significant influence. This holds also
(with several exceptions) for different options how to treat
sources which are assumed to have time-invariant positions.
Furthermore it turned out that fixing station positions to
values not consistent to the solution itself can noticeably
affect CRF solutions.

Interaction between CRF and TRF

At DGFI, a VLBI solution with a TRF, the EOP and a CRF
being estimated simultaneously was established applying
anon-biasing NNR and NNT datum for the TRF and NNR
for the CRF (TESMER et al., 2004). Using such minimum
datum conditions, biases were avoided which are due to
fixed reference frames or other relevant parameters of the
observation equations. HEINKELMANN et al. (2006) presents
a similar solution and gives more technical details.

TESMER (2006) summarizes the results of a research project
“consistent realization of reference systems by VLBI”,
supported by DFG (Deutsche Forschungsgemeinschaft,
DR143-11). In this context, most interesting is: (1) The
sparse southern VLBI observing network implicates a non
sufficiently redundant observing geometry. This is why
some parameters of southern sources and stations are
significantly correlated in CRF and TRF solutions (like
O’Higgins, Antarctica or Hobart, Australia). (2) This also
holds for sources and stations, which were not observed in
varying network constellations (like Crimea, Ukraine or
Saint-Croix, Virgin Islands, USA).

Source position time series

Presently, if CRF solutions are computed with VLBI, one
position is estimated for the whole data span (suitable data
exists since 1984). This assumes the apparent position of
the sources to be constant in time. But, there are some
sources, for which today a constant model of the position
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is not supposed to be suitable anymore. Engelhard and
THORANDT (2006) computed time series of radio source
positions and tested them for normal distribution to uncover
such sources. TESMER (2006) also presents first source
position time series.

GPS satellite orbits used as quasi celestial
reference frame for satellites in Low Earth
Orbit

ROTHACHER and SVEHLA (2003) sketch how Low Earth
Orbiters (LEOs, such as CHAMP, JASON, GRACE etc),
equipped with GPS receivers can be interconnected with
global GPS solutions. Today, it is common habit to use the
high flying GPS satellites as quasi celestial reference frame
for the LEOs. As GPS observations from LEO receivers
on-board are not subject to tropospheric delay, they can be
used very well to estimate the position of the satellite in the
orbit, e.g. with very high time resolution by means of kine-
matic approaches (SVEHLA and ROTHACHER, 2005). Details
and more related publications are given in the reports
“GNSS Positioning” and “Satellite Orbit Modelling” of
Commission 4.

Satellite and receiver antenna phase center
variations

In recent years, the effect of absolute instead of relative
antenna phase patterns on geodetic GPS results was investi-
gated in detail. Both, the receiver and the satellite antennas
(which are part of the quasi celestial GPS reference frame)
are subject to phase patterns. SCHMID and ROTHACHER
(2003) estimated GPS satellite antenna phase center offsets
and variations in nadir direction, azimuth-dependent phase
center variations were demonstrated by SCHMID et al.
(2005). STEIGENBERGER et al. (2007) compared different
antenna phase center models, including the relative model
used by the IGS so far, and the latest absolute IGS model
igs05.atx (SCHMID et al., 2007): Terrestrial reference frames
showed significant station displacements, e.g. horizontally
by up to S mm and 1 cm in height. Details and more related
publications are given in the report “Nuisance Effects in
GNSS Positioning” of Commission 4.

LLR

MULLER et al. (2007) discuss the potential of Lunar Laser
Ranging (LLR) to contribute to the realization of various
reference systems, i.e. the terrestrial and selenocentric
frame, but also the dynamic realization of the celestial
reference system. Most of the benefit is due to the long-term
stability of the lunar orbit, which is now observed by LLR
for more than 36 years. They also discuss the option to
deploy radio transponders to the moon, which would
provide a strong tie to the kinematic VLBI system.

Gaia

Gaia is an (optical) astrometric satellite project of the
European Space Agency (ESA), planned to be launched
in 2011, as the successor mission to Hipparcos. It will
measure 3-dimensional positions of about one billion stars,
quasars and solar system objects as well as 3-dimensional

velocities and physical properties of those objects (by multi-
band photometry and spectrometry of each source). Being
placed in an orbit around the Sun, at a distance of 1.5
million kilometres further off than Earth, it will be in a very
stable thermal environment and a moderate radiation
environment. Thus, measurements produced by Gaia will
be of unprecedented accuracy of about several micro-
arcseconds.

The Lohrmann Observatory at the Dresden Technical
University coordinates a Gaia collaboration, REMAT
(RElativistic Models And Tests). It is responsible for
relativistic modelling of Gaia data and for the use of the
microarcsecond astrometric observations to test of relativity
and other aspects of fundamental physics. The Lohrmann
Observatory also participates in all aspects of astrometric
data processing for Gaia. Related publications are given in
the references.
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Terrestrial Reference Frames (Global and Regional Frames)

D. ANGERMANN!

Introduction and overview

This report summarizes the major activities of the German
geodetic institutions for the period from 2003 to 2007 in
the field of global and regional terrestrial reference frames.
It focusses on contributions for the ITAG Sub-Commission
1.2 “Global Reference Frames” and the IAG Sub-Com-
mission 1.3 “Regional Reference Frames”. The Sub-
Commission (SC) 1.3 consists of six sub-parts, which are
the SC-1.3a “Reference Frame for Europe (EUREF)”, SC-
1.3b “Reference Frame for South and Central America
(SIRGAS)”, SC-1.3c “Reference Frame for North America
(NREF)”, SC-1.3d “Reference Frame for Africa (AFREF),
SC-1.3e “Reference Frame for South East Asia and
Pacific”, and SC-13.f “Reference Frame for Antarctica
(SCAR)”. In the frame of the regional reference frame, the
German institutions mainly contribute to Europe (EUREF),
South and Central America (SIRGAS) and Antarctica
(SCAR).

The contributions of German geodesists to the space
geodetic observation networks are not addressed in this
chapter. These activities are presented in the [UGG National
Report of IAG Commission 4 “Positioning and Applica-
tions” in the sections 4.1 “Space Geodetic Techniques
(VLBI, LLR, SLR, DORIS)” and 4.4 “Permanent GNSS
Networks, including SAPOS”. For a report on the German
activities related to the combination and integration of space
geodetic observations we refer also to the report of IAG
Sub-Commission 1.1 “Combination of space geodetic
techniques”.

International Terrestrial Reference Frame
(ITRF)

The International Earth Rotation and Reference Systems
Service (IERS) is in charge of defining, realizing and
promoting the International Terrestrial Reference System
(ITRS). The realization of the ITRS, the ITRF, comprises
a set of physical points on the Earth’s surface with precisely
determined positions and velocities in a specific coordinate
system attached to the ITRS. The definition of the ITRS
and the geophysical models to be used for its realization
as the ITRF are specified in the [IERS Conventions. Within
the re-organized IERS structure (since 2001), the ITRS
Product Centre hosted at the Institute Géographique
National (IGN, France), is supplemented by ITRS Combi-
nation Centres, which have been established at “Deutsches
Geoditisches Forschungsinstitut (DGFI)”, IGN and
National Resources Canada (NRCan). The ITRS Combina-
tion Centres are responsible for the computation of

terrestrial reference frame realizations (ITRF) through the
combination of data sets from space geodetic techniques,
such as the Global Positioning System (GPS), Satellite
Laser Ranging (SLR), Very Long Baseline Interferometry
(VLBI), and Doppler Orbitography and Radiopositioning
Integrated by Satellite (DORIS). A detailed description of
the combination methodology of the ITRS Combination
Centre at DGFI, which is based on the level of un-
constrained normal equations, is provided in various pub-
lications (e.g. ANGERMANN et al., 2004 and 2006; MEISEL
et al., 2005; DREWES et al., 2006).

The establishment of an ITRS Combination Centre at DGFI
was partly funded by the “Sonderprogramm GEOTECH-
NOLOGIEN” of BMBF and DFG in the framework of the
joint project “Integration der geodétischen Raumbeobach-
tungsverfahren und Aufbau eines Nutzerzentrums im
Rahmen des internationalen Erdrotationsdienstes”. This
project includes the IERS Analysis Coordination
(ROTHACHER et al., 2006), the IERS Central Bureau at
“Bundesamt fiir Kartographie and Geodisie (BKG)”
RICHTER and SCHWEGMANN (2006); the joint IERS Combi-
nation Research Centre (CRC) of DGFI, the Research
Facility for Space Geodesy (FESG) of the Technical
University Munich and the Institute of Geodesy and
Geoinformation (IGG) of the University of Bonn, as well
as the CRC at GeoForschungsZentrum Potsdam (GFZ).

In its function as an ITRS Combination Centre, DGFI has
computed a terrestrial reference frame realization 2003
based on multi-year VLBI, SLR, GPS and DORIS solutions
with station positions and velocities. A comparison of the
DGFI solution to ITRF2000 can be considered as a first
“quasi-independent” quality control and external TRF
accuracy evaluation. Detailed results of this comparison
are provided in ANGERMANN et al. (2004).

In December 2004, the IERS released a call to the inter-
national geodetic services for providing time series of
solutions (or normal equations) of station positions and
Earth Orientation Parameter (EOP) for a new realization
of the International Terrestrial Reference Frame 2005
(ITRF2005). The data should be epoch solutions (satellite
observations weekly, VLBI session-wise) to allow detailed
analyses, e.g. the detection of non-linear motions or discon-
tinuities in the station coordinate series, and a rigorous
combination. The International GNSS Service (IGS), the
International Laser Ranging Service (ILRS), the Inter-
national VLBI Service for Geodesy and Astrometry (IVS),
and the International DORIS Service (IDS) provided the
corresponding data sets.
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The contribution of the IVS for ITRF2005 has been compu-
ted by the IVS Analysis Coordinator's office at the Institute
of Geodesy and Geoinformation of the University of Bonn
(e.g. VENNEBUSCH et al., 2006). For this purpose the IVS
Analysis Centers, two of them being the Leipzig Branch
of BKG and DGFI, provided datum-free normal equation
matrices in Solution INdependent EXchange (SINEX)
format for each 24-hour observing session to be combined
on a session-by-session basis. The German contributions
to the ILRS include the computation of SLR time series
solutions by the ILRS Analysis Centres at DGFI and GFZ
and their combination performed by the ILRS Backup
Combination Centre at DGFI (e.g. KELM, 2003, MULLER
etal., 2005). The German contributions to the IGS include
the processing of GPS time series solutions by the IGS
Analysis Centres at GFZ and ESOC, Darmstadt.

Besides the official IGS solutions submitted for the
ITRF2005 computation, a complete reprocessing from the
raw GPS observations has been started by the FESG of the
Technical University Munich and the Institute for Planetary
Geodesy (IPG) of the Technical University Dresden (e.g.
STEIGENBERGER et al., 2006). In 2006, also the IGS has
decided to perform such a homogenous reprocessing and
recombination of the GPS data, which then will serve as
input for future ITRF realizations.

DGFI and IGN computed each one solution for ITRF2005
using the times series solutions (or normal equations). The
common processing of time-dependent station positions and
EOP shall ensure the consistency of the terrestrial reference
frame and the orientation of the Earth in space. Both ITRS
Combination Centres used their own software and applied
their preferred methodology. A description of the combina-
tion methodology applied at DGFI is published in ANGER-
MANN et al. (2007). Comparisons between the IGN and
DGFI solutions show a good agreement after similarity
transformations, but a significant difference in the SLR
scale was found due to the different computation strategy.
It has been agreed by IGN and DGFI to perform further test
computations to assess the effect of the differences in the
combination strategies.

Various studies related to the terrestrial reference computa-
tions were performed, which include the weighting of the
different space geodetic observations (e.g. KELM, 2003),
the local tie implementation within the inter-technique
combination (e.g. KRUGEL and ANGERMANN, 2007) and
the effect of time-variable effects in station positions on
the terrestrial reference frame results (e.g. MEISEL et al.,
2007). FESG and GFZ Potsdam performed investigations
on the impact of the combination of GPS and Galileo as
well as of GPS and Low Earth Orbiters (LEO) on the global
reference frame (e.g. ROTHACHER and SVEHLA, 2003;
KONIG et al., 2005; ZHU et al., 2003). In a cooperation
between the Geodetic Institute of the University Hannover
and DGFI a new stochastic approach was developed for the
intra-technique combination, assuming that the variance
of the input data sets of different Analysis Centres have a
common part resulting from the variance of the observa-
tions (observation noise) and an individual part coming
from the individual analysis strategy (analysis noise). First

results of this new stochastic approach are presented in
KUTTERER et al. (2007).

Reference Frame for Europe (EUREF)

The EUREF Sub-Commission was constituted at the [IUGG
General Assembly held in Vancouver, 1987, under the
umbrella of Commission X — Global and Regional Geodetic
Networks of Section 1 — Positioning. As a result of the new
IAG structure at the IUGG General Assembly held in
Sapporo, 2003, EUREF was integrated within Sub-Com-
mission 1.3 “Regional Reference Frames” (e.g. TORRES et
al., 2005).

The objective of EUREF is the definition, realization and
maintenance of the European Reference Systems, in close
cooperation with the IAG components and Euro-
Geographics, the consortium of the National Mapping and
Cadastre Agencies (NMCA) in Europe. The Terms of
Reference (ToR), which were adopted at the annual sympo-
sium held in Bratislava (June 2004), contain the description
of EUREEF, its objectives, activities, organisation and the
rules for membership according to the general rules ex-
pressed in the Statutes and By-laws of IUGG and IAG (see
http://www.euref-iag.net/html/ Overview_of EUREF_
Terms_of _reference.html).

The forum, where activities are discussed and decisions are
taken is the annual symposium, organized since the EUREF
foundation in 1987. Current activites are governed by the
Technical Working Group (TWG). The results of EUREF
are available in the symposia proceedings as well as on the
EUREF homepage (http://www.euref_iag.org/).

Since the beginning, Germany is intensively engaged in
EUREF. The secretariat of EUREEF is incorporated at the
German Geodetic Commission in Munich. Several German
geodesists are members of the TWG. The organization of
numerous EUREF campaigns was organized and mostly
subsidized by BKG in Frankfurt a.M. and Leipzig. Nume-
rous colleagues from other countries were guests of BKG
to be trained in the analysis of GPS networks. The proceed-
ings of the EUREF symposia were compiled by the EUREF
President and Secretary, the printing was financed by BKG.

German institutions also contribute significantly to the
EUREF Permanent Network (EPN). The EPN is a network
of continuously operating GNSS stations, primarily
installed for reference frame maintenance. Since 2003, more
than 30 new EPN stations were installed, bringing the total
number of stations to almost 200, from which 16 stations
are operated by German institutions. The current status of
the EPN is visible at the EPN Central Bureau web site at
http://www.epncb.oma.be. In order to optimise the data
processing within the EPN, the principle of distributed
processing is used. In this approach the EUREF Permanent
Network is divided in sub-networks, which are separately
processed by different EPN Local Analysis Centres
(LAC's). They submit weekly free-network solutions
(SINEX format) to the EPN Regional Data Centre at BKG.
There are two LAC’s operated by German institutions: The
Bavarian Committee for International Geodesy in Munich
(BEK: “Bayerische Kommission fiir die Internationale
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Erdmessung”) and BKG. The EPN Combination Centre
presently hosted at BKG is responsible for combining the
EPN sub-network solutions into one European solution
submitted to IGS. The EUREF combined solutions are
computed by the EPN Analysis Coordinator (e.g. HABRICH
2003, 2004, and 2005). The resulting free-network solutions
(official EUREF combined solution) are made available
as SINEX files to the IGS Global Network Associate
Analysis Centres (GNAAC). The data centre of BKG is
providing access to observation and analysis results of the
EPN through its server.

BKG is leading the EUREF activities concerning the
vertical networks (UELN - Unified European Levelling
Network / EVS — European Vertical System) and its inte-
gration in the European Vertical GPS Reference Network
(EUVN) as well as the European Combined Geodetic
Network (ECGN). The UELN was extended by the first
order levelling network. In May 2004 the Danish network
block was substituted by a new version of the same epoch
and in December 2004, the 5" Primary Levelling of the
Netherlands was handed over. These two data sets were
included in the UELN data base at BKG. The data of the
most recent levelling networks of Finland, Norway and
Sweden are expected in the near future (SACHER et al.,
2007). The European Combined Geodetic Network (ECGN)
is a kinematic network for the integration of time series of
spatial/geometric observations (GNSS — GPS/GLONASS
and in the future Galileo), gravity field related observations
and parameters (precise levelling, tide gauge records,
gravity observations, Earth and ocean tides), and supple-
mentary information (meteorological parameters, surround-
ing information of the stations, e.g. eccentricities and
ground water level). BKG contributes to the development
of the ECGN and participated in the preparation of the “Call
for Participation” for the ECGN project. The first call for
participation in the project was directed to the implementa-
tion of the ECGN stations. These stations include the
observation techniques GNSS, gravity (super conducting
gravimeter and/or absolute gravimeter), levelling connec-
tions to nodal points of the UELN and meteorological
parameters. As a result of this first call a total of 50 ECGN
stations (8 core stations, 42 stations with the “ok-status”)
were selected. From the 74 originally proposed stations 7
were identified as candidates and 17 as proposed stations
(IHDE et al., 2005). More information of the current status
and the distribution of ECGN stations is availabe at the
homepage of the ECGN project hosted at BKG (http://www.
bkg.bund.de/ecgn). After the consolidation of the ECGN
network configuration and the integration of the stations
in the EPN network, the absolute gravimeter infrastructure
has to be developed and a data base for absolute gravity
measurements has to be realized (IHDE et al., 2007).

Other EURETF related activities with the contribution of
German geodesists are the EPN Special Project “Tropo-
sphere Parameter Estimation” (SOHNE and WEBER, 2004)
as well as investigations and developments with the
“EUREF - IP Pilot Project” (WEBER and GONZALES-
MARTESANZ, 2005). EUREF-IP Ntrip Broadcaster Imple-
mentation is available now in BKG, FGI, FOMI, GURS,
IGNE, Swisstopo. As a practical application a successful

EUREF-IP Ntrip Driving Test has been performed in
Finland over a distance of 18 km.

The Institute of Physical Geodesy of Technical University
Darmstadt is member of the Central European GPS Geo-
dynamic Reference Network (CEGRN) Consortium. The
institute took part in the CERGN epoch campaign in 2005
and in the evaluation of this campaign. Furthermore the
combination solutions of all available campaigns were
combined to an integrated estimation of station coordinates
and velocities (e.g. CAPORALI et al., 2006, DRESCHER et al.,
2006, HEFTY et al., 2006).

Reference Frame for South and Central
America (SIRGAS)

Sub-Commission 1.3b encompasses the activities developed
by the “Geocentric Reference System for the Americas”
project (SIRGAS). The long-term objective is the definition
and realization of a unified reference frame for South and
Central America, consistent with the ITRF, besides promot-
ing the definition and the establishment of a unique vertical
reference system (e.g. FORTES et al., 2005, FORTES et al.,
2006).

Three Working Groups (WG) were established within
SIRGAS: WGI1: Reference Frames, WG2: Geocentric
Datum, WG3: Vertical Datum. Several scientists from
Germany are members of the Working Groups and LAURA
SANCHEZ (DGFI) was confirmed as the president of the
Working Group 3.

DGFI contributes to the SIRGAS Working Group 1 as an
IGS Regional Network Associate Analysis Centre for
SIRGAS (IGS RNAAC SIR) since 1996 (e.g. SEEMULLER
et al., 2005). Weekly coordinate solutions including all
available observations of this network are generated and
delivered to the IGS Global Data Centres. Since 2003 a
number of new stations have joint the SIRGAS network,
bringing the total number to more than 120 stations. The
number of participating stations will increase dramatically,
especially in Argentina, Brazil and Columbia.

The IGS RNAAC SIR processing is currently done with
the Bernese Processing Engine, version 5.0. DGFI is
providing weekly position solutions as support to all South
and Central American countries. A new accumulated
solution DGF06P01 was computed including data from
June 30, 1996 to June 17, 2006. It provides positions of 85
stations and velocities of 71 stations which have contributed
to at least 52 weekly solutions.

Results of the SIRGAS campaign 2000 and American
geocentric reference frame were released in 2003. The
processing of the 2000 observation data was performed by
three analysis centres at DGFI and BEK in Munich as well
as IBGE in Rio de Janeiro, Brazil (DREWES et al., 2005).
Using the velocities of the SIRGAS stations together with
the results of the IGS RNAAC SIR processing, DGFI and
the Geophysical Institute of the University Karlsruhe have
estimated the deformation of the South American crust from
finite element and collocation methods (DREWES and
HEIDBACH, 2005). These deformation model provides the
basis to derive the velocity field for South America.
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At the workshop of the SIRGAS Working Group 1 in Rio
de Janeiro, August 16-18, 2006, it was decided to install
Experimental Analysis Centers (EAC) for SIRGAS under
the responsibility of Latin American institutions. The test
phase of the one-year experiment has started in October,
2006 in order to prove the operational capacity of the
EAC’s to provide weekly coordinate solutions and to
support the IGS RNAAC SIR processing.

Reference Frame for Antarctica (SCAR)

The objective of IAG Sub-Commission 1.3f is the defini-
tion, realization and maintenance of the reference frame
for Antarctica (DIETRICH 2005).

The SCAR GPS Campaigns 2004 and 2005 were carried
out in the Australian summers 2004 and 2005. All together,
the data of 36 sites are now collected in the SCAR GPS
database with the year 1995. The new as well the existing
data were reanalysed with the Bernese Software, Version
5.0. First results were presented at the XXVIII. SCAR
Metting in Bremen (Germany) in July 2004.

For the ITRF2005 a densification solution for Antarctica
was computed and submitted to the IERS Central Bureau
at February 28" 2005. The solution contains 31 IGS sites
and 27 SCAR Campaign sites.

During the XX VIII. SCAR meeting in Bremen the members
of the IAG Sub-Commission 1.3f met and discussed the
working plan of the SCAR Group of Experts on Geodetic
Infrastructure in Antarctica (GIANT) and fixed it for the
years 2004 until 2006. R. DIETRICH (TU Dresden) was
selected as new chairman of GIANT. The members of
GIANT represent the SC-1.3f.

The International Polar Year 2007/2008 will be an intensive
period of scientific activities in the polar regions. It is
organized jointly by ICSU and WMO, and a broad range
of coordinated, international projects are in preparation. The
SC-1.3f will actively participate in the frame of the project
POLENET (Pole Earth Observing Network).
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Introduction

The contributions of German scientists were focussed to
the development of concepts for the definition and realiza-
tion of vertical reference systems as well as to implementa-
tion activities in the global, European and national frame.
The work was organized in interdisciplinary working
groups, mainly the Inter-commission Project 1.2 Vertical
Reference Frames, a common Project of Commission 1 and
Commission 2, the Sub-commission for Reference Frames
in Europe EUREF, and the Working Committee of the
Surveying Authorities of the German States (AdV).

The combination of different geodetic techniques is an
integrated part of all concepts for height determination and
the realization of vertical reference frames. Especially the
satellite gravity missions CHAMP, GRACE and in the next
step GOCE in connection with local geoid densifications
and GNSS measurements will lead to an essential progress
for the unification of the different height reference frames.

Global Vertical Reference System (GVRS)

In 2003 TAG has founded the Inter-commission Project 1.2
Vertical Reference Frames to study the consistent modelling
of both, geometric and gravimetric parameters and to
provide the fundamentals for the installation of a unified
global vertical reference frame.

The main tasks were:

— Elaboration of a proposal for the definition and realiza-
tion of a global vertical reference system;

— Study of combination procedures for height data sets
from different techniques;

— Study of information on regional vertical systems and
their relations to a global vertical reference system for
practical applications;

— Unification of regional (continental) height systems;

— Harmonization of globally used height data sets.

The results of the work of the ICP1.2 are documented in
Conventions for the Definition and Realization of a Con-
ventional Vertical Reference System (CVRS, CVRF).

In the CVRS/CVREF conventions a general concept for the
definition and realization of a unique, global vertical
reference system is worked out. The CVRS conventions
are aligned to the IERS 2003 Conventions. Parts of the
IERS 2003 conventions are the basis for the CVRS conven-
tions.

A global unified vertical reference system as International
Vertical Reference System (IVRS) can be realized by:

— A global network of stations coordinated in ITRF with
co-location between permanent GNSS, tide gauges, in
some stations gravity permanent (SG) and periodically
(AG)

— A conventional global gravity model (CGGM) from
satellite gravity missions only

— Both based on a set of conventionally numerical stan-
dards.

Regional and national height reference systems can be
integrated in an IVRS by GNSS/levelling aligned to ITRF
and using the CGGM and the numerical standards.

Proposed items for continuation:
— Discussion of the results of ICP1.2 (GGAS action)

— Initiation of a pilot project for an IVRS realization on
the basis of the TIGA-PP, GGP and IGFS for AG and
a CGGM (call for participation as IGFS action)

— Decision about numerical standards as task of GGOS
in cooperation with TAU.

The project continuation shall realize in cooperation with
other organizations, especially the International Association
of Hydrological Sciences (IAHS), the International Associa-
tion for the Physical Sciences of the Oceans (IAPSO), the
International Hydrographic Organisation (IHO), the Inter-
national Federation of Surveyors (FIG), and the Interservice
Geospatial Working Group (IGeoWG) of NATO.

German scientists basically contributed to this working

group by:

— Definition and realization of a global vertical datum: the
zero height level. Since the different physical height
types (orthometric and normal heights) refer to different
reference surfaces (namely, geoid and quasigeoid), the
studies are focused in appointing a unified reference
surface, which serves as a zero level to both types of
heights and allows the different countries to keep the
physical heights they prefer, but in a unified vertical
reference system.

— Determination of a conventional geopotential value
(W0). Although the WO value of a vertical datum can
arbitrarily be selected, it is preferred to introduce a
quantity, which agrees with the state of the art of the
present observing techniques of the Earth’s gravity field.
In this way, WO was determined by applying different
approaches (mean value of the geopotential values at the
sea surface, solution of the fixed gravimetric geodetic
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boundary value problem, etc.), different mean sea
surface models (CLS01, KMS04, GFSCO00.1, and a series
of annual models from 1993 to 2001 derived at DGFI
from T/P), and different global gravity models (EGM96,
TEG4, GGMO02S, EIGEN-CG03C, EIGEN-GL04S).

— Unification of the existing vertical datums. This topic
is concentrated on the formulation of a combined system
of observation equations based on spirit levelling, GNSS
positioning, and geoid determination. It includes the
common analysis of tide gauge registrations, satellite
altimetry data analysis and GNSS positioning at those
tide gauges which serve as vertical datums in the classi-
cal height systems. This analysis is carried out in the
frame of the IGS TIGA project.

A meeting of the Working Group "Theoretical Geodesy"
took place to the topic "Fundamental questions of vertical
datum and a world height system" in the Institute of Theo-
retical Geodesy of the University of Bonn on September
12th, 2006. Science colleagues from Germany and the
Netherlands as well as representatives of the national survey
from a few federal states took part in the meeting. In the
course of the informal meeting a number of lectures was
given followed by dedicated discussions. It turned out that
the issue of the choice of a suitable vertical datum and of
the connection of regional datum systems, but also the
question of a practicable solution that is closely connected
to this arouse intense discussions again and again.

European Vertical Reference System (EVRS)

The main activities to realize the European Vertical Refer-
ence System (EVRS) are carried out in the frame of the IAG
Sub-commission EUREEF. In the last four years EUREF
initiated several height projects: The European Combined
Geodetic Network (ECGN), the densification of European
Vertical Reference Network (EUVN-DA) and the readjust-
ment of the United European Levelling Network (UELN).
The combination of the UELN and ECGN activities will
lead to an EVRS 2007 solution.

The Federal Office for Cartography and Geodesy (BKG)
is the responsible EVRS data and analysis centre. All
European levelling data of EUREF are stored and analysed
at BKG including the information systems to present the
results via internet.

The European activities were related in two directions:
i. Selection and validation of related height information

ii. Preparation of a new EVRS solution to store all height
related geo-information data of the European Commis-
sion in a homogeneous vertical system.

The updating and maintenance of the UELN databank was
continued by the data of the national Bulgarian First Order
Levelling Network, the data of the current Danish First
Order Levelling Network, the data of the 5™ precision
levelling of the Netherlands, the data of the newly measured
1* order levelling networks of Finland, Norway and
Sweden. In this context the ’Land Uplift Model’, used by
NGK for the readjustment of Scandinavia, was transferred.

The measuring data by means of this model were reduced
to the epoch 2000.

Germany participated in the activities carried out for the
EUVN_DA project within the scope of the provision of the
levelling heights of the stations in the EVRF2000 system.
The project serves to derive a new European geoid. To be
able to ensure that in the case of an interim change of the
net datum and the integration of new data into the UELN,
respectively, the heights of all EUVN_DA stations do refer
uniformly to the relevant current epoch, the geopotential
differences between the EUVN_DA stations and the neigh-
bouring UELN nodal points were adopted into the database,
thus they will enter into any future UELN adjustment.

Re-measurement of the German First Order
Levelling Network (DHHN)

Since 2003 the conceptual preparation of a re-measurement
of the German First Order Levelling Network (DHHN) was
performed in the frame of the Working Group "Renewal
of the DHHN92" of the AdV. On the basis of an analysis
of the current state of height networks in Germany the
Working Group discussed urgent questions of effort for and
accomplishment of a renewal of the levelling network.
Objectives of a re-measurement of the levelling network
are the examination of the official height system DHHN92
for detection of stresses and height changes (diagnosis), the
optional introduction of a new official height status, the
integration of the height reference system into a future
integrated spatial reference system and the creation of bases
for scientific investigations (e.g. determination of recent
crustal movements).

Correspondingly, the concept comprises besides digital
geometrical precision levelling from the state surveying
agencies during the years 2006 — 2011 an additionally
epoch equal GNSS campaign integrating 250 selected
points of the levelling network and nearly 300 reference
stations of different GNSS networks (IGS, EPN, GREF,
SAPOS) in 2008. In addition, BKG will carry out absolute
gravity measurements on 100 of the field stations as from
2008.

As economically reasonable variant that is realizable within
a period of about 5 years, at first a partial renewal of the
existing network with a levelling length of about 14.000
km (about 50 % of the existing network) was intended. By
now, additional efforts of the surveying agencies let expect
re-levelling of approximately 75% of the first order net-
work. The network configuration follows the run of existing
st order levelling lines. For linking the network to the
neighbouring states and the connection of coast gauges,
attention was paid to the inclusion of levelling lines along
the state boundaries and the coasts of North and Baltic Sea.
In addition, the selected lines should have as little height
difference changes as possible between the previous two
levelling epochs. To check the compliance with these
conditions the horizontal gradients of vertical height
difference changes were determined and analysed from the
observations of the last two levelling epochs that are stored
in the DHHN databank.
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The draft network of the levelling to be measured was
revised in accordance with the comments and proposals of
the Land survey authorities, whereby the border crossing-
points with the neighbouring countries have been integrated
into the draft network for the purpose of linking the DHHN
in future with the European Levelling Network UELN. The
sub-surface control point groups Wallenhorst, Flechtingen
and Hoppegarten were discussed as potential datum points
within the frame of a constraint-free adjustment of the
levelling network.

There exists a close cooperation between the two DHHN
computing centres of the State Survey Administration of
Nordrhein-Westfalen (NRW) and of BKG. The NRW
computing centre provides the software for the pre-valua-
tion of the levelling data in the field. First arrangements
have been made concerning the delivery of the pre-valuated
data. A test network was evaluated by both computing
centres with identical results for the purpose of comparing
the evaluation programs and evaluation technologies
employed.
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Satellite Altimetry

W. BoscH'

Satellite altimetry provides a precise mapping of the ocean
surface and monitors its temporal variations. Thereby this
space technique contributes essentially to the solution of
fundamental problems of physical geodesy: the mean sea
level does not only realize two third of the Earth figure, it
also approximates very closely the geoid, the equi-potential
surface of the Earth gravity field serving as a global height
reference. Sea level variations allow estimating ocean mass
redistribution, one component of the global hydrological
cycle currently observed by the GRACE gravity field
mission. Synergies between satellite altimetry and the
upcoming high resolution gravity field mission GOCE will
allow obtaining a detailed view of the sea surface topo-
graphy, the separation of sea level and geoid. This is equi-
valent to the knowledge of the ocean surface currents which
in turn can be used together with vertical density profiles
to get a reliable estimate of heat flux and deep ocean
currents. All together these relationships demonstrate that
satellite altimetry will contribute to an improved under-
standing of dynamic processes in the system Earth and will
have to be an essential component of Global Earth
Observing Systems (GEOS).

Applications in General

There are only a few publications by BOsCH (2002, 2004a)
focussing on specific geodetic applications of satellite
altimetry. A summary report on global sea level change,
altimetry, GNSS and tide gauge measurement treated on
session GP2 of the joint Assembly of IAG, IAPSO, and IAB
is given by BOSCH (2005a). Of general interest is also the
mid-term report of the IAG Inter-Commission Project 1.1
on Satellite Altimetry (BOSCH, 2005b) indicating the efforts
to investigate feasibility and scope of an International
Altimeter Service (IAS). Synergies between the new gravity
field missions CHAMP, GRACE and GOCE and altimeter
satellites are identified in ILK et al. (2004), a document
describing the foundations of a new DFG priority program
for mass transport and mass distribution in the system Earth.

Calibration and Validation

Although satellite altimetry may be already considered as
operational space technique there are continuous requests
for calibration and validation of the altimeter systems.
SCHULER (2004) and SCHULER and HEIN (2004) contributed
to the ESA project for the range calibration of the ENVI-
SAT radar altimeter by deploying GPS equipped Sea
Buoys. Such buoys allow a kinematical determination of
the sea level and a comparison with contemporary altimeter

observations. FENOGLIO-MARC (2003) focused on cross-
calibration of the ENVISAT altimeter range in the Medi-
terranean Sea using multi-satellite altimetry and tide gauge
data. BOSCH (2004b) described a global procedure for a
simultaneous crossover adjustment of contemporary
altimeter missions. The foundation of this novel approach,
a discrete crossover analysis, is documented in BOSCH
(2007). An extended multi-mission cross calibration with
upgraded data from up to five simultaneously operating
altimeter systems has been performed by BOSCH and
SAVCENKO (2007). A basic prerequisite for any altimeter
range calibration are precise satellite ephemeris. RUDENKO
et al. (2006) used one of the most recent GRACE-based
gravity field models to generate precise orbits for ERS-1,
ERS-2 and the TOPEX/Poseidon altimeter satellites.

Sea Level Variability

German scientists participated in several studies of sea level
variability for the North Atlantic, the Mediterranean Sea
and other European Seas. Very few investigations focus
on global sea level change. ESSELBORN (2003) studied the
sea level variability in the German Bight using satellite
altimetry data during the 1990’s. The long-term variability
in the European Seas observed from ERS-2 and TOPEX
altimetry and tide gauge stations has been investigated by
FENOGLIO-MARC and GROTEN (2004). Dual-crossovers
differences in the period 1995-2001 show a time-depen-
dence of the relative range bias with a negative trend of a
few mm/yr. FENOGLIO et al. (2005) also studied the con-
tribution of wind and pressure and steric effect in the
Mediterranean Sea and the agreement between sea level
observations from altimetry and tide gauge stations in
Southern Europe. Studies on the global sea level variability
in the last decade were performed by FENOGLIO and
BECKER (2006). Within the EU project ESEAS (European
Sea Observation Service) TSIMPLIS et al. (2005) investigated
the sea level change both at global and regional scales using
altimetry and tide gauge data. KUHN et al. (2005) studied
the low frequency variation of the North Atlantic sea level
by means of principal component analysis and found clear
indication of a weakening or displacement of the Gulf
Stream. In the Baltic Sea the variability of altimetry derived
sea surface heights has been compared with numerical
models, see NOVOTNY et al. (2006).
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Mean Dynamic Topography, Geoid, and
Gravity Field

The deviation between mean sea level and the geoid, known
as mean dynamic topography (MDT), is of interest for both,
geodesy and oceanography. The knowledge of the MDT
may help to derive local improvements of the marine geoid
from satellite altimetry data as performed, for example, in
the western Mediterranean Sea by FENOGLIO-MARC and
GROTEN, (2003). In the Baltic Sea NOVOTNY at al. (2005)
investigate the combination of sea level observations and
an oceanographic model for geodetic applications. LOSCH
et al. (2002) and LosCH and SCHROTER (2004) take the
opposite perspective, consider altimetry and geoid as input
for Box inverse models, study the omission error of the
geoid and identify the limitations imposed by available
geoid models for estimating ocean circulation from hydro-
graphy and satellite altimetry. The scientific report of
DoBSLAW et al. (2004) describes how the geostrophic
surface velocity field can be derived from TOPEX altimetry
and gravity field models of CHAMP and GRACE. The
impact of CHAMP derived geoid on the calculation of the
mean sea surface by combining oceanography, altimetry,
and gravity data is outlined in SEUFER et al. (2005).
FLECHTNER at al. (2006) demonstrate that there is a mutual
benefit by improving the orbit determination of altimeter
satellite by means of GRACE based gravity field models
and including satellite altimetry data into high resolving
gravity field models. KIVMAN et al. (2005) present first
results of assimilating the absolute dynamic topography into
a steady state finite element ocean model. SIDORENKO et
al. (2006) consider the inverse estimate of the North
Atlantic circulation and discuss the influence of the fine
resolution dynamic topography derived within the inter-
national GOCINA project. Within the new DFG project
STREMP FENOGLIO-MARC et al. (2006, 2007) investigate
mass variation and mean dynamic topography in the
Mediterranean Sea and Black Sea regions. The publications
of FREEDEN et al. (2004, 2005) develop the theoretical
background and aspects of scientific computing for a multi-
scale approximation of the geostrophic velocity field and
suggest a multi-scale modeling of the ocean circulation.
FENGLER and FREEDEN (2006) describe the application of
vector and tensor spherical harmonics for the solution of
the Navier-Stokes differential equation on the sphere.
FEHLINGER at al. (2007) use locally supported vector wave-
lets to achieve an approximation of the sea surface topo-
graphy from the geostrophic flow field. Satellite altimetry
is also capable to assess the quality of those gravity field
models which have been used to generate the precise orbits
of the altimeter satellites. This is possible because gravity
field induced orbit errors map into long-term means of
crossover differences, the discrepancies of sea surface
heights. FORSTE et al. (2003) perform a tentative calibration
of the EIGEN-2 gravity field. In subsequent investigations
KLOKOCNIK et al. (2003, 2005) assess the spectral accuracy
of EIGEN-1S and -2 gravity fields and justify degree
dependent scaling factors for their covariance matrix. A
new GRACE based gravity field model has been used by
BoscH (2005c¢) to investigate defectiveness of the marine
gravity data, derived by processing satellite altimeter data.

Coastal Application, Tides, and Tide Gauges

Satellite Altimetry has important application in coastal
zones: The evolution of the mean sea level is of great
impact for the protection of the coastal ecosystem. Suffi-
cient long altimeter time series allow estimating all major
ocean tide constituents and the coastal mean sea level can
help unifying height systems. Unfortunately, altimeter
observation approaching the coast are degraded — the radar
echo is already affected by land surface, the ocean tide
corrections become erroneous, and the onboard radiometer
fails due to non-ocean reflectivity. Tide gauge observations
are complementary to satellite altimetry. The high precision,
quasi continuous records are in general available for much
longer time periods as altimetry. If tide gauges are con-
trolled by continuously observing GNSS systems, the sea
level trends can be corrected for vertical tectonic motions
and can be used to control the long term stability of alti-
metry. Thus, comparing time series of altimetric sea surface
heights and tide gauge records are of great interest. An
attempt to perform an absolute comparison for tide gauges
at the coast of Venezuela is published by ACUNA and
BoscH (2004). The closure between the trends of sea level,
tide gauge and tectonic motion can be also used in an
inverse sense: FENOGLIO-MARC et al. (2004) estimated
vertical land motion in the Mediterranean from altimetry
and tide gauge stations. This work was part of the
COSSTAGT project, a German contribution to the Ocean
Surface Topography (OST) Science Plan for Jason-1.
Intermediate results of the COSSTAGT project, combining
altimetry, tide gauge records, terrestrial gravity as well as
new satellite-only gravity field models for estimating the
sea surface topography in coastal areas are described in
BoscH et al. (2007). FORBERG et al. (2004) report about
several bottom mounted tide gauges in the North Sea which
can be used to monitor altimetry measurements form
ENVISAT, TOPEX, Jason1 and GFO. ESSELBORN (2003b)
investigated the impact of mean sea level rise on the tidal
water elevation. SAVCENKO and BOsCH (2004) performed
a tide analysis in the Patagonian shelf by using the com-
plementary tracks of Jason-1 and TOPEX during its
extended mission with a shifted ground track. The approach
is further extended to a multi-mission tide analysis
(SAVCENKO and BoscH, 2007), demonstrating for the
North-West European shelf that sufficient long altimeter
time series allow to estimate and de-correlate all major tidal
constituents. RICHTER et al. (2005) compared and combined
coastal off-shore tide gauge measurements from Eivissa
Island in the Western Mediterranean Sea. MARCOS et al.
(2007) focussed on estimates of the decadal sea level trends
in the Bay of Biscay, derived from tide gauges, GPS, and
TOPEX altimetry data.

Specific Applications

A few additional investigations not classified into the
previous sections documented important research on new
altimeter technologies or specific application of satellite
altimetry. KELLER et al. (2004) investigated a new concept
of non-nadir altimetry using GPS signals reflected at the
sea surface. HOWARD et al. (2006) reported results of a
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project on the Antarctic Ice Shelf in Dronning Maud Land
analyzing ice thickness, altimetry derived ice surface
heights and ice flow observations. Over ice shields the
analysis of radar altimetry data requires correction account-
ing for the slope of the ice surface. This has been applied
to the region of the subglacial Lake Wostok/Antarctica, see
ROEMER et al. (2007). Dual frequency altimeters allow an
in-situ estimate of the Total Eelectron Content (TEC).
BRUNINI et al. (2005) compared TOPEX and GPS derived
TEC values and investigated the temporal and spatial
variability of their differences.
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Overview and Highlights

N. SNEEUW!

Introduction

The US-German mission GRACE (Gravity Recovery and
Climate Experiment) has celebrated its fifth birthday in
March 2007. In July 2007 the German mission CHAMP
(Challenging Mini-Satellite Payload for Geophysical
Research and Application) will be in orbit for exactly 7
years. These missions have dominated the gravity field
mapping scene during the past four years. They have led
to static and time-variable gravity field models with far
reaching impacts in neighbouring geoscience disciplines.
They have also spurned a host of new methodologies for
gravity field modelling and recovery techniques, most
notably those techniques that consider the observations as
in situ gravity field functionals. At the same time the
preparations for a December 2007 launch of the European
mission GOCE (Gravity field and Ocean Circulation
Explorer) are ongoing. The German contributions over the
past four years to these and other developments will be
highlighted in the following.

From an international viewpoint the German geodetic
community is well positioned. It borrows much of its
strength from long-term involvement in the area of satellite
gravimetry. Moreover, more recently, two large research
programs came into being. The German Ministry for
Education and Research (BMBF) supports a so-called
Geotechnology Program with the title Observation of
System Earth from Space, whereas the German Research
Foundation (DFG) supports a priority program SPP1257
titled Mass transport and mass distribution in the system
Earth, both of which are devoted (to a large extent) to space
gravimetry.

Gravity field satellite missions

CHAMP has been in orbit for exactly 7 years now. The
orbital decay due to solar activity predicts a remaining life
time at least up to end of 2008. GRACE has been in orbit
for five years now. The predicted lifetime calculated from
gas consumption, thruster activations and solar activity is
at least 2011. Despite a setback during system testing,
GOCE is now ready for launch in December 2007.

The gravity field models resulting from these missions are
described in the section on Global Gravity Field Modeling.
The series of EIGEN models from the GeoForschungs-
Zentrum, Potsdam, consisting of both satellite-only and
combination models, has become a standard. The European
data center for CHAMP and GRACE products (ISDC) is
housed at GFZ Potsdam. At the same time, a number of

"competing”" gravity models have been developed by
university groups (Bonn, Munich, Kaiserslautern), mostly
based on alternative modelling schemes.

Pre-mission GOCE activities were focused on sensor
analysis, calibration/validation schemes and, for a large
part, preparation for the actual GOCE data analysis. The
latter is done in the framework of the ESA (European Space
Agency) funded project High-level Processing Facility
(HPF) whose PI is IAPG, TU Munich, but with strong
cooperation from several other German groups. First results
are to be expected roughly one year after launch.

Through the gravity field satellite missions the goal of "10”
geodesy", which was previously attained by geometric
geodesy, has now been achieved by physical geodesy too,
at least at the larger length scales. GOCE will further
enhance the spectral bandwidth for which "10° physical
geodesy" is valid.

Methodological advances

In the pre-CHAMP era conventional gravity field modelling
from satellite observables was rooted in dynamic satellite
geodesy and orbit perturbation theory. It involved large-
scale computations, extensive software packages and, at
an institutional level, a certain critical mass. As a result only
a few global players were involved in global gravity field
modelling. This approach is still pursued, e.g. in the EIGEN
series of gravity models from GFZ. The observables from
CHAMP, GRACE and GOCE, on the other hand, can be
modelled as in situ observables in the theoretical framework
of classical physical geodesy. This enabled smaller, mostly
university based groups to get involved in global (but also
regional) gravity field modelling from satellite-borne
gravimetry, and to produce competitive gravity models, see
above. The methodological advances are more extensively
described in the section Gravity Field Theory.

Geoscience Applications

GRACE is geodesy’s window into neighbouring geoscience
disciplines. The monthly gravity field solutions represent
global mass redistribution between cryosphere, hydro-
sphere, atmosphere and oceans. This fact was the main
driver behind the aforementioned DFG-program on Mass
transport and mass distribution in the system Earth. Some
projects in this program deal with oceanographic modelling
for and from GRACE. In other projects the continental
hydrological cycle is constrained through GRACE. The
topic of yet other projects is the monitoring of the Earth's
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response to past and present ice mass loss by a combination
of GRACE and terrestrial data, e.g. absolute gravimetry in
Fennoscandia.

As indicated in the section on Temporal Gravity Field
Variations, before GRACE the determination of the global
time-variable gravity field was based on SLR. Only the very
lowest spherical harmonic degrees could be resolved.
GRACE has changed that situation dramatically: it provides
(sub-)monthly gravity field solutions down to scales of, say,
500 km. The mission thus enables, amongst others, the
monitoring of hydrological budgets at river-basin scale.

To achieve highest spatial and temporal resolution much
effort has been put into addressing the typical problems
with GRACE, namely its characteristic error behaviour with
North-South correlated stripes. As an example, the OMCT
(Ocean Model for Circulation and Tides) of TU Dresden
is a standard tool for preventing sub-monthly ocean mass
signals to alias into the monthly solutions, both for US and
European data processing centres.

Regional gravity field and geoid modelling

With the German Combined Quasigeoid GCGO0S3, a joint
product between IfE, Hannover, and BGK, Frankfurt,
Germany has a new height reference surface, which serves
as a standard for converting between GPS ellipsoidal
heights and normal heights. The IfE is also PI of IAG
Commission 2 project CP2.1, EGGP (European Gravity
and Geoid Project), that will provide regional geoid and
quasigeoid models within Europe. As documented in the

section on Regional Gravity Field Modelling, the EGGP
will provide accuracies of 3—5 cm at continental scales and
1-2 cm over shorter distances up to a few 100 km. This
clearly outperforms the previous de facto standard of
EGGY7.

Another Commission 2 project CP(2.4), AntGP (Antarctic
Geoid Project), is chaired by TU Dresden. It aims at co-
ordinating all efforts to improve the poor gravity coverage
over Antarctica. The International Polar Year 2007/2008
will see many activities in this area.

In support of regional (German and European) geoid
modelling several advances at the metrology side have been
undertaken. BKG has revisited 30 absolute gravimeter sites,
the first time since their establishment in the German
gravity base network DSGN94. A quality of better than 5
mGal could be demonstrated. A digital zenith camera has
been further developed at IfE into maturity. It is able to
provide 0.1 accuracy in astronomic positions. Moreover,
several gaps in the German gravity coverage, mostly over
seas, have been covered by airborne gravimetry, cf. the
section on Airborne Gravimetry. A high-precision long-
range gravity calibration network has been established in
a joint effort between IfE and IAPG (TU Munich) around
the Zugspitze. The baseline covers a 2200 m height differ-
ence and a difference in gravity of 522 mGal.

Beyond regional geoid modelling purposes, it goes without
saying that these activities also serve within the framework
of GRACE and GOCE validation.
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Absolute and Relative Gravimetry, Gravity Networks

H. WILMES', L. TIMMEN?

Several German universities, government agencies and
observatories contributed to the activities described in the
following. The major subjects were contributions to the
global and national gravity reference frame, the determina-
tion and maintenance of gravity networks, the combination
of gravity and height in dedicated networks, terrestrial
gravity observations for the validation of the satellite
gravity field models, the testing of improved instruments
and the advancement of evaluation software.

Networks

Within a cooperation between the Institut fiir Astro-
nomische und Physikalische Geodisie (IAPG), Miinchen,
and the Institut fiir Erdmessung (IfE), Hannover, a new
absolute gravity base was established in the German Alps
(mountains Zugspitze and Wank) during autumn season
of 2004, a period with minimum snow coverage (TIMMEN
et al. 2006a). This should ensure optimal environmental
conditions with respect to the investigation of the uplift of
the Alpine orogenesis and the deglaciation due to climate
changes. The four stations cover a range in elevation of
2200 m and in gravity of 0.00522 m/s? (= 0.522 Gal). The
accuracy of each station determination is assumed to be
within +20 to 40 nm/s?. The main purpose of the new
gravity net is to serve as a high-precision long-range gravity
calibration line for the determination of linear and quadratic
calibration terms of modern relative gravimeters.

In a continuation of this project IAPG and Bundesamt fiir
Kartographie und Geodisie (BKG) carried out field ob-
servations with its new field absolute gravimeter A10, first
in February 2005 and again in July and September 2005
and successfully extended the network with repeat ob-
servations and additional sites. By observations in winter
and summer seasons and further relative gravity measure-
ments on valley and peak level of the calibration line at
different epochs with in total three Scintrex gravimeters
seasonal gravity changes due to the variation of snow
masses could be visualized.

A general advancement can be seen in the observation of
regional networks with precise FGS5 instruments which then
can be related to geometric height changes observed with
continuous GNSS sensors on co-located sites:

Since 2003, absolute gravity measurements have been
performed regularly by IfE in the Fennoscandian land uplift
network covering Norway, Sweden, Finland and Denmark

(TIMMEN et al. 2006b). In cooperation with the Nordic
national geodetic agencies and research institutions and the
BKG, terrestrial absolute gravimetry is applied to observe
the postglacial land uplift due to the isostatic adjustment
of the crust. Nearly all absolute stations are co-located with
continuously observing GPS stations. From the comparisons
between the participating instruments, an overall accuracy
of +30 nm/s” is indicated for a single absolute gravimeter
and a single station determination. Thus, the gravity change
due to the land uplift may be observed with an accuracy
of £10 to 20 nm/s? for a 5-year period. A main purpose of
these terrestrial in-situ observations is to validate and test
the GRACE results (ground-truth).

In the same region BKG complemented its time series of
absolute gravity (AG) measurements started in 1993 with
a fourth field campaign in 2003 on 10 sites. Most of these
sites are also part of the European Combined Geodetic
Network, ECGN, where precise connections with GNSS
heights, levelling heights and tide gauge benchmarks are
drawn. A further AG campaign was carried out by BKG
in 2006 in cooperation with the Danish Space Centre on
two sites in Denmark.

For monitoring the German gravity base network DSGN94,
established in 1994 with 30 absolute sites, the first re-
observation by BKG with FG5 measurements could be
finished during the report period. It became evident that
the detected gravity changes did not exceed the error
margin from the initial measurements of + 50 nm/s? (+5
pGal).

In Northern Italy repeated absolute gravity observations
were taken by BKG on the ECGN site Medicina where the
superconducting gravimeter is running and on additional
stations where significant height and mass changes are
expected due to geological or environmental influences.

As a contribution to the realization of an integrated geodetic
reference network in Germany (GREF) with permanent
GPS observations, connection to the first order levelling
network and tide gauges where possible, also absolute
gravity measurements with FG5 gravimeters were per-
formed by BKG on now 16 additional permanent gravity
sites. It is intended to revisit these sites in regular intervals
of 2-3 years.

In the frame of the project GOCE GRAND II, BKG started
A10 gravimeter field measurements on selected stations of
the main gravity network DHSN of the German Federal
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authorities. The purpose of these absolute gravity deter-
minations is to identify systematic gravity offsets which
might have influence upon the geoid modelling. The
observations are also understood as a contribution to
validate the satellite gravity field missions CHAMP,
GRACE and GOCE by terrestrial gravity data.

The combination and evaluation works for the gravity
reference network UEGNO2 (Unified European Gravity
Network 2002) was continued by the Bayerische Erd-
messungskommission (BEK). The network includes more
than 400 absolute and 33000 relative gravity observations
at 1500 stations in a common adjustment. Problems for
processing were lacking standardisation and minute data
errors which required the development of appropriate tools
for detection and which caused some delay. The progress
was reported at several meetings (BOEDECKER et al. 2004,
BOEDECKER 2006).

The two observatories Black Forest Observatory (University
Karlsruhe and University Stuttgart) and Moxa (Friedrich-
Schiller-Universitit Jena) contributed high precision gravity
time series (precise spring gravimeter at BFO and super-
conducting gravimeter at Moxa) which both were underlain
by repeated absolute gravity measurements of different
institutions. Moxa contributed to the Global Geodynamics
Project (GGP) the global network of superconducting
gravimeters (SG). At the Geodynamic Observatory Moxa
special care was taken upon the determination of hydro-
logical influences from the station environment. In 2004
a local gravity network for repeated measurements with
field gravimeters was established in the station vicinity. The
network consists of twelve observation points with six
points on an EW-running profile with distances in the range
of few to several tens of meters. The maximum elevation
difference is 24 m. The network serves two purposes: It is
used to determine what order of magnitude of gravity
variations can still be detected with field instruments under
optimal conditions for a small-scale network. The second
purpose aims at the detection of hydrology-related gravity
variations in the vicinity of the observatory, thus deter-
mining the applicability of this type of observation for
studies of hydrological processes and the provision of
constraints for hydrological water balances in a hilly area.

By repeated measurements with high quality 3-4 LCR-
gravimeters significant changes in gravity differences could
be obtained. The standard deviations obtained for the
gravity differences between two observation points are in
the order of 8 to 14 nm/s2. The time-dependent variations
in the differences reach up to 140 nm/s? (= 11-20 nm/s?)
and correlate with changes in the hydrological situation.

The Institute of Physical Geodesy at the University of Tech-
nology Darmstadt focused their works upon tectonically
active regions in of the Western part of the North Anatolian
fault in Turkey (GERSTENECKER 2003, ERGINTAYV et al.
2007) and the Merapi region in Indonesia (TIEDE et al.
2005a, 2005b) to interpret the time-dependent gravity
changes.

BKG continues the observation series with the super-
conducting gravimeters at Wettzell, Bad Homburg,
Medicina (Italy) and at Concepcién (Chile). For Medicina
an uninterrupted time series reached a length of 10 years
in 2006. At all sites investigations have been started to
relate the observed gravity changes with hydrological,
atmospheric and height variations. BKG routinely con-
tributes its SG time series to the Global Geodynamic Project
(GGP).

Contribution to the International Gravity
Reference System

BKG has taken responsibility for the national gravity
reference of Germany and its integration in the international
gravity system. This is achieved on the one hand side by
the repeated four-yearly comparisons of AG within the
frame of the International Comparative Campaigns at the
Bureau International des Poids et Mesures BIPM, in Sévres
(France). BKG participated with the absolute gravimeter
FG5-101 in 2005.

On the other hand, additional instrument comparisons were
performed on selected gravity stations as supplementary
measures and intermediate verifications for the purpose of
securing the instrumental gravity standard. In November
2003, BKG participated in the regional comparison carried
out at the station Walferdange (Luxembourg) with its
absolute gravimeter FG5-301 (FRANCIS et al. 2005).

During the report period comparative measurements of FG5
gravimeters of BKG were conducted in Metsdhovi (Finland)
with the AG of the Central Research Institute for Geodesy,
Aerophotogrammetry and Cartography (SNIGAiK),
Moscow (Russia), in Strasbourg (France) with the FG5-206
of EOST and in Pecny (Czech Republic) with FG5-215 of
VUGTK.

The concept of the BKG gravity reference station Bad
Homburg includes not only the operation of the super-
conducting gravimeter SG30, but there also exists the
possibility to carry AG measurements on three different
measuring pods. These are used in particular to monitor and
compare the absolute gravimeters FG5 and A10 employed
by BKG. Within the upgrading of the station Bad Homburg
as a GREEF station, and also as "ECGN Core Station", a
permanent GPS receiver was installed on the building and
tied into the local geodetic control network. Two ground-
water level gauges complement the data series and provide
information about hydrological changes at the site. The
suggestion to use Bad Homburg as a regional comparison
site for absolute gravimeters (WILMES, FALK 2006) was
seized by several groups. Hence, the FG5 gravimeters of
BKG were inter-compared with FG5-220 of IfE, Leibniz
Universitdt Hannover in 2003, 2005 and 2006; with FG5-
215 of the Research Institute for Geodesy, Topography and
Cartography (VUGTK), Prague (Czech Republic) in 2003
and 2005; with the FG5-230 of the Technical University
Warsaw (Poland) in 2006 and with FG5-226 of the
Norwegian University of Life Sciences, As in 2006.
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Data evaluation methods

At the Institut fiir Erdmessung (IfE), Leibniz University
Hannover, a new method has been developed to avoid
uncertainties in the absolute gravity determination due to
an uncertain vertical gravity gradient (TIMMEN 2003). The
approach allows the use of a simple parabolic equation to
evaluate the time/distance data pairs which are equally
spaced in distance. Later, these g-determinations have to
be corrected for the vertical gravity gradient using the
effective measurement height. Even in extreme cases,
unknown non-linearities in the vertical gravity gradient do
not significantly affect the results of the absolute gravity
determination.

At IfE, an improved atmospheric mass flow reduction for
terrestrial absolute gravimetry is applied for all FGS5
measurements with geodynamic objectives. The attraction
and deformation effects for a local (spherical distance < 1°),
regional (< 10°), and global (< 180°) zone with correspond-
ing resolutions of 0.01°, 0.2°, and 1.125° respectively, are
calculated using the global data models from the European
Centre for Medium-Range Weather Forecasts (ECMWF).
The calculation procedure is explained in GITLEIN and
TIMMEN (2006).

At BKG a new software tool has been developed for the
combined analysis of superconducting gravimeter records
together absolute gravimeter observations at the respective
station. Thus, SG scale factor and SG instrumental drift can
be determined. For the AG, information about the sensor
stability can be derived or checked at the same time. This
guarantees a high stability of the gravity reference system
and a detailed monitoring of the contributing instruments
in a rigorous comparison (WZIONTEK et al., 2006).

The Surveying and Mapping Agency of North Rhine-
Westphalia has developed the relative gravimeter analysis
software “Galileo” specialized upon the analysis of
measurements with LCR gravimeters. The software handles
the complete data flow from raw data to the storage of final
gravity results based upon the favoured gravity system.
“Galileo” considers all kinds of corrections like meteoro-
logical data, specifics of different gravity instruments, tide
corrections and others.

(http://www.lverma.nrw.de/produkte/programme/schwer
eauswertung/GALILEO. htm)

Instrumentation

At the Institut fiir Erdmessung, Leibnitz Universitit
Hannover, a detailed evaluation of the Scintrex Autograv
CG-3M spring gravimeter no. 4492 was done with respect
to the stability of the calibration, measurement accuracy
and precision, drift behaviour, and gravity range dependen-
cy of the calibration factor. TIMMEN and GITLEIN (2004)
present the results as obtained in regional, local and micro-
gravimetric surveys. The achieved accuracies are in the
order of =10 to 100 nm/s* (1 to 10 pGal). Over 3 years
of surveys, the calibration was stable to an order of 1- 10+
at least. No instability could be proven. Within a total range
of almost 0.015 m/s?, no gravity range dependence was
found.

Within the reporting period, BKG continued the application
of A10 gravimeters for field campaigns. In cooperation with
TIAPG Miinchen, the BEK and Bundesamt fiir Eich- und
Vermessungswesen (BEV) Vienna (Austria) absolute obser-
vations with A10 were carried out at selected Alpine
mountain peaks. The measuring instrument showed good
performance during these test observations. Both A10
instruments of BKG were updated at the manufacturer and
are in use in field campaigns on stations of the German
gravity network since 2006.

At the site of the TIGO Fundamental Station in Concepcion
(Chile) the superconducting gravimeter RTC038 operates
since November 2002 (WILMES et al. 2006). The data series
contributes to the monitoring of the gravity conditions and
reflects mass variations in the surroundings of the station.
In 2006 the absolute gravimeter FG5-227 of BKG was
prepared for installation in parallel to the SG, and for this
purpose equipped with a remote control interface accessible
via internet.

After testing FG5-227 at the station Bad Homburg and
relating to the international reference system, the instrument
was installed Concepcion in spring 2006. Observations are
initiated weekly; they confirm the strong yearly gravity
variations in the order of more than 300 nm/s* (30 p.Gal)
recorded with the superconducting gravimeter at the site.
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Airborne Gravimetry

G. BOEDECKER!, U. MEYER?

1. Introduction

Airborne gravimetry developed in the past decades as to
provide a more efficient observation technique compared
to conventional ground observations and a higher spatial
resolution than satellite methods. Currently, the spatial
resolution at the level of one mGal® is of the order of 3...8
km; the aim is 1 mGal/1 km. The gravimeter sensor utilises
a spring-mass accelerometer to sense the total acceleration
a. Gravity g is recovered by subtracting the inertial accele-
ration b, derived from GNSS positioning, i.e. g =a —b. Both
observation techniques for a and b as also the problems of
data fusion, i.e. reference frame transformations and system
fit, require further developments. Classical airborne gravi-
meters use one vertical sensor mounted to a gyro stabilised
platform and hence deliver scalar values; new develop-
ments are also dealing with gravity vectors from a triad of
accelerometers.

This report will restrict to airborne gravimetry with conven-
tional sensors, hence we shall not be dealing with e.g. atom
interferometers for gravimetry nor with gradiometers.

Airborne gravity lends itself for data fusion with ground
gravity, satellite gravimetry and topographic-isostatic data.
The gravity (details) attenuation with height and relations
of the continuous field to discrete data require further
studies driven by applications and increasing data availabil-

1ty.

2. System development

The Federal Institute for Geosciences and Natural
Resources (BGR), Hannover, was using a platform gravity
meter system KSS31 of 'Bodenseewerk Geosystem' for
marine gravimetry since 1984. Modifications for airborne
gravimetry required raw data recording, improved platform
control, sensor sealing to air pressure variations, weight
reduction etc.

Four Novatel OEM4 L1/L2 GPS receivers were acquired
for kinematic positioning and inertial acceleration deter-
mination. After dynamical ground tests of the whole system
on an airstrip, test flights out of Miinster/Osnabriick
followed in November 2003, showing the need for improve-
ments of navigation and platform data (HEYDE, KEWITSCH
2004, 2005; MEYER, HEYDE 2004). Therefore, a Novatel
SPAN INS/GPS integrating system was added. In coopera-

tion with BGGS (successor of 'Bodenseewerk Geosystem',
see above) a modul for platform angular error observations
was developed. Also accounting for horizontal accelera-
tions, the gravity effects from platform misleveling can be
corrected now.

After these system improvements, four flight profiles were
flown out of Miinster/Osnabriick in May 2005, showing
very satisfactory results despite rough air conditions
(HEYDE, KEWITSCH 2006 a/b). Successful helicopter test
flights in 2006 demonstrated e.g. the benefit of a smooth
and steady flight path.

The Institute of Flight Guidance (IFF) of the Technical
University of Braunschweig had acquired a Chekan-A 2-
axis platform gravimeter of Elektropribor, St. Petersburg,
Russia, several years ago (CREMER 2003, SCHANZER 2003).
This instrument has been upgraded in the past years. E.g.,
a ring laser azimuth gyro for an analytical 3™ axis was
added and via a Kalman filter developed for the whole
system including also GPS states the misalignment was
reduced considerably and dynamic capabilities were
improved. For altitude determination, a precision baro-
metric 'statoscope' of small range and high resolution has
been refined by instrumental and modelling measures to
an accuracy level commensurate with GNSS but with
different characteristics which makes a fusion very attrac-
tive. Different GNSS kinematic positioning scenarios were
studied. A patented complementary airborne gravimeter
real time feedback system warrants high accuracies. Test
flights with IFFs Dornier 128-6 demonstrated an anomaly
accuracy / resolution of 1 mGal / 5 km. See CREMER,
STELKENS (2003), STELKENS et al. (2003-2006).

The Institute of Geodesy and Navigation (EN) at the Uni-
versity of Federal Armed Forces Miinchen at Neubiberg
uses a commercial strapdown inertial navigation System
(SDINS) system Sagem Sigma 30 equipped with triads of
ring laser gyros and high precision accelerometers for
airborne vector gravimetry. The focus of own activities is
on algorithms including filters both for the total acceleration
and for the kinematic acceleration signal. E.g., the aircrafts
vibrations induced on the SDINS is mitigated by custom-
ized software instead of classical shockmounts. This
facilitates aircraft integration and avoids further transfer
function complexities. Kinematic accelerations were
determined directly from GNSS receiver output without
positioning detour. The resulting lower noise level allows
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shorter integration times and hence a higher spatial resolu-
tion. The system showed good resolution and accuracy (2-3
mGal / 1 km) at several test flights. See KREYE (20006),
KREYE, HEIN (2003, 2004), KREYE et al. (2003, 2004,
2006).

For an overview of GNSS use for airborne gravimetry, see
HEIN, KREYE, NIEDERMEIER, HEYEN, STELKENS-KOBSCH,
BOEDECKER (2006). Future system innovations will include
the use of Galileo.

The 'Bayerische Erdmessungskommission (BEK)' at the
Bavarian Academy of Sciences and Humanities, Miinchen,
embarked on the construction of an airborne strapdown
vector gravimeter from accelerometers, gyros, and signal
processing components. This approach offers the opportu-
nity for detailed optimisation and accounting for classical
gravimetric techniques such as temperature control and
optimised vibration damping (BOEDECKER, STURZE 2004).
The current (patented) prototype SAGS4 e.g. uses an
attitude determination by integrating fibre optical gyros and
a GPS multi antennae system for enhanced long range
stability (BOEDECKER 2005). Part of the sensor cluster are
high rate GPS receivers sampling at 50 /s for high resolu-
tion and mm accuracy (STURZE, BOEDECKER 2004). The
accelerometer noise is at the level of 1 mGal. Test flights
with various aircraft provided operational experiences. A
lift constructed for dynamic calibration provides transfer
functions for the accelerometers as also for kinematic GNSS
observations and thus enables a good system fit
(BOEDECKER, STURZE 20006).

The aforementioned groups of IFF, EN and BEK as also
the 'Aerodata Flugmesstechnik GmbH', Braunschweig, did
some coordinated research and joint test flights in 2002-
2005 in the framework of the BMBF 'Geotechnologien-
programm'.

3. Combination techniques, upward/down-
ward continuation

The different altitudes of gravity observations — ground,
aircraft, satellite —, discretization and irregularity of topo-
graphic-isostatic masses pose a number of problems:

At the 'Institut fiir Theoretische Geodisie' of Bonn univer-
sity, different downward continuation methods are com-
pared and the impact of regularization of airborne gravi-
metry data and optional postprocessing filtering is
addressed by MULLER, MAYER-GURR (2003) for simulated
and real data. The gravity field effects of the topographic-
isostatic masses represent important information on the
high-frequent part of the gravity field. MAKHLOOF et al.
(2006), MAKHLOOF, ILK (2005, 2007a,b) and MAKHLOOF
(2007) address the physical-mathematical basics of the
classical topographic-isostatic models. These models are
formulated mathematically with the emphasis on a spherical
approximation from the modelling point of view and on
the observables of airborne gravimetry and modern satellite
techniques from the application point of view. Besides the
representation of the topographic-isostatic mass effects by
volume integrals, discretized by spherical volume elements,
the representations by series of spherical harmonics and

space localizing base functions are considered. Detailed
formulae are presented for the direct and secondary indirect
topographical effects as well as for the primary indirect
topographical effect in the geoid heights for the different
representations. A specific topic in some articles is the
determination of the so-called far-zones based on an
approach which goes back to a formulation by Molodenskii.
Extended test computations give an impression of the size
and distribution of the various effects for regional and
global test areas with different resolutions of the topo-
graphy.

In the framework of a cooperation between the Lehrstuhl
Physikalische und Satellitengeodisie' at Karlsruhe univer-
sity and the University of Calgary, NOVAK et al. (2003)
study geoid computations from airborne gravity data
combined with global gravity models and ground data; this
includes the downward continuation problem. After
numerical tests with synthetic data, the procedure is applied
to an airborne gravity data set observed in a test area (of
about 100 km x 100 km, ~ImGal / 5 km) in Canada by
Sander Geophysics Labs modern AIRGrav platform air-
borne gravimeter. The fusion / comparison with global
gravity models and/or ground data demonstrates the
progress by airborne gravimetry. NOVAK et al. (2003)
evaluate the band-limited topographical effects in airborne
gravimetry: The spectrum of airborne gravity observations
(at height) is limited i) because of the attenuation of the
gravity signal higher frequencies with increasing distance
from the attracting irregular masses and ii) because of the
low pass filtering of airborne gravity observations necessary
mainly because of the aircrafts dynamics. Consequently,
the topographical effects along the flight lines are also
filtered by the same low pass filter. The resulting band
limitation permits the application of global spherical
harmonics for the topographical reduction which would not
be possible for ground gravity values. Numerical tests are
based on 3"x3" DEM in the Canadian Rockies using
Helmerts reduction.

4. Observation campaigns / commercial usage

The Federal Agency for Cartography and Geodesy (BKG)
and the Danish National Space Center (DNSC) carried out
an airborne gravimetry campaign in the Southwest Baltic
Sea and neighbouring land areas (~53.5°-55.5° N, ~8°-15°
E), using a LaCoste & Romberg airborne gravimeter (S-38).
The observations were flown with a King Air B200 aircraft
of COWI company on 23 parallel flight tracks along and
4 across with a total of 10,000 km within 45 hours in
October 2006. Partly, a Riegl laser scanner was also used.
In summer 2007, a similar campaign is planned for the
North Sea. (Reported by U. SCHAFER, BKG; to be published
2007).

The Alfred-Wegener-Institute (AWI), Bremerhaven, has
carried out a number of airborne gravimetry campaigns in
Antarctica for the 'Validation, Densification and Interpreta-
tion of Satellite Data for the Determination of Magnetic
Field, Gravity Field, Ice Mass Balance and Structure of the
Earth Crust in Antarctica, Utilizing Airborne and Terrestrial
Measurements' (VISA) on the inland ice sheet of the
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Dronning Maud Land 15°W-17°E, 70°-79°S: 2002-03:
VISA II; 2003-04: VISA III; 2004-05: VISAIV. VISA is
a joint project of AWI and the Institut fiir Planetare Geo-
disie (IPG)' of the Technical University Dresden, funded
by the German Research Foundation (DFG). These activi-
ties were continued in the framework of the "'West-East
Gondwana Amalgamation and its Separation' (WEGAS)
in the eastern Dronning Maud Land and western Enderby
Land, 35°-45°E, 65°-73°S over the inland ice sheet and the
offshore ocean area. The flight track spacing was 10 km,
except close to the Russian overwintering station, where
it was 20 km. Results will be published soon, e.g. in forth-
coming dissertation (Reported by D. STEINHAGE, AWI).
See also NIXDORF et al. (2004).

The IPG is also engaged in the IAG Antarctic geoid project,
for which airborne gravimetry is to play a major role for
filling the gaps in gravity data coverage. See SCHEINERT
(2005), MULLER et al. (2004). Also, airborne gravity on
board the new German "High Altitude and Long Range
Research Aircraft" (HALO) will be put forth by Scheinert
via the respective geoscientific user group; see MEYER, U.,
STEINHAGE, SCHEINERT, BOEDECKER, AND LAUTERJUNG
(2005).

An airborne gravity survey of an 260 km x 150 km area in
the German sector of the North Sea with 5 km profile
spacing at 2000 ft flight altitude and 190 km/h speed is
scheduled for May 2007 by BGR (c.f. sec. 2).

Based on previous developments and experiences at [IFF
Braunschweig, c.f. section 2, a spin-off company
'Gravionic' for airborne gravimetry services starts in 2007,
supported by European funds (EFRE/ESF). A Russian
Chekan-AM gravimeter, follower of the above mentioned
Chekan-A, was acquired; the above mentioned unique
feedback patent is also part of the companys portfolio.
Flight tests in February 2007 were very promising; cost
optimisation is underway. Services for exploration and
tectonic geophysics as also for geoid determinations in the
air and on the seas will be offered soon (reported by
STELKENS-KOBSCH).

5. Summary and outlook

While the number of airborne gravimetry observation
activities is increasing employing decades-old technology,
further system developments towards km resolution vector
airborne gravimetry is progressing at a low pace due to
insufficient support compared to e.g. satellite methods. The
progress of data fusion techniques also including topo-
graphic-isostatic data appears adequate in view of the
increasing availability of satellite and ground topography
data. In view of the basic limitations in resolution of
satellite gravimetry, performance advantages compared to
ground techniques and the increasing need for dense gravity
coverage, further methodological and operational progress
for airborne gravimetry can be expected.
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Gravity Field Satellite Missions

F. FLECHTNER!, T. GRUBER?

Introduction

Since the launch of the German CHAMP (Challenging
Mini-Satellite Payload for Geophysical Research and
Application) satellite mission in July 2000 and the
American-German Gravity Recovery and Climate Experi-
ment (GRACE) in March 2002 the knowledge of the Earth
gravity field has been revolutionized. Today, the static
gravity field can be determined with unprecedented accu-
racy and, for the first time, temporal variations at longer
wavelengths up to degree and order 35 to 40 can be
monitored allowing the quantification of mass distribution
and mass variations in the system Earth. As a result of the
5-years GRACE operation, important information about
the continental hydrological cycle, the ice mass balance in
Greenland and Antarctica, the steric and mass-related
contribution to sea level rise or the inter-annual ocean mass
variation could already be obtained.

While CHAMP results are based on high-low and for
GRACE additionally on low-low satellite-to-satellite track-
ing data, only the long-to-medium wavelengths roughly up
to degree and order 50 and 100, respectively, can be
observed with sufficient accuracy. The European gradio-
metric mission GOCE (Gravity and Ocean Circulation
Explorer), due for launch end of 2007, will provide precise
information about the medium to short-wavelengths parts
of the gravity field up to a spherical harmonic degree of
200-250. Consequently, a combination of GRACE and
GOCE will provide a homogeneous multi purpose satellite-
only gravity field model of unprecedented quality.

Detailed information on global gravity field and geoid
modelling as well as on temporal gravity field variations
can be found in dedicated chapters in the Commission 2
report. There, also a more detailed list of CHAMP, GRACE
and GOCE related papers is given.

In Germany, the GEOTECHNOLOGIEN research program
of the federal government and a Special Priority Program
“Mass Transport and Mass Distribution in the Earth
System” funded by the German Research Foundation DFG
has enabled and will bring considerable progress in research
related to CHAMP, GRACE and GOCE.

Status of gravity field missions

In July 2007 CHAMP is in orbit for exactly 7 years. Thanks
to two orbital raise manoeuvres in 2002 and one in 2006
the current satellite altitude is still about 370 km. All instru-
ments, except the Digital Ion Driftmeter DIDM, are
producing high quality data for gravity and magnetic field
analysis and atmospheric and ionospheric research. The
orbital decay due to solar activity predicts a remaining life
time at least up to end of 2008.

GRACE has celebrated its fifth birthday in March 2007.
The predicted lifetime calculated from gas consumption,
thruster activations and solar activity is at least 2011. All
instruments are producing nominal gravity and occultation
data. The latter are already operationally assimilated at UK
Metoffice since September 2006. To mitigate the risk of
loss of thermal control over the K-Band horn (and sub-
sequent generation of spurious K-Band range signal) due
to atomic oxygen exposure the GRACE satellites have been
successfully switched in December 2005.

The GOCE mission is scheduled for launch in December
2007. Due to the extraordinary complexity of the satellite
and instrument systems the launch has been delayed by
approximately 1,5 years (originally it was scheduled for
August 2006). As of today all instruments have been
finalized and most of them have been integrated on the
platform. After the final integration will be completed the
remaining satellite platform and instrument tests will be
performed, before it will be shipped to Plesetzk/Russia for
launch.

The most recent information about the status of the missions
CHAMP and GRACE and about the progress of prepara-
tions of GOCE can be found on the Web sites of GFZ
Potsdam (for CHAMP and GRACE), of the University of
Texas at Austin (for GRACE), and of the European Space
Agency Living Planet Programme (for GOCE). Results
from CHAMP’s first five years in orbit were given in
REIGBER et al. (2005). TAPLEY et al. (2007) presented
specific details on the GRACE mission status. The design
and operation of the Integrated System and Data Center
ISDC which is the European archive for CHAMP and
GRACE data products was treated in RITSCHEL et al.
(2006). The multi-mission raw data center for CHAMP and
GRACE was described in MISSLING et al. (2005).
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Development of sensor analysis and gravity
field determination, validation and calibration
techniques

In Munich, a simulation tool for the integrated sensor
analysis of CHAMP, GRACE and GOCE instrument data
has been developed, optimized and used to analyze real
CHAMP and GRACE mission data (FROMMKNECHT et al.
(2003, 2006), FACKLER (2005)). The combination of star
sensor and accelerometer data was investigated by OBERN-
DORFER and MULLER (2003). WERMUTH et al. (2006) per-
formed GOCE mission simulation and semi-analytical
gravity field analysis for SGG and SST data.

The determination of highly-precise orbits for the Low
Earth Orbiters based upon GPS and SLR observations is
an important prerequisite for gravity field recovery.
Dynamic model orbits from combined LEO and GPS data
were generated by KONIG et al. (2005) while kinematic
precise orbit determination was described in SVEHLA and
ROTHACHER (2005) and SVEHLA and FOLDVARY (2006).
KROES et al. (2005) and KOHLHASE et al. (2006) investi-
gated precise GRACE baseline determination using GPS
data.

While the operational global gravity field products of the
CHAMP and GRACE Science Data Systems at GFZ
Potsdam are based on dynamical orbit analysis of daily arcs
(REIGBER et al. (2003a, 2003b, 2003c¢, 2005), SCHMIDT et
al. (2000)) other groups started to analyse and validate the
measurement data with alternative methods and also on
regional scales. ILK et al. (2005) and MAYER-GURR et al.
(2005, 2006) performed gravity field recovery and valida-
tion by analysis of short arcs of CHAMP and GRACE. The
usefulness of the energy balance method for gravity field
determination and validation was shown by several authors
(ILK (2003), VISSER et al. (2003), ILK and LOCHER (2005),
FOLDVARY et al. (2005), GERLACH et al. (2003a, 2003b),
REUBELT et al. (2006), or LOCHER and ILK (2007)).
Regional gravity field solutions based on spherical wavelet
and base functions were presented by ILK et al. (2007) and
ScHMIDT et al (2006, 2007). The concept of the gravity
space approach was demonstrated by AUSTEN and KELLER
(2007). FENGLER et al. (2004a, 2004b) derived CHAMP
and GRACE gravity field solutions by multiscale methods.
Gravitational field modelling from CHAMP-ephemeredes
by harmonic splines and fast multipole techniques was
described by GLOCKNER (2003). The modelling of regional
and temporal gravity field solutions using wavelet
modelling was shown by FENGLER et al. (2005, 2007) and
FREEDEN and SCHREINER (2005). Different gravity field
determination procedures applied to CHAMP data were
compared by WERMUTH et al. (2004). Sneeuw reported on
the space-wise, time-wise, torus and Rosborough represen-
tation in gravity field modelling.

BoscH (2005) used the EIGEN-GRACEOQ2S gravity field
model to investigate defectiveness of marine gravity data
and KLOKOCNIK et al. (2005) evaluated the accuracy of the
EIGEN-1S and -2 CHAMP derived gravity field models
by satellite crossover altimetry. A high resolution global
gravity field model from combination of CHAMP and

GRACE satellite mission and surface data called EIGEN-
CGO1C was presented by REIGBER et al. (2006).

Preparations for GOCE

Preparations for GOCE data analysis have been performed
on various levels. DENKER (2003), DIETRICH et al. (2004),
MULLER et al. (2003, 2004), BOUMAN et al. (2005), TOTH
et al. (2005) and JARECKI et al. (2006) investigated methods
to calibrate and validate the GOCE gradiometer data. The
development and status of the GOCE High Level Process-
ing Facility (HPF), which is in charge for the GOCE gravity
field determination was described in RUMMEL et al. (2004),
GRUBER et al. (2006) and Koop et al. (2007). PAIL et al.
(2007a, 2007b) developed tools for HPF GOCE quick-look
gravity field analysis, which is designed for monitoring the
overall GOCE performance as part of the HPF activities.
The correct use of GOCE level-2 products was treated by
GRUBER et al. (2007). The German GOCE project bureau
at Technical University of Munich contributed since 2001
to a coordinated preparation of GOCE data analysis and
applications in Earth sciences.

Outcome and further Planning

As a result of the enormous success of CHAMP and
GRACE and in expectation of the GOCE mission results
a Special Priority Program SPP “Mass Transport and Mass
Distribution in the Earth System” has been proposed by ILK
et al. (2004, 2005) and finally accepted by the German
Research Foundation DFG for the period 2006 till 2011.
FLURY and RUMMEL (2004) introduced the goals of the SPP
at a GOCE user workshop.

The need and design of future follow-on gravity field
missions to derive continuous and highly precise time series
of gravity field variations for Earth system monitoring was
discussed in BEUTLER et al. (2003), AGUIRRE-MARTINEC
and SNEEUW (2003), FLURY and RUMMEL (2005a, 2005b)
and SNEEUW et al. (2005).

References

AGUIRRE-MARTINEC M., SNEEUW N.; Needs and tools for future
gravity measuring missions; Space Science Reviews,
Kluwer Academic Publishers, Vol. 108, 1-2, p. 409-416,
2003

AUSTEN G., KELLER W.; Numerical implementation of the gravity
space approach — proof of concept; IAG Symposia Process-
ings No. 130, Dynamic Planet, Ed. Tregoning, Rizos,
Springer Verlag, 2007

BEUTLER, G., DRINKWATER M., RUMMEL R. VON STEIGER R.;
Earth Gravity Field from Space: from Sensors to Earth
Sciences. Space Science Reviews, 108:1-2. Kluwer, Dord-
recht, 2003

BoscHW.; Using the EIGEN-GRACEQ2S gravity field to investi-
gate defectiveness of marine gravity data; IAG Symposia
Proceedings, Vol. 129, Ed. Jekeli, Bastos, Fernades,
Springer Verlag, 2005

BOUMAN J., Koopr R., HAAGMANS R., MULLER J., SNEEUW N.,
TSCHERNING C.C., VISSER P.; Calibration and validation
of GOCE gravity gradients; in: IAG Symposia Proceedings



F. Flechtner, T. Gruber: Gravity Field Satellite Missions 47

No. 128, A Window on the Future of Geodesy, Ed. F.
Sanso, Springer Verlag, 2005

DENKER H.; Computation of gravity gradients over Europe for
calibration/validation of GOCE data; in Proceedings of 3rd
Meeting of the International Gravity and Geoid Commis-
sion: Gravity and Geoid 2002, Ed. I.N. Tziavos, Editions
Zini, Thessaloniki, 2003

DIETRICH R., WIEHL M., SCHEINERT M., SHUM C.K., BRAUN A.,
HAN S., SHIBUYA K., FUKUDA Y., SATO T.; Calibration/
validation of GOCE data over Antarctica; n: Proc. of the
2nd Int. GOCE User Workshop: GOCE, The Geoid and
Oceanography, ESA SP-569, 2004

FACKLER U.; GRACE — Beschleunigungsmessungen; Schriften-
reihe IAPG/FESG, 20. Institut fiir Astronomische und
Physikalische Geoddsie, Miinchen, 2005

FENGLER M., FREEDEN W., GUTTING M.; Multiscale modelling
from EIGEN-1S, EIGEN-2, EIGEN-GRACEOIS, GGMO01,
UCPH2002_0.5, EGM96; in: Proc. Of the 2nd Int. GOCE
User Workshop: GOCE, The Geoid and Oceanography,

ESA SP-569, 2004

FENGLER M., FREEDEN W., MICHEL V.; The Kaiserslautern
multiscale geopotential model SWITCH-03 from orbit
perturbations of the satellite CHAMP and its comparison
to models EGM96; Geophysical Journal International, Vol.
157, p. 499-514, 2004

FENGLER M., FREEDEN W., KOHLHAAS A., MICHEL V., PETERS
TH.; Wavelet modelling of regional and temporal variations
of the Earth's gravitational potential observed by GRACE;
Schriften zur Funktionalanalysis und Geomathematik,
Fachbereich Geomathematik, TU Kaiserslautern (Hrsg.),
2005, 21, 2005

FENGLER M., FREEDEN W., KOHLHAAS A., MICHEL V., PETERS
TH.; Wavelet modeling of regional and temporal variations
of the Earth's gravitational potential observed by GRACE;
Journal of Geodesy, Vol. 81, p. 5-15, 2007

FLURY J., RUMMEL R.: Mass Transport and Mass Distribution
in the Earth System; Proceedings of Second International
GOCE User Workshop "GOCE, The Geoid and Oceano-
graphy", ESA SP-569, 2004

FLURY J., RUMMEL R.; Future satellite gravimetry and Earth
dynamics; Earth, Moon, and Planets, Ed. Flury, Rummel,
94, 1. Springer Verlag, 2005

FLURY J., RUMMEL R.; Future satellite gravimetry for geodesy.
Earth, Moon, and Planets, 2005, 94, 1-2, 13-30, 2005

FLURY J., RUMMEL R., REIGBER CH., ROTHACHER M.,
BOEDECKER G., SCHREIBER U. (Eds.), Observation of the
Earth System From Space.; Springer, 2006.

FOLDVARY L., SVEHLA D., GERLACH CH., WERMUTH M.,
GRUBER TH., RUMMEL R., ROTHACHER M., FROMMKNECHT
B., PETERS TH., STEIGENBERGER P.; Gravity model TUM-
2sp based on the energy balance approach and kinematic
CHAMP orbits; In: Earth Observation with CHAMP —
Results from three years in orbit, Ed. Reigber Ch., H. Liihr,
P. Schwintzer, J. Wickert, Springer Verlag, 2005.

FREEDEN W., SCHREINER M.; Spaceborne gravitational field

determination by means of locally supported wavelets;
Journal of Geodesy, Vol. 79, p. 431-446, 2005

FROMMKNECHT B., OBERNDORFER H., FLECHTNER F., SCHMIDT
R.; Integrated sensor analysis for GRACE: development
and validation. Advances in Geosciences, EGU, Vol. 1, 1,
57-63, 2003

FROMMKNECHT B., FACKLER U., FLURY J.; Integrated sensor
analysis GRACE; in: Observation of the System Earth from

Space, Ed. Flury, Rummel, Reigber, Rothacher, Boedecker,
Schreiber, Springer Verlag, 2006

GERLACH CH., FOLDVARY L., SVEHLA D., GRUBER TH.,
WERMUTH M., SNEEUW N., FROMMKNECHT B., OBERN-
DORFER H., PETERS TH., ROTHACHER M., RUMMEL R.,
STEIGENBERGER P.; A CHAMP-only gravity field model
from kinematic orbits using the energy integral; Geo-
physical Research Letters, Vol. 30, 20, 2037, doi: 10.1029/
2003/GL018025, 2003

GERLACH C., SNEEUW N., VISSER P., SVEHLA D.; CHAMP gravity
field recovery with the energy balance approach: First
results; in: First CHAMP Mission Results for Gravity,
Magnetic and Atmospheric Studies; Ed. Reigber, Liihr,
Schwintzer, Springer Verlag, 2003

GLOCKNER O.; Gravitational Field Modelling from CHAMP-
Ephemerides by Harmonic Splines and Fast Multipole
Techniques; in: First CHAMP Mission results for Gravity,
Magnetic and Atmospheric Studies; Ed. Reigber, Liihr,
Schwintzer, 2003

GRUBER TH., PETERS TH.; Time variable gravity field: Using
future Earth observation missions for high frequency de-
aliasing; Proceedings of IERS Workshop on Combination
Research and Global Geophysical Fluids, Ed.B. Richter,
Schwegmann, Dick, IERS Technical Note No.30, Verlag
des Bundesamtes fiir Kartographie und Geodésie, Frankfurt
am Main., 2003

GRUBER TH., RUMMEL R., KOOP R.; The GOCE high level
processing facility; Proceedings of the Workshop: GOCINA
— Improving Modelling of Ocean Transport and Climate
Prediction in the North Atlantic Region using GOCE
Gravimetry, Cahiers du Centre Europeen de Geodynamique
et de Seismologie, 2006, 25, 45-55, 2006

GRUBER TH., RUMMEL R.; Concept and capability of GOCE.;
Proceedings of the Workshop: GOCINA — Improving
Modelling of Ocean Transport and Climate Prediction in
the North Atlantic Region using GOCE Gravimetry, Cahiers
du Centre Europeen de Geodynamique et de Seismologie,
2006, 25, 31-37, 2006.

GRUBER TH., RUMMEL R., KOOPR.; How to use GOCE level 2
products; Proceedings of the 3rd Int. GOCE User Work-
shop, ESA SP-627, 2007

ILK K.H.; Energy relations for satellite-to-satellite motions;
Geodesy, the Challenge of the Third Millenium; Ed.
Grafarend, Krumm, Schwarze; Springer Verlag, 2003

ILK K.H., FLURY J., RUMMEL, R., SCHWINTZER P., BOSCH W.,
HAAS C., SCHROTER J., STAMMER D., ZAHEL W.,
SCHMELING H., WOLF D., RIEGGER J., BARDOSSY A.,
GUNTNER A.; Mass transport and mass distribution in the
Earth system. Contributions of the new generation of
satellite gravity and altimetry missions to the geosciences.
Proposal for a German priority research program. GOCE-
Projektbiiro TU Miinchen, GeoForschungsZentrum Pots-
dam, Miinchen, Potsdam, 2004.

ILK K.H.:, FEUCHTINGER M., MAYER-GURR T.; Gravity field
recovery and validation by analysis of short arcs of a
satellite-to-satellite tracking experiment as CHAMP and
GRACE; in: IAG Symposia Proceedings No. 128, A
Window on the Future of Geodesy, Ed. F. Sanso, Springer
Verlag, 2005

ILK K.H., LOCHER A.; The use of energy balance relations for
validation of gravity field models and orbit determination;
in: IAG Symposia Proceedings No. 128, A Window on the
Future of Geodesy, Ed. F. Sanso, Springer Verlag, 2005



48 Commission 2 — Gravity Field

ILK K.H., FLURY J., RUMMEL, R., SCHWINTZER P., BOSCH W.,
HAAS C., SCHROTER J., STAMMER D., ZAHEL W.,
SCHMELING H., WOLF D., GOTZE H.J., RIEGGER J.,
BARDOSSY A., GUNTNER A.., GRUBER, TH.; Mass transport
and mass distribution in the Earth system. Contributions
of the new generation of satellite gravity and altimetry
missions to the geosciences; Proposal for a German priority
research program, 2nd edition.. GOCE-Projektbiiro TU
Miinchen, GeoForschungsZentrum Potsdam, Miinchen,
Potsdam, 2005

ILK K.HH., EICKER A., MAYER-GURR T.; Global gravity field
recovery by merging regional focusing patches: an inte-
grated approach; IAG Symposia Processings No. 130,
Dynamic Planet, Ed. Tregoning, Rizos, Springer Verlag,
2007

JARECKIF., WOLF ., DENKER H., MULLER J.; Quality assessment
of GOCE gradients; in: Observation of the System Earth
from Space, Ed. Flury, Rummel, Reigber, Rothacher,
Boedecker, Schreiber, Springer Verlag, 2006

JOHANNESSEN J. A., BALMINO G., LE PROVOST C., RUMMEL R.,
SABADINI R., SUNKEL H., TSCHERNING C.C., VISSER P.,
‘WOODWORTH P., HUGHES C.W., LEGRAND P., SNEEUW N.,
PEROSANZ F., AGUIRRE-MARTINEZ M., REBHAN H.,
DRINKWATER M.: the European Gravity Field and Steady-
state Ocean Circulation Explorer Satellite Mission: its
Impact on Geophysics.; Surveys in Geophysics, Kluwer
Academic Publishers, 2003

KONIG, R., REIGBER, C., ZHU, S.YY.; Dynamic model orbits and
Earth system parameters from combined GPS and LEO
data. Advances in Space Research, 36:431-437, doi:10.
1016/j.asr.2005.03.064, 2005

KOHLHASE, A.O., KROES, R., D'AMICO, S.; Interferometric
Baseline Performance Estimations for Multistatic Synthetic
Aperture Radar Configurations Derived from GRACE GPS
Observations. Journal of Geodesy, 80:28-39, doi:10.1007/
s00190-006-0027-y, 2006

KLOKOCNIK J., KOSTELECKY J., WAGNER C.A., SCHWINTZER P.,
FORSTE C., SCHARROO R.; Evaluation of the accuracy of
the EIGEN-1S and -2 CHAMP derived gravity field models
by satellite crossover altimetry; Journal of Geodesy, Vol.
78, 7-8, p. 405-417, 2005

KoopP R., GRUBER TH., RUMMEL R.; The status of the GOCE
high-level processing facility; Proceedings of the 3rd Int.
GOCE User Workshop, ESA SP-627, 2007

KROES, R., MONTENBRUCK, O., BERTIGER, W., Precise Grace
Baseline Determination Using GPS. GPS SOLUTIONS,
9:21-31, doi:10.1007/s10291-004-0123-5, 2005

LOCHER A.,ILK K.H.; A validation procedure for satellite orbits
and force function models based on a new balance equation
approach; IAG Symposia Processings No. 130, Dynamic
Planet, Ed. Tregoning, Rizos, Springer Verlag, 2007

MAYER-GURR T., ILK K.H., EICKER A., FEUCHTINGER M.; ITG-
CHAMPOI: A CHAMP gravity field model from short
kinematic arcs over a one-year observation period; Journal
of Geodesy, Vol. 78, p. 462-280, 2005

MAYER-GURR T., EICKER A., ILK K.H.; Gravity field recovery
from GRACE-SST data of short arcs; in: Observation of the
System Earth from Space, Ed. Flury, Rummel, Reigber,
Rothacher, Boedecker, Schreiber, Springer Verlag, 2006

MISSLING, K.D., DADELOW, H., MAASS, H., RICHTER, J.,
SCHLAGE, J.; Multimission raw data center for GRACE,
Acta Astronautica, 56, pp 331-335, doi: 10.1016/j.actaastro.
2004.09.018, 2005

MULLER J., JARECKI F., WOLF K.L.; External calibration and
validation of GOCE gradients; In: Proceedings of 3rd
Meeting of the International Gravity and Geoid Commis-
sion: Gravity and Geoid 2002, Ed. I.N. Tziavos, Editions
Ziti, Thessaloniki, 2003

MULLER J., DENKER H., JARECKI F., WOLF 1.; Computation of
calibration gradients and methods for in-orbit validation
of gradiometric GOCE data; in: Proc. of the 2nd Int. GOCE
User Workshop: GOCE, The Geoid and Oceanography,
ESA SP-569, 2004

OBERNDORFER H., MULLER J.; CHAMP Accelerometer and Star
Sensor Data Combination; in: First CHAMP Mission
Results for Gravity, Magnetic and Atmospheric Studies;
Ed. Reigber, Liihr, Schwintzer, Springer Verlag, 2003

PAIL R., METZLER B., PREIMESBERGER TH., LACKNER B.,
WERMUTH M.; GOCE quick-look gravity field analysis in
the framework of HPF; Proceedings of the 3rd Int. GOCE
User Workshop, ESA SP-627, 2007

PAILR., METZLER B., LACKNER B., PREIMESBERGER TH., HOCK
E., SCHUH W.D., ALKHATIB H., BOXHAMMER CH., SIEMES
CH., WERMUTH M.; GOCE gravity field analysis in the
framework of HPF: Operational software system and
simulation results; Proceedings of the 3rd Int. GOCE User
Workshop, ESA SP-627, 2007

REIGBER CH., BALMINO G., SCHWINTZER P., BIANCALE R., BODE
A., LEMOINE J.M., KONIG R., LOYER S., NEUMAYER H.,
MARTY J.C., BARTHELMES F., PEROSANZ F., ZHU S.Y.;
Global gravity field recovery using solely GPS tracking and
accelerometer data from CHAMP; Space Science Reviews,
Kluwer Academic Publishers, Vol. 108, 1-2, p. 55-66, 2003

REIGBER CH., BALMINO G., SCHWINTZER P., BIANCALE R., BODE
A.,LEMOINEJ.M., KONIGR., LOYER S., NEUMAYER K.H.,
MARTY J.C., BARTHELMES F., PEROSANZ F., ZHU S.Y .; New
global gravity field models from selected CHAMP data sets;
n: First CHAMP Mission results for Gravity, Magnetic and
Atmospheric Studies; Ed. Reigber, Liihr, Schwintzer,
Springer Verlag, 2003

REIGBER CH., SCHWINTZER P., NEUMAYER K.H., BARTHELMES
F., KONIG R., FORSTE CH., BALMINO G., BIANCALE R.,
LEMOINE J.M., LOYER S., BRUINSMA S., PEROSANZF.; The
CHAMP-only Earth Gravity Field Model EIGEN-2;
Advances in Space Research, Vol. 31, 8, p. 1883-1888,
2003

REIGBER CH., LUHR H., GRUNWALDT L., FORSTE CH., KONIGR.,
MASSMANN H., FALCK C.; CHAMP mission 5 years in orbit;
in: Observation of the System Earth from Space, Ed. Flury,
Rummel, Reigber, Rothacher, Boedecker, Schreiber,
Springer Verlag, 2006

REIGBER, C., SCHMIDT, R., FLECHTNER, F., KONIG, R., MEYER,
U.,NEUMAYER, K.H., SCHWINTZER, P.,ZHU, S.Y.; An Earth
gravity field model complete to degree and order 150 from
GRACE: EIGEN-GRACEQ2S. Journal of Geodynamics,
39:1-10., 2005

REIGBER, C., SCHWINTZER, P., STUBENVOLL, R., SCHMIDT, R.,
FLECHTNER, F., MEYER, U., KONIG, R., NEUMAYER, H.-K.,
FORSTE, CH., BARTHELMES, F., ZHU, S. Y., BALMINO, G.,
BIANCALE, R., LEMOINE, J.-M., MEIXNER, H., AND
RAIMONDO, J. C.; A High Resolution Global Gravity Field
Model Combining CHAMP and GRACE Satellite Mission
and Surface Data: EIGEN-CGOIC, Scientific Technical
Report STR06/07, Geoforschungszentrum Potsdam,
Potsdam, 2006

REUBELT T., GOTZELMANN M., GRAFAREND E.; Harmonic
analysis of the Earth's gravitational field from kinematic



F. Flechtner, T. Gruber: Gravity Field Satellite Missions 49

CHAMP orbits based on numerically derived satellite
accelerations; in: Observation of the System Earth from
Space, Ed. Flury, Rummel, Reigber, Rothacher, Boedecker,
Schreiber, Springer Verlag, 2006

RITSCHEL, B., BENDIG, A., PALM, H., KOPISCHKE, R., FREIBERG,
S., FLECHTNER, F., MEYER, U.; Design and Operation of
the GRACE ISDC.; in: Observation of the System Earth
from Space, Ed. Flury, Rummel, Reigber, Rothacher,
Boedecker, Schreiber, Springer Verlag, 2006

RUMMEL R., FLURY J., GRUBER TH.; A detailed gravity model
for Earth sciences derived from ESA's first Earth explorer
mission GOCE.; GEOTECHNOLOGIEN Science Reports,
Observation of the System earth from Space, GEO-
TECHNOLOGIEN, 2003

RUMMEL, R.; How to climb the gravity wall.in: Beutler, G., M.
R. Drinkwater, R. Rummel, R. von Steiger: Earth Gravity
Field from Space — from Sensors to Earth Sciences. Space
Science Reviews, Kluwer, Dordrecht, 2003.

RUMMEL R., FLURY J.,HAAGMANS R.,HUGHES C., LE GRANDP.,
SCHRAMA E., SNEEUW N., VERMEERSEN B., WOODWORTH
P.; Scientific objectives for future geopotential missions;.
Study for ESA contract 396 2/01/NL/GS, 2003.

RUMMEL R., GRUBER TH., KOoP R.; High level processing
facility for GOCE: Products and processing strategy;
Proceedings of Second International GOCE User Workshop
"GOCE, The Geoid and Oceanography", ESA SP-569, 2004

SCHMIDT M., HAN S.C., KUSCHE J., SANCHEZ L., SHUM C.K.;
Regional high-resolution spatiotemporal gravity modeling
from GRACE data using spherical wavelets; Geophysical
Research Letters, Vol. 33, L08403, doi:10.1029/2005GL
025509,2006

SCHMIDT M., FENGLER M., MAYER-GURR T., EICKER A., KUSCHE
J., SANCHEZ L., HAN S.C.; Regional gravity modeling in
terms of spherical base functions; Journal of Geodesy, Vol.
81, p. 17-38, 2007

ScHMIDT R., FLECHTNER F., MEYER U., REIGBER CH.,
BARTHELMES F., FORSTE CH., STUBENVOLL R., KONIGR.,
NEUMAYER K.H.,ZHU S.; Static and time-variable gravity
from GRACE mission data; in: Observation of the System
Earth from Space, Ed. Flury, Rummel, Reigber, Rothacher,
Boedecker, Schreiber, Springer Verlag, 2006

SNEEUW N.; Space-wise, time-wise, torus and Rosborough
representation in gravity field modeling; Space Science
Reviews, Kluwer Academic Publishers, Vol. 108, 1-2. p.
37-46, 2003

SNEEUW N., FLURY J., RUMMEL R.; Science requirements on
future missions and simulated mission scenarios; Earth,
Moon, and Planets. , 2005, 94, 1-2, 117-146, 2005

STUMMER C.; Analyse der Gradiometergleichungen der GOCE
Satellitemission zur Schwerefeldbestimmung. Schriftenreihe
TAPG/FESG, 25. Institut fiir Astronomische Physikalische
Geodisie, Miinchen. 3-934205-24-0, 2006.

SVEHLA D., ROTHACHER M.; Kinematic precise orbit determina-
tion for gravity field determination; in: IAG Symposia
Proceedings No. 128, A Window on the Future of Geodesy,
Ed. F. Sanso, Springer Verlag, 2005

SVEHLA D., FOLDVARY L.; From kinematic orbit determination
to derivation of satellite velocity and gravity field, in:
Observation of the System Earth from Space, Ed. Flury,
Rummel, Reigber, Rothacher, Boedecker, Schreiber,
Springer Verlag, 2006

TAPLEY B.D., BETTADPUR S., REIGBER CH.; Status of the GRACE
mission; Proceedings of the 3rd Int. GOCE User Workshop,
ESA SP-627, 2007

TOTH G., ADAM J., FOLDVARY L., TziAvoS 1., DENKER H.;
Calibration/validation of GOCE data by terrestrial torsion
balance observations; in: IAG Symposia Proceedings No.
128, A Window on the Future of Geodesy, Ed. F. Sanso,
Springer Verlag, 2005

VISSER P., SNEEUW N., GERLACH C.; Energy integral method for

gravity field determination from satellite orbit coordinates;
Journal of Geodesy, Vol. 77, p. 207-216, 2003

WERMUTH M., GERLACH C., SVEHLA D., FOLDVARY L.; Compari-
son of different gravity field solution methods applied to
CHAMP gravity field modelling; In: Proceedings of the 1st
Workshop on International Gravity Field Research, Ed.
Meurers B., Pail R., 45 — 50. Zentralanstalt fiir Meteoro-
logie und Geodynamik, Wien, Wien, 2004

WERMUTH M., RUMMEL R., FOLDVARY L.; Mission simulation
and semi-analytical gravity field analysis for GOCE SGG
and SST; in: Observation of the System Earth from Space,
Ed. Flury, Rummel, Reigber, Rothacher, Boedecker,
Schreiber, Springer Verlag, 2006



50

Global Gravity Field Modelling

T. GRUBER!

Introduction

In the reporting period from 2003 to 2007, global gravity
field modelling work in Germany was focused on the
exploitation of data from the German CHAMP and the
US/German GRACE missions as well as on the preparations
for the data analysis of the GOCE gradiometry mission by
ESA. From the Champ mission, launched in July 2000, a
multi-year data set became available enabling fundamental
investigations on classical and new techniques for global
gravity field modelling. These techniques, as well as new
approaches specifically developed for the GRACE data
analysis, were applied to the newly available inter-satellite
tracking data from this mission. In 2005 data from the
GRACE mission (launched in 2002) were released and
since then extensively used by different groups in Germany
in order to determine the static and time variable gravity
field. For preparing the analysis of the gradiometer data
from the GOCE mission (to be launched end of 2007)
extensive work has been performed in various projects by
a number of university and research institutes all over
Germany. This preparatory work will enable these groups
to quickly use this new data type for global gravity field
modelling. In context with these gravity field satellite
missions the issue on calibrating and validating the instru-
ments, as well as the validation of the derived global gravity
field models becomes more and more emerging. Several
studies and attempts on this issue have been performed. The
following chapters provide short summaries on modelling
techniques, global gravity field models and model valida-
tion. They shall provide an overview of the work performed
in this research field over the last four years. A few addi-
tional remarks about future prospects of global gravity field
modelling are made in the final chapter. An extensive list
of references is provided at the end.

Modelling Techniques

General Aspects: With the new satellite missions, there
are available different data types to observe the gravity field
from space (e.g. high-low SST, low-low SST, gravity
gradients). A general overview about gravity field analysis
techniques based on the different observables is given in
BEUTLER et al. (2003), RUMMEL (2003a) and FLURY et al.
(2006). An overview about the application of Earth gravity
fields in different disciplines is given in RUMMEL (2005),
ILK et al. (2004) and ILK et al. (2005d). Various dedicated
geodetic techniques for gravity field determination and
analysis are addressed by several authors. See papers by
AUSTEN & KELLER (2007), BOLLING & GRAFAREND (2005),

FOLDVARY & WERMUTH (2005b), HECK (2003a) (20034a),
HECK & SEITZ (2003b) (2007), HECK & WILD (2004b), ILK
(2003a), ILK et al. (2007), KABAN et al. (2004) (2005),
KELLER & SHARIFI (2005), KUHN & SEITZ (2004),
MARINKOVIC et al. (2003), MEYER (2006), NOVAK et al.
(2005), REUBELT et al. (2003a) (2003b), SCHAFER et al.
(2003), SCHNEIDER (2004) (2005a) (2006) and SCHNEIDER
& Cut (2005b), SErtz (2003), SHARIFI & KELLER (2005),
SNEEUW (2003a), SVEHLA & ROTHACHER (2005), SVEHLA
& FOLDVARY (2006), TSCHERNING & HECK (2005), TSOULIS
(2005). Wavelet (or multiscale) techniques for gravity field
modelling are addressed by FENGLER et al. (2004c),
FREEDEN et al. (2003a,2003b), FREEDEN & MICHEL (2004),
FREEDEN & SCHREINER (2005), FREEDEN & MAYER (2006),
KELLER (2004), SCHMIDT M. et al. (2004, 2005, 2007). A
summary on fundamental parameters and standards is given
in GROTEN (2004).

CHAMP: With the availability of a continuous multi-year
time series of GPS observations from a low Earth orbiter
to the GPS constellation dedicated analysis techniques
became possible. For a summary see MAYER-GURR et al.
(2005b) and WERMUTH et al. (2004). One can distinguish
between the classical orbit perturbation approach used by
REIGBER et al. (2003a) (2003b) (2003c¢) (2005b) (2006a),
multiscale techniques applied by FENGLER et al. (2004b,
2005), the energy balance approach used by FOLDVARY et
al. (2005), GERLACH et al. (2003a) (2003b), SNEEUW et al.
(2003b) (2005a), VISSER et al. (2003), semi-analytical
computations performed by FOLDVARY et al. (2003), short
arc techniques used by ILK et al. (2005a), MAYER-GURR et
al. (2003a), MAYER-GURR (2006), the accelerations
approach applied by REUBELT et al. (2006), and harmonic
splines and multipole techniques done by GLOCKNER
(2003). Several papers also deal with the determination and
application of kinematic orbits for gravity field modelling.
See GOTZELMANN et al. (2006), SVEHLA & ROTHACHER
(2005) and SVEHLA & FOLDVARY (2006).

GRACE: Similar as for CHAMP also GRACE data have
been analyzed intensively and gravity field solutions have
been determined by different methods. As the GRACE
observation system is much more complicated some studies
about sensor performance have been performed in parallel,
see FACKLER (2005), FROMMKNECHT et al. (2003) (2006).
Gravity field determination using GRACE data has been
done by applying the following techniques: Classical orbit
perturbation theory, see FLECHTNER (2003), FLECHTNER
et al. (2006), REIGBER et al. (2005a), SCHMIDT R. et al.
(2003, 2006), TAPLEY et al. (2007); Short arc technique,
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see ILK et al. (2005b), MAYER-GURR et al. (2006), MAYER-
GURR (2006); Integration approach, see NOVAK et al.
(2006); Multiscale modelling, see FENGLER et al. (2004a)
(2005,2007), SCHMIDT M. et al. (2006). Several solutions
have been computed from the GRACE data (see chapter
on global models).

GOCE: As the GOCE mission is not yet in orbit, work
concentrated on preparations for using the new type of
gravity gradient observations for global gravity field
modelling, on calibration & validation of the GOCE gravity
gradient data and on required computational efforts for a
global model up to degree and order 250. For more details
on the GOCE mission and products, see GRUBER &
RUMMEL (2006), GRUBER et al. (2006) (2007), Koopet al.
(2007), RUMMEL et al. (2003b) (2004) (2007). The major
work was focused on using GOCE data for gravity field
recovery. Different approaches as well as techniques to
filter the band-limited gradient observations have been
developed and implemented. For more details see: ABRI-
KOSOV & SCHWINTZER (2004), ABRIKOSOV et al. (2006)
(2007a) (2007b), BAUR & SNEEUW (2007), EICKER et al.
(2005) (2006), FORSTE et al. (2007), KARGOLL (2003, 2005),
MAYER-GURR et al. (2003b) (2003c), PAIL et al. (2005)
(2007a) (2007b) (2007¢c), SCHUH W.D. (2003a) (2003b),
SCHUH W.D. et al. (2007), WERMUTH et al. (2003, 2006),
WILD & HECK (2004) (2005). As the computational effort
to determine a GOCE gravity field solution is extraordinary,
another focal point was the derivation and implementation
of efficient algorithms. More details can be found in:
ALKHATIB (2003), ALKHATIB & SCHUH (2007), AUSTEN et
al. (2006), AUSTEN & KELLER (2006), BAUR & GRAFAREND
(2005, 2006), BAUR et al. (2006), BAUR & KUSCHE (2007),
BOXHAMMER (2003) (2006), BOXHAMMER & SCHUH (2006),
GUNDLICH et al. (2003), KocH et al. (2004), KocH (2005).
Gravity gradients observed in space by the GOCE mission
are internally and externally calibrated. The calibration is
crucial for the quality of the final global gravity field
models. Several papers address methods and tools either
to calibrate or to validate the observed gravity gradients.
See: BOUMAN et al. (2005), DENKER (2003), DENKER et al.
(2003), DIETRICH et al. (2004), JARECKI & MULLER (2003),
JARECKI et al. (2006), MULLER (2003a), MULLER et al.
(2003b) (2004), STUMMER (2006), TOTH et al. (2005a)
(2005b), WOLFet al. (2003) (2004) (2005), WOLF (2006).

Global Models

The following global gravity field models have been

published by groups in Germany (some in cooperation with

other international partners):

— EIGEN-2 : CHAMP, GeoForschungsZentrum Potsdam,
REIGBER et al. (2003d);

— EIGEN-CHAMPO03S: CHAMP: GeoForschungsZentrum
Potsdam, REIGBER et al. (2005b);

— EIGEN-GRACEOQ02S: GRACE, GeoForschungsZentrum
Potsdam, REIGBER et al. (2005a);

— EIGEN-CGO1C: GRACE & surface data, Geo-
ForschungsZentrum Potsdam, REIGBER et al.(2006b);

— EIGEN-CG03C: GRACE & surface data, Geo-
ForschungsZentrum Potsdam;

— EIGEN-GL04S: GRACE, LAGEOS, GeoForschungs-
Zentrum Potsdam;

— EIGEN-GL04C: GRACE, LAGEOS & surface data,
GeoForschungsZentrum Potsdam;

— ITG-CHAMPO1: CHAMP, Universitit Bonn, MAYER-
GURR et al. (2005a), ILK et al. (2005a);

— ITG-GRACEQ2s : GRACE, Universitit Bonn, MAYER-
GURR et al. (2007);

— SWITCH-03: CHAMP, Technische Universitit Kaisers-
lautern, FENGLER et al. (2004b);

— TUM-1s: CHAMP, Technische Universitit Miinchen,
GERLACH et al. (2003a);

— TUM-2sp: CHAMP, Technische Universitit Miinchen,
FOLDVARY et al. (2005);

— TUM-2s: CHAMP, Technische Universitit Miinchen.

Model Validation

The validation of global gravity field models by means of
independent data and observations becomes more and more
important, because the mission data from CHAMP, GRACE
and GOCE provide fields with unprecedented accuracy. In
opposite, gravity field solutions from these missions can
also be applied for validating ground data. GRUBER (2004)
summarizes classical concepts, which can be applied for
validating satellite derived global gravity field models. ILK
& LOCHER (2005¢), LOCHER & ILK (2005) (2007) apply
energy balance equations for validating gravity field models
and orbits. KLOKOCNIK et al. (2005) and ROMANOVA et al.
(2007) use satellite altimeter data via the crossover tech-
nique and ocean state estimation procedures, respectively,
for validating global gravity field models by means of
independent data over the oceans. Finally, ROLAND &
DENKER (2003) (2005b) (2005¢) and ROLAND (2005a) use
global gravity field models for validating observed gravity
data on ground. All methods require the application of filter
techniques in order to enable the comparison of band-
limited global models (by a truncated spherical harmonic
series) to observed ground data containing the full signal.

Future Prospects

A few studies on the requirements and instrumentation of
future gravimetry satellite missions have been performed
during the reporting period. These studies were focused on
the identification of the scientific requirements for the
different science applications, see AGUIRRE-MARTINEC &
SNEEUW (2003), FLURY & RUMMEL (2005) and SNEEUW
et al (2005b). Further studies recently have been initiated,
which will identify more details of potential future mission
scenarios and possible instrumentation configurations.

During the next couple of years the analysis of the GRACE
mission data as well the availability of the GOCE gravity
gradients will drive the further development in this area.
It can be expected that new sets of gravity field models
either from GRACE or GOCE only and from combinations
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of both with unprecedented accuracy and spatial resolution
will become available. These fields will finally represent
the baseline for any further development and for the
definition of potential future gravimetry missions.
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Regional Gravity Field Modelling

H. DENKER!

1. Modelling Techniques

Fundamentals of gravity field modelling are described in
the textbook published by TORGE (2003), while the text-
book from FREEDEN and MICHEL (2004) focuses on the
application of multiscale techniques in potential theory.
Moreover, multiscale techniques were studied with regard
to geoid modelling (FEHLINGER et al. 2007, FENGLER et al.
2004a, FREEDEN et al. 2007, FREEDEN and SCHREINER 2006,
KuroisHI and KELLER 2005), global gravity field modelling
(FENGLER et al. 2004b, HESSE 2003), and temporal gravity
field variations (FENGLER et al. 2005 and 2007). In addition,
advanced gravity field modelling topics and results are
presented in the dissertation theses from GERLACH (2003),
HiIrT (2004), ROLAND (2005) and WOLF (2007).

Different approaches for terrain and mass reductions are
discussed in HECK and SEITZ (2007) and KUHN and SEITZ
(2005). The use of terrain reductions in connection with
satellite gradiometry is investigated in HECK and WILD
(2005) and WILD and HECK (2004 and 2005). Band-limited
topographic effects for application in airborne gravimetry
and subsequent geoid determination are studied in NOVAK
et al. (2003a and 2003b). High-frequency terrain effects
are also evaluated in VOIGT and DENKER (2007). Helmert’s
methods of condensation are analyzed in HECK (2003) and
TSCHERNING and HECK (2005). Density variations are
estimated from gravity and elevation data in ROZSA (2003),
while MLADEK (2006) discusses hydrostatic isostasy. An
evaluation of the global SRTM and GTOPO terrain data
sets in Germany is presented in DENKER (2005a). Problems
in connection with vertical reference frames are analyzed
in HECK (2004).

FLURY (2006) compared short wavelength spectral proper-
ties of gravity anomalies from various regions and derived
a degree variance model for topographically reduced
gravity anomalies. FINN and GRAFAREND (2003) con-
structed maps of ellipsoidal vertical deflections. Combined
regional gravity field solutions were studied in EICKER et
al. (2006), GITLEIN et al. (2005), KUROISHI and DENKER
(2003), ROLAND and DENKER (2005b) and WOLF and
KIELER (2007).

2. Observation Techniques

A digital transportable zenith camera system was developed
and tested at the Institut fiir Erdmessung (IfE), Leibniz
Universitit Hannover (HIRT 2003 and 2004, HIRT et al.
20058, HIRT and BURKI 2003 and 2006). Besides hardware
improvements (HIRT and KAHLMANN 2004, KAHLMANN
et al. 2004), refraction studies (HIRT 2006) and accuracy

verifications (HIRT et al. 2004 and 2005a) were performed.
Furthermore, the system was used in several observation
campaigns in Switzerland (BURKI et al. 2005, HIRT and
REESE 2004, MARTI et al. 2004, MULLER et al. 2004a) and
Germany (HIRT et al. 2006 and 2007, FLURY et al. 2006).
The results indicate an observational accuracy of about 0.1"
for the astronomic positions.

3. Geophysical Investigations

A homogeneous Bouguer gravity map was published for
the Rhine Graben in cooperation between the Leibniz
Institute for Applied Geosciences (GGA-Institut),
Hannover, and the Institut de Physique du Globe de Stras-
bourg (ROTSTEIN et al. 2006). Further regional data compi-
lations and interpretations were realized for the Alps
(ZANOLLA et al. 2006) and the Eifel region (RITTER et al.
2007). Local geophysical interpretations based on gravity
observations were presented for maar volcanic structures
in the Upper Lusatia region (GABRIEL 2003a, LINDNER et
al. 2006, SCHULZ et al. 2005), in Bavaria (GABRIEL 2003b),
for the UNESCO world heritage site Messel Pit (BUNESS
et al. 2004, JACOBY et al. 2005, SCHULZ et al. 2005), and
for a tuff chimney structure near Ebersbrunn, West-Saxony
(KRONER et al. 2006). Gravimetric and geodynamic
modelling was carried out in the Vogtland and NW-
Bohemia region to study swarm earth quake activities
(HOFMANN 2003, HOFMANN et al. 2003). A combined 3-D
interpretation of gravity and aeromagnetic data, continental
and marine seismic profiles, well logs and geological cross-
sections was done for the northern Red Sea rift and Gulf
of Suez (SALEH et al. 2006). Another field of investigation
were Pleistocene valleys in northern Germany with
emphasis on ground water related structures (GABRIEL
2006, GABRIEL et al. 2003, RUMPEL et al. 2006, THOMSEN
and GABRIEL 2006, WIEDERHOLD et al. 2005).

Within the Collaborative Research Centre 526 “Rheology
of the Earth — from the Upper Crust to the Subduction
Zone” at the Ruhr-Universitit Bochum, a study of the
Earth’s gravity field around Crete has given insight into the
density structure of the Hellenic subduction zone (CASTEN
and SNOPEK 2006, PRUTKIN and CASTEN 2007, SNOPEK and
CASTEN 2006, SNOPEK et al. 2007). Computer aided gravity
modelling was done by application of forward techniques
and by direct inversion; new software was developed within
the framework of the project.

Gravity data were archived in the Geophysical Information
System, maintained by the GGA-Institut (KUHNE 2005 and
2006, KUHNE et al. 2003). Actually, the Geophysical
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Information System contains 281,000 gravity points cover-
ing entire Germany and border-zone areas to neighbouring
countries. 157,000 data points belong to companies from
the German hydrocarbon industry. The system is open to
the public via the internet.

4. Projects and Results

Within the framework of the “European Gravity and Geoid
Project (EGGP)”, a project within Commission 2 of the
International Association of Geodesy (IAG), several new
European geoid and quasigeoid models were derived and
a final version shall be presented at the IUGG General
Assembly 2007 in Perugia. The project (also known as
CP2.1) is chaired by H. DENKER, IfE, Hannover. Progress
reports were given anually at scientific meetings in Porto
2004 (DENKER et al. 2005, DENKER 2005b), Austin 2005
(DENKER 2005d), and Istanbul 2006 (DENKER et al. 2007).
Further informations related to the EGGP can be found in
DENKER et al. (2003a and 2004) and DENKER (2004, 20064,
2006b). Due to the confidentiality of many data sets, only
one data and computing center was set up at IfE in
Hannover. The presently available results indicate an
accuracy potential of the gravimetric (quasi)geoid models
in the order of 3 — 5 cm at continental scales and 1 —2 cm
over shorter distances up to a few 100 km, provided that
high quality and resolution input data are available. This
is a very significant improvement compared to the last
published (quasi)geoid model EGG97, the key elements
being improved terrestrial and satellite gravity field data
from the CHAMP and GRACE missions (e.g., DENKER
2005b and 2005c).

In connection with the EGGP, a consistent marine gravity
data set was derived (DENKER and ROLAND 2005, ROLAND
2005), the merging of ship and altimetric data was studied
(ROLAND and DENKER 2005¢), and contributions were made
to the cross-validation of terrestrial and satellite gravity data
(ROLAND and DENKER 2003 and 2005a). In addition, the
collected terrestrial data sets were utilized for the computa-
tion of gravity gradients at satellite altitude with regard to
the coming GOCE satellite mission (DENKER 2003A,
MULLER et al. 2004b, WOLF et al. 2003, WOLF and DENKER
2005, WoLF 2007). Linked to the EGGP are also the
activities within the EUVN-DA project, an initiative to
collect a dense network of GPS and levelling control points
in Europe (KENYERES et al. 2006 and 2007).

A corresponding geoid project was established for Ant-
arctica within IAG Commission 2. The project “Antarctic
Geoid (AntGP)” (CP2.4), chaired by M. SCHEINERT, TU
Dresden, is aiming at the improvement of the terrestrial
gravity coverage and geoid in Antarctica. Intensive activi-
ties took place in order to get access to already existing data
sets as well as to link the AntGP goals to planned surveys,
especially within the framework of the International Polar
Year 2007/2008. A close relation was maintained to the
project “Physical Geodesy” (chaired by M. SCHEINERT and
A. CAPRA, Italy) within the SCAR GIANT program.
Reports were given regularly to the IAG and on dedicated
conferences (e.g. SCHEINERT 2005). A case study for
regional geoid determination in Antarctica was presented

for the region of the Prince Charles Mountains and Lambert
Glacier, East Antarctica (SCHEINERT et al. 2007).

Since 2003, absolute gravity measurements were performed
in Scandinavia at about 30 stations co-located with perma-
nent GPS sites. The observations were carried out by four
groups including IfE in Hannover (TIMMEN et al. 2005 and
2006, PETTERSEN et al. 2005a and 2005b). The aim of the
project is to study glacial isostasy effects and to provide
ground truth data for the GRACE satellite gravity mission
(MULLER et al. 2003a, 2003c, 2004c, 2005a, 2005b, 2006a,
2007).

Several investigations were carried out with respect to the
upcoming GOCE satellite gradiometer mission (see also
other sections of the present report); the activities concern
the GOCE processing algorithms (KooP and MULLER
2004), error studies (e.g., WOLF 2007, WOLF and MULLER
2004, WOLF 2006), calibration and validation topics
(BOUMAN et al. 2005, DENKER et al. 2003c and 2003d,
MULLER et al. 2003b and 2006b, TOTH et al. 2005, WOLF
2004), temporal variations in the GOCE data (JARECKI et
al. 2005), quality assessment procedures (JARECKI et al.
2006), and a regional combination and validation experi-
ment in Germany with heterogeneous data (LUX et al. 20006,
VOIGT et al. 20006).

In a joint effort, the Bundesamt fiir Kartographie und
Geodisie (BKG), Frankfurt am Main, and IfE, Hannover,
developed a new model for the height reference surface
(quasigeoid) in Germany, which now serves as a standard
for the conversion between GPS ellipsoidal heights and
normal heights. BKG and IfE did independent computations
based on two different methods, both relying on the
remove-restore technique. The input data were point gravity
observations with a spacing of a few km, a digital terrain
model with a block size of 50 m, a global geopotential
model as well as GPS and levelling control points. Due to
insignificant differences between the two independent
solutions, both results were simply averaged, yielding the
final GCGOS5 model. The evaluation of this model with
independent GPS and levelling points suggests an accuracy
of about 1 to 2 cm. For details see DENKER et al. (2003B),
IHDE et al. (2006a and 2006b), LIEBSCH et al. (2006),
SCHIRMER ET AL. (2006), and IHDE et al. (2007).

Moreover, German scientists contributed to geoid studies
in Iran (ARDALAN and GRAFAREND 2004) and Turkey
(USTUN et al. 2005, EROL et al. 2007a and 2007b). Finally,
the previous national report on regional and local gravity
field modelling activities can be found in DENKER (2003b).
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Temporal Gravity Field Variations

F. FLECHTNER', T. GRUBER?, R. SCHMIDT'

Introduction

At the end of the last century temporal variations of the
Earth gravity field could only be derived for the very long
wavelengths up to degree and order 2 and for some low
degree zonal coefficients on an approximately weekly basis
primarily by analysis of Lageos Satellite Laser Ranging
(SLR) data. Since the launch of the German CHAMP
(Challenging Mini-Satellite Payload for Geophysical
Research and Application) satellite mission in July 2000
also high-low satellite-to-satellite tracking (SST) data have
been exploited to monitor annual and semi-annual gravity
variations on smaller spatial scales down to about 5000 km.
The US-German Gravity Recovery and Climate Experiment
(GRACE), launched in March 2002 and performing low-
low SST observations with micrometer level accuracy,
revolutionized our knowledge of the Earth gravity field.
Today, not only the static gravity field can be determined
with unprecedented accuracy but, for the first time,
temporal variations at shorter wavelengths up to approxima-
tely degree and order 35 to 40 are traceable, thus allowing
for the quantification of mass distribution and mass varia-
tions within the Earth system with monthly and even sub-
monthly (e.g. 10-days) temporal resolution. Based on
currently about 5-years worth of GRACE mission data a
new era for basic studies on quantities of the Earth system
such as the continental hydrological cycle, the ice mass
balance in Greenland and Antarctica, the steric and mass-
related contribution to sea level rise or the inter-annual
ocean mass variation has been opened. This also led to the
implementation of a special priority program “Mass trans-
port and mass distribution in the Earth system” (ILK et al.,
2004, 2005) by the German Research Foundation.

Temporal Gravity Variations from SLR, GPS and
CHAMP

KONIG et al. (2005) estimated dynamic orbits and Earth
system parameters from a combined GPS (ground data) and
LEO data analysis. It could be shown that especially the
accuracy of reference frame and low degree gravity field
parameters benefits from such integrated analysis when
compared to solutions where the GPS ground data and the
LEO data is exploited in consecutive, but separate data
analysis steps. These investigations were motivated by the
work of ZHU et al. (2004) where the potential advantages
of an integrated adjustment of CHAMP, GRACE and GPS
ground data for the estimation of orbit, ground station and

static and time variable gravity field parameters were
demonstrated for the first time.

A first insight into the annual and semi-annual variability
of the gravity field on spatial scales of some thousand km
was gained from the analysis of CHAMP data based on the
dynamic orbit determination method as described in
REIGBER et al. (2003a) and REIGBER et al. (2005). SNEEUW
et al. (2003 and 2005) analysed the time-variability of
CHAMP-derived spherical harmonic coefficients using
kinematic orbits and the energy balance approach.

Tidal and Non-tidal Atmospheric and Oceanic Short-
Term Mass Variations

Short- and long-term gravity field variations due to half-
daily, daily and long-periodic atmospheric and oceanic tides
as well as non-tidal atmospheric and oceanic mass varia-
tions on hourly and daily scales have to be taken into
account in the gravity recovery based on modern satellite
gravity data from CHAMP, GRACE and GOCE. For
CHAMP and GRACE such gravity variations are typically
reduced during the orbit integration as a priori information
to “de-alias” the corresponding monthly and long-term
static gravity field results (FLECHTNER, 2003). In the case
of GOCE gradiometer data the atmospheric and oceanic
signal is directly corrected at the level gradiometer measure-
ments to de-alias such signals in the GOCE-based estimates
of the static field (GRUBER and PETERS, 2003). WIEHL and
DIETRICH (2005) investigated the influence of the orbital
sampling and the instrument parameterization of CHAMP
and GRACE on the derived time-variable gravity field
signals.

In this context, BIANCALE and BODE (2006) developed
mean annual and seasonal atmospheric tide models based
on 3-hourly and 6-hourly ECMWF surface pressure data,
thus extending the limited set of available atmospheric tide
models. In order to study the impact of uncertainties in
ocean tidal models, one known source of spurious gravity
signals in GRACE-only gravity models (“striping”), in
WUNSCH et al. (2005) a simulation study was carried out,
using the difference of two ocean tide models as a proxy
of such model errors. FLECHTNER et al. (2006) described
the operational GRACE Level-1B atmosphere and ocean
de-aliasing product (AOD1B) which is based on 6-hourly
operational ECMWF meteorological data and a barotropic
or a baroclinic ocean model. AOD1B is used to de-alias
short-term non-tidal mass variations in the monthly GRACE
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gravity field solutions. The methodology to correct the
atmospheric non-tidal mass variations was revisited by
PETERS (2007). Non-tidal oceanic mass variations of the
latest releases of AODI1B are derived from output of the
baroclinic ocean model OMCT (Ocean Model for Circula-
tion and Tides) of the Technical University of Dresden
which is based on meteorological ocean surface forcing and
precipitation and evaporation data. DOBSLAW and THOMAS
(2006) showed that the impact of river run-off on global
ocean mass redistribution (un-modelled in OMCT) can be
neglected.

Monitoring the Continental Hydrological Cycle

Since during the processing of the GRACE mission data
to monthly gravity field solutions known tidal as well as
all short-term atmospheric and oceanic mass variations are
taken into account, time-variable gravity signals derived
from time series of GRACE-only gravity models mainly
reflect mass redistribution at the Earth’s surface due the
continental hydrological cycle. This was verified in studies
on global scales (RAMILLIEN et al., 2005a, 2005b; Schmidt
et al., 2006a, 2006b; GUNTNER et al., 2007) as well as on
regional scales such as the monitoring of time variations
of regional evapotranspiration rates (RAMILLIEN et al.,
20006). In this way, GRACE-derived changes in surface
mass anomalies can be expected to contribute to the quanti-
fication of the total water budget, which is an obviously
underestimated quantity as indicated by the GRACE-
derived amplitudes of annual and semi-annual signals being
larger than predicted by global hydrological models. More
recently RAMILLIEN et al. (2007) have analysed seasonal
but also interannual change in land water storage over 27
large river basins from GRACE data and found significant
negative trends for some of the largest basins indicating
water mass loss over the investigated time period. NEU-
MAYER et al. (2006) showed a high correlation when
combining temporal gravity variations resulting from
superconducting gravimeter recordings, GRACE monthly
gravity field solutions and global hydrology.

To extract hydrological (and other geophysical) mass
variability from monthly GRACE gravity field solutions
special smoothing techniques have to be applied to the non-
physical meridional-oriented striping in the GRACE geoids
and to avoid leakage from neighbouring basins or from the
ocean. To this end, MARTINEC et al. (2007) performed a
statistical analysis of the temporal variability of the GRACE
Stokes potential coefficients and Schmidt et al. (2007) made
an accuracy assessment for GRACE derived time variable
gravity field solutions. KUSCHE (2007) suggested an
approximate decorrelation and non-iso-tropic smoothing
of time-variable GRACE-type gravity field models. HOR-
WATH and DIETRICH (2006) estimated errors of regional
mass variations inferred from monthly GRACE gravity field
solutions. As an alternative to the concept based on spheri-
cal harmonics FENGLER et al. (2005, 2007) and SCHMIDT
et al. (2006) calculated regional high-resolution temporal
GRACE gravity models using spherical wavelets. SNEEUW
et al. (2003) investigated the space-wise, time-wise, torus
and Rosborough representation in gravity modelling. In
SASGEN et al. (2007) a method based on Wiener filtering

applied for an optimized estimation of secular trends over
Antarctica.

GRACE Oceanic Applications

It has been shown by various authors that GRACE gravity
field time series also trace mass-induced gravity variations
over the oceans. For example, KANZOW et al. (2005) have
intercompared global patterns of ocean mass signals based
on early GRACE-only gravity field series provided by GFZ
and CSR with in-situ ocean bottom pressure data from a
ground truth site in the tropical northwest Atlantic Ocean
and the ECCO ocean model. The study indicated a general
agreement between these independent data sources but also
showed remaining deficiencies in the GRACE data process-
ing and suggested, among others, the substitution of the
non-tidal barotropic ocean model by a baroclinic one. On
a regional scale FENOGLIO-MARC et al. (2006) calculated
mass variations in the Mediterranean Sea from analysis of
hydrology corrected GRACE data and found reasonable
agreement with altimetry-based estimates corrected for the
steric part. LOMBARD et al. (2006) estimated steric sea level
variations from a combined GRACE and Jason data analysis
and found an overall good agreement. The net effect of the
land water contribution to sea level change was estimated
to be 0.19 + 0.06 mm/yr which is comparable to the ice
sheet contribution. VINOGRADOVA et al. (2007) investigated
the relation between sea level and ocean bottom pressure
and the vertical dependence of oceanic variability.

Post Glacial Rebound and Ice Mass Loss

Since 2003, absolute gravity measurements have been
performed regularly by the Institute fiir Erdmessung
Hannover in the Fennoscandian land uplift network cover-
ing Norway, Sweden, Finland and Denmark (TIMMEN et
al. 2005, 2006). In cooperation with the national agencies
and research institutions of the Nordic countries and BKG
in Frankfurt, terrestrial absolute gravimetry is applied to
observe the postglacial land uplift due to the isostatic
adjustment of the crust. Nearly all absolute stations are co-
located with continuously observing GPS stations. From
the comparisons between the participating instruments, an
overall accuracy of =30 nm/s® is indicated for a single
absolute gravimeter and a single station determination.
Thus, the gravity change due to the land uplift may be
observed with an accuracy of 10 to 20 nm/s? for a 5-year
period. One purpose of these terrestrial in-situ observations
is to validate the GRACE results (ground-truth) and first
promising results have been presented in MULLER et al.
(2003, 2005, 2007a, 2007b). In the same context, WIEHL
et al. (2006) showed how the Baltic Sea water mass varia-
tions mask the postglacial rebound signal in CHAMP and
GRACE gravity field solutions.

Predicted changes in the geoid about Greenland to be used
for GRACE validation have been described by FLEMING
et al. (2005). SASGEN et al. (2005) described signatures of
glacial changes in Antarctica, namely rates of geoid height
change and radial displacement due to present and past ice
mass variations. These are more or less due to changing ice
mass balance and ice dynamics and shall be detectable by
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modern gravity space missions (FLURY, 2005). In SASGEN
et al. (2007) secular trends in the geoid over Antarctica
from the most recent GRACE gravity time series and geo-
physical models are evaluated and optimally combined by
means of Wiener filtering. The results there indicate the
improved quality but also homogeneity of the augmented
GRACE gravity field series provided by different centres
(including GFZ).
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Satellite Gravity Theory

N. SNEEUW!

Introduction

The four years since the last IUGG General Assembly in
Sapporo have seen tremendous developments in spaceborne
gravimetry. The sections on Gravity Field Satellite Missions
and on Temporal Gravity Field Variations describe the
exciting science that results from analysis of CHAMP and
GRACE data. At the same time, these satellite missions,
including GOCE, have accelerated the development of new
methodological approaches. The sheer amount of data and
unknowns to be inverted has stimulated the advancement
of data handling strategies in several ways: both for functio-
nal and for stochastic modelling, both in brute-force
numerical and in semi-analytical schemes, in validation
techniques, a posteriori testing, and so on.

Some of the trends and developments in Satellite Gravity
Field Theory that were identified by SNEEUW and KUSCHE
(2007):

The observables from CHAMP, GRACE and GOCE are
increasingly modelled as in sifu observables in the theore-
tical framework of classical physical geodesy. Combined
with semi-analytical approaches highly efficient algorithms
have been developed.

Multiresolution, space-localizing representations have
found their way from the mathematical realm into the
geodetic mainstream. Although spherical harmonic para-
meterization remains the default approach for the current
missions, more and more researchers exploit the benefits
of spatio-temporal localization by multiresolution
modelling.

Despite the great successes of GRACE in monitoring the
time-variable gravity field, the Achilles’ heel of such
mission scenarios becomes obvious: separation of the
gravitational observable into its constituent mass sources.
To disentangle these individual sources, fundamentally
lumped into the gravitational observable, requires high-
quality a priori models for so-called de-aliasing purposes
and a delicate characterization in space, time and spectral
domains. The separability issue will only be aggravated in
future missions of the same design with improved hardware,
e.g., a GRACE-type mission with a laser interferometry
link.

An improved understanding of the gravitational sensors on
GRACE and GOCE has motivated and necessitated more
advanced stochastic modelling.

Theoretical and computational aspects in the downward
continuation and regularization of spaceborne gravimetric

data, decorrelation and outlier detection in coloured-noise
observations, full-covariance modelling, and the general
design of ‘smart’ algorithms to tackle these issues more
efficient than in the past, will continue to play a major role.

Geoscientific interpretation and application of CHAMP,
GRACE and in the near future GOCE gravity field models
requires a deeper understanding of the underlying noise
characteristics and error propagation mechanisms inherent
to these products. The combination with a priori models
and data from complementary observing systems like
satellite altimetry, GPS and INSAR requires a careful
analysis of the information content and the resolving power
of the various data sets.

Advances in gravity analysis techniques: in situ
modelling

In the pre-CHAMP era, conventional gravity field
modelling from satellite observations was rooted in
dynamic satellite geodesy and orbit perturbation theory. It
involved large-scale computations, extensive software
packages and, at an institutional level, a certain critical mass
of people and resources. As a result, only a few global
players were involved in global gravity field modelling
from satellites. The observables from CHAMP, GRACE
and GOCE, in contrast, can be modelled as in situ
observables in the theoretical framework of classical
physical geodesy. This enabled smaller, mostly university-
based, groups to get involved in global (but also regional)
gravity field modelling from satellite-borne gravimetry, and
to produce competitive gravity models.

A point in case is the energy balance approach or Jacobi
integral approach, e.g. GERLACH et al. (2003a, 2003b) or
VISSER et al. (2003) which came to fruition at the IAPG at
TU Munich. In this approach the GPS-derived orbit posi-
tions and velocities are converted to in situ disturbing
potential along the orbit. By careful reduction of accelero-
meter outputs and of auxiliary forces this method provided
high-quality CHAMP-only gravity fields, cf. GERLACH et
al. (2003c). Despite its quality the CHAMP-only gravity
field quality proved insufficient to reveal long wavelength
time variations that remained hidden in the observation
noise and ground-track variability, cf. SNEEUW et al. (2003).

Similarly, the ITG at University of Bonn developed the
Hammerstein-Schneider approach further to a level of
sophistication that allows CHAMP and GRACE data
processing with a competitive quality. This approach is
characterized by short arcs (ILK et al., 2005), combined with
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a boundary value formulation of the equations of motion.
The theoretical background on integrals of motion as well
as on the use of short-arc boundary value approaches has
recently been further developed by SCHNEIDER (2004, 2005,
2006), SCHNEIDER and CuUI (2005) and LOCHER and ILK
(2009).

A third in situ methodology is the kinematic approach in
which GPS-derived orbit ephemeris is numerically differ-
enced twice to provide 3D forces. Though elementary in
principle, this approach also requires delicate data handling
and corrections for nuisance force models. It was success-
fully implemented at the GIS, Stuttgart University, cf.
REUBELT et al. (2003) or REUBELT et al. (2006).

GRACE’s very high KBR accuracy demands orbit accuracy
at a compatible level, which is hardly feasible considering
GPS positioning. Thus, also for GRACE it seems to make
sense to consider the KBR as in situ gravity field observable
with GPS only providing the geolocation. SHARIFI and
KELLER (2005) and SHARIFI (2006) convert the GRACE
observable into a in-line along-track gravity gradient. See
also NOVAK et al. (2006).

Combined with semi-analytical techniques, leading to
block-diagonal normal equation structures, gravity field
recovery from in situ data becomes a highly efficient and
fast recovery tool. Despite the necessary approximations,
such a tool is used for CHAMP, GRACE and GOCE pro-
cessing, e.g. WERMUTH and FOLDVARY (2003) FOLDVARY
and WERMUTH (2005), often as quick-look tool, cf. WER-
MUTH et al. (2006).

Further advances

The sensors of such complicated systems as CHAMP,
GRACE and GOCE require deeper knowledge of the
appropriate stochastic models and associated estimation
techniques. Several contributions have been made in the
wider area of stochastic modelling, e.g. MARINKOVIC et al.
(2003). ALKHATIB and SCHUH (2007) apply Monte Carlo
covariance estimation to GOCE gravity recovery. Also
robust estimation techniques and outlier detection methods
have been thoroughly investigated to this end, e.g.
KARGOLL (2005) or GOTZELMANN et al. (2006).

When modelled in a straight-forward fashion, the huge
numbers of observations and of unknowns lead to large
equation systems that can only be dealt with by high-
performance computing, also referred to as brute force.
Much of this work was pioneered by ITG at University
Bonn. More recent developments include improved stochas-
tic modelling ALKHATIB and SCHUH (2007). At GIS, Uni-
versity Stuttgart, the LSQR method was topic of research.
It could be established as a viable alternative to conjugate
gradient and other methods, e.g. BAUR and GRAFAREND
(2006), BAUR and KUSCHE (2007).

Specific issues that arise in high performance computation
are treated by AUSTEN et al. (2006).

The methodology to calibrate space gravimeters and to
validate the results of gravity field satellite mission has also
been further advanced. In particular, the validation of

GOCE observations by various techniques, e.g. cross-over
analysis or upward continuation of terrestrial data, has been
topic of research at IfE, University Hannover, e.g. JARECKI
and MULLER (2003).

Great advances have been made in the area of multi-resolu-
tion gravity field modelling, much of which is due to the
activities at University of Kaiserslautern, e.g. (FREEDEN and
MICHEL, 2004). At the same time, in the past few years
multi-resolution analysis has made the transition from
mathematical research to a mainstream geodetic analysis
technique for spaceborne gravity recovery, e.g. FENGLER
et al. (2004), FREEDEN and SCHREINER (2005), FENGLER
et al. (2007), or SCHMIDT et al. (2005, 2007).

Working group on Satellite Gravity Theory

Under the new IAG structure a joint working group on
Satellite Gravity Theory was initiated between Commission
2 and the Intercommission Committee on Theory right after
the IUGG general assembly 2003, Sapporo. According to
its terms of reference the working group was dedicated to
monitoring and stimulating research in gravity field estima-
tion from satellite missions, merging, modelling time-
variable gravity field representation and satellite orbit
dynamics. Chaired by N. SNEEUW (Calgary, Stuttgart) this
international working group had a strong German participa-
tion: MAYER-GURR (Bonn), KUSCHE (Delft, Potsdam),
GERLACH, PETERS (Munich), NOVAK (Stuttgart, Prague),
WILD (Karlsruhe).

One of the working group’s achievements, in collaboration
with the IAG working group on Inverse Modelling (chair:
J. KUSCHE), was a special issue of the Journal of Geodesy
Vol. 81, Nr. 1, 2007, dedicated to the combined field of
satellite gravity theory and inverse theory. Significant
participation from German scientists documented the
activities in these areas. In FENGLER et al. (2007) spherical
wavelets as developed by the University of Kaiserslautern
group have been established as a tool for multiscale
modelling of the GRACE monthly gravity fields. In the
same vein, the contribution by SCHMIDT et al. (2007)
systematically reviews spherical wavelets with application
to regional analysis and interpretation of CHAMP and
GRACE gravity data. In the same issue ALKHATIB and
SCcHUH (2007) deal with the Monte Carlo covariance
estimation and error propagation strategy. The authors focus
on the recovery of the Earth’s gravity field in spherical
harmonics from the GOCE mission, a challenging and
numerically huge task.

Activities in preparation of future missions

Despite the scientific successes and research activities
around the satellite missions CHAMP, GRACE and GOCE,
many groups have started to plan ahead. Most notably,
IAPG at Technical University Munich group has initiated
and organized several workshops and projects to this end.
The full spectrum of spaceborne gravimetry—from orbit
dynamics through geoscience applications to future con-
cepts —is covered in the proceedings of one such workshop
BEUTLER et al. (2003). A study on Future Satellite Gravi-
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metry and Earth Dynamics, sponsored by the European
Space Agency (ESA), culminated in a book edited by
FLURY and RUMMEL (2005) of the same name. In it, the
study participants lay out the requirements from various
Earth science disciplines on future gravity field satellite
missions. A number of mission scenarios are simulated to
investigate whether future missions can meet such require-
ments SNEEUW et al. (2005).

More recently (April 2007) IAPG organized, together with
SRON (Netherlands) and ESA, a dedicated workshop on
the Future of Satellite Gravimetry. The workshop identified
two main theoretical challenges for future gravity missions:
1) aliasing of fast time variations into the gravity solutions,
and 2) separability of individual mass sources. Potential
future measurement concepts, like atomic interference and
optical clocks, were presented. Moreover the workshop
participants, both from Europe and USA, engaged in more
political and strategic discussions as to the organization and
realization of future gravity missions.

Formation flying may help in solving some of the limita-
tions of current gravity field missions. The feasibility and
utility of formation flight for future dedicated missions was
investigated by SNEEUW and SCHAUB (2005). From a more
practical viewpoint GERLACH and VISSER (2006) investi-
gated the potential geodetic use of the geomagnetics
mission SWARM. Unless a dedicated mission is funded
for the post-GRACE and -GOCE era, the SWARM con-
stellation of three satellites, all carrying GNSS-receivers,
may be one of the few sources of satellite gravimetry in the
years to come.
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Overview and Highlights

J. MULLER!

Introduction

The determination of Earth rotation is one of the main tasks
of geodesy. Variations of Earth rotation due to the re-
distribution of masses within the Earth system are closely
related to the deformation of the geometric shape of the
Earth and the temporal variations of its gravity field.

The report on the activities of German scientists in Earth
rotation and geodynamics research during the period 2003
to 2007 is subdivided in the following sections:

— Crustal deformation and Geodynamics,

— Earth Tides and Non-tidal Gravity Field Variations,
— Geophysical Fluids,

— Earth Rotation — Theory and Analysis,

— Sea Level and Ice Sheets,

— International Earth Rotation and Reference Systems
Service (IERS).

German scientists contributed in various ways to the
objectives of IAG commission 3, which is described in the
above mentioned sections. Here, only a few examples for
intensive research activities are given.

In Germany, geodesy has a long-standing tradition in
research and education. It serves as a bridging discipline
within the geosciences and has often been the driving factor
in organising larger research projects. This also holds for
Earth Rotation and Geodynamics.

Earth Rotation

The rotation of the Earth does not only relate the terrestrial
and the quasi-inertial reference systems to each other;
moreover, its variations contain essential features of global
dynamic processes. Correspondingly, Earth rotation
research is multi-disciplinary with a close interrelation
between modelling, observation, and analysis. The Earth
has to be considered as a complex system of interacting
dynamic components. The variations of Earth rotation are
global and integral indicators of ongoing changes in the
dynamics of the Earth, both for the redistribution of masses
inside and outside the Earth and for mass motions like wind
and oceans currents (see SCHUH et al. 2003).

The German Earth rotation community succeeded in 2006
to allocate funds for a so-called research unit “Earth rotation
and global dynamic processes” of the DFG (Deutsche
Forschungsgemeinschaft — German Research Foundation).
The main objective of this coordinated research unit is to
describe and explain the physical phenomena which

contribute to variations of Earth rotation. Interactions and
couplings of the various sub-systems are taken into account
and dedicated analyses of the dynamic processes are carried
out.

The research unit is coordinated by J. MULLER (also
chairman), H. KUTTERER, both University of Hannover and
M. SOFFEL, Technical University of Dresden. It is com-
posed by scientists and institutions from geodesy, geo-
physics, meteorology and oceanography. The unit is
organized in ten thematic projects which are

— Earth rotation and information system: Development of
a virtual Earth rotation system for geodetic and geo-
science applications (ERIS),

— Earth rotation and ocean circulation,

— Consistent post-Newtonian nutation series of a ‘rigid’
Earth model,

— Mass motions in the Earth’s core and mantle and their
influence on polar motion and the gravity field,

— Lunar Laser ranging: Consistent modeling for geodetic
and scientific applications,

— Integration of Earth rotation, gravity field and geometry
using space geodetic observations,

— Modelling of episodic-transient signals in measurements
of large ring lasers,

— Investigation of sub-daily and episodic variations of
Earth rotation,

— Usability of time-variable Earth orientation parameters
and gravity field coefficients from satellite missions for
mutual validation and combined analysis,

— Long-term ERP time series as indicator for global
climate variability and climate change.

More information on the DFG Research Unit FOR584 can
be obtained from http.//www.erdrotation.de.

In a second research initiative, an earth system model for
the simulation of variations of earth rotation, deformation
and gravity field, which are induced by atmospheric,
oceanic and hydrological processes and their interaction,
has been developed (see THOMAS et al., in this report).

Geodynamics

A further joint research project, mainly motivated by the
successful performance of GRACE and its overwhelming
input for Earth system research was prepared by ILK et al.
(2005), which resulted in a so-called DFG priority program-
me “Mass transport and mass distributions in the system

! Jiirgen Miiller: Leibniz Universitit Hannover (University of Hannover), Institut fiir Erdmessung (Institute of Geodesy), Schneiderberg 50,
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Earth” in 2006. This programme which is coordinated by
KH. ILK will run for six years — the first initial projects have
been funded for two years.

Mass transport shows up on various spatio-temporal scales
and includes any changes in the sub-systems of the Earth.
The ocean circulation, changes of ground water level and
solid Earth moisture, melting of continental ice sheets, river
run off, changes of sea level and convective flow in the
Earth mantle, all these effects cause transport and re-
distribution of masses.

Using innovative and extremely precise sensor systems,
dedicated gravity field and altimeter satellites observe the
implication of these processes. The common analysis of
this data shall improve the knowledge about these processes
within the system Earth.

The themes (i.e. the main research topics of the first phase),
which again comprise a number of projects, are

— Observing the Earth system from space,
— Ocean dynamics,

— Ice mass balance and sea level,

— Glacial isostatic adjustment,

— Dynamic of crust and mantle,

— Continental hydrology,

— Consistent data combination and mass signal separation.

More information on the DFG Priority Programme SP1257
can be obtained from http://www.massentransporte.de.

The geodetic research in polar regions, which has been
intensified recently due to the International Polar Year
2007/2008, or the investigation of sea level changes benefit
largely from those coordinated activities (see also the
chapter of DIETRICH in this report).

These joint research programmes also provide significant
contributions to international activities such as the project
GGOS (Global Geodetic Observing System) which has
been established and coordinated by the International
Association of Geodesy (IAG), see the separate section of
M. ROTHACHER on GGOS in this report. The consistent
modelling/analysis as well as the combination and inte-
gration of the various observation methods therefore present
important efforts to global geodesy.

Related activities

German scientists contribute to almost all [AG bodies, e.g.
H. DREWES (DGFI) as president of [AG-Commission 1,
which has direct or indirect effect on the other Commis-
sions, too. Here, only a few activities related to the IAG
Services are mentioned. Since 2001, the IERS Central
Bureau is hosted and funded by the Bundesamt fiir Karto-
graphie and Geodisie (BKG). Its tasks in the past years are
documented in a separate section by B. Richter below.
German geodesists also take leading positions in further
IAG Services such as A. NOTHNAGEL (IVS), J. MULLER
(ILRS), M. ROTHACHER (IERS, GGOS), or J. Dow (IGS)
whose work guarantee international integration. Their
activities are described within the sections addressing the
respective topics.

Finally also the very large support of Germany on the
observational side should be mentioned: At the fundamental
station Wettzell (and similar TIGO in Concepcion, Chile),
not only all space geodetic techniques are operating (see
section by A. NOTHNAGEL), but they also contribute
significantly to the determination of all Earth orientation
parameters as well as the realisation of the international
celestial and terrestrial reference systems.

The contribution of Germany to design, realise and operate
the gravity field satellite missions CHAMP, GRACE and
GOCE as well as their analyses is addressed in the section
by F. FLECHTNER and T. GRUBER.
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Crustal deformation and Geodynamics

H. DREWES!, D. WOLF?

Introduction

German investigations on geodetic research of crustal
deformation and geodynamics include geometric and
gravimetric observation campaigns, data processing and
modelling, analysis and interpretation of results, and
theoretical studies. The report for the period 2003-2007
shall be divided into the topics

— Global tectonic deformations (including plate kinematics
and dynamics);

— Glacial-isostatic adjustment (including mantle viscosity);

— Regional (primarily vertical) deformations (in Germany,
Europe and other regions);

— Theoretical studies and viscoelastic field theory.

Global tectonic deformations

Tectonic deformations on a global scale are closely
connected with plate tectonics. The kinematics of litho-
spheric plates is observed by networks of the different space
geodetic techniques (GPS, SLR, VLBI, DORIS), where
German institutions are strongly involved with fundamental
observatories co-locating various techniques (Wettzell/
Germany and Concepcién/Chile operated by Bundesamt
fir Kartographie und Geodisie, BKG, and Potsdam/
Germany operated by GeoForschungsZentrum Potsdam,
GFZ) and other permanent stations, mainly GPS. Actual
plate kinematic and deformation models are frequently
computed from the global observations by Deutsches
Geoditisches Forschungsinstitut (DGFI, DREWES and
MEISEL, 2003). They include now the modelling of nearly
all major plates (except Cocos) and the larger inter-plate
deformation zones (orogenes in the Mediterranean,
Himalaya, California, Andes) and provide point velocities
with accuracies better than 1 mm/year. Plate dynamics was
studied by TRUBITSYN et al. (2006).

The deformations between the rigid plates are geodetically
measured in many regional networks, mainly by GPS
observations. They include also specific projects for
earthquake research. Since many years there have been
several German projects in the Andean subduction zone in
South America. A large area in the southern and central
Andes were investigated by KHAZARADZE and KLOTZ
(2003) studying long-term and short-term effects related
to earthquakes. BAEZ et al. (2007) presented results from
the permanent Chilean network. Post-seismic mechanisms

of the 2001 Peru earthquake were investigated by HERGERT
and HEIDBACH (2006). The Cariaco earthquake in
Venezuela was studied by BAUMBACH et al. (2003). In
Europe projects concentrate on the Mid-Atlantic ridge. In
a cooperation with the Icelandic Meteorological Office and
the Nordic Volcanological Center of the Institute of Earth
Sciences (Reykjavik), the Bayerische Kommission fiir die
Internationale Erdmessung (BEK) participated in the
processing of GPS data from the ISGPS network in Iceland
(GEIRSSON et al., 2006). The strongest signal observed is
due to plate spreading across Iceland. The plate boundary
deformation field was affected in South Iceland by two M,,
= 6.5 earthquakes in June 2000, inflation at Kafla volcano
during 2000 and 2004, and an eruption of Hekla volcano
in February 2000. KANIUTH (2005) studied the displace-
ments after the strong Sumatra 2004 and 2005 earthquakes.

A project for observing continental deformation in the Alps
was funded by the EU INTERREG III-B Programme.
Several research and environmental institutions from
France, Germany, Italy and Slovenia were involved. DGFI
and BEK were partners in this project. During the last three
years more than 30 permanent GPS stations were installed
in the alpine region.

General studies of mechanisms and geodetically observable
effects (gravity and position changes) were published for
convergent zones (Central America, KRAWINKEL 2003) and
spreading zones (JACOBY and CAVSAK, 2005).

Glacial-isostatic adjustment

Geographically, most studies of glacial-isostatic adjustment
(GIA) and its relation to mantle viscosity were concerned
with Fennoscandia. As a measure of GIA, present-day
temporal variations of gravity may be used. Using observa-
tions since 1966 along a profile crossing Fennoscandia near
63° N, MAKINEN et al. (2004, 2005) derived ratios between
gravity change and uplift of -0.16 to -0.20 pgal/mm for this
region. Recently, the relative measurements have been
complemented and will eventually be replaced by new
techniques. Thus, absolute gravity measurements have been
intensified in Fennoscandia since 2003. Simultaneously,
monthly solutions for the geoid derived from measurements
of the GRACE satellite mission have become available and
can be exploited to better constrain GIA in Fennoscandia
and elsewhere. Further details about these new initiatives
may be found in MULLER et al. (2003, 2005, 2006), and
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TIMMEN et al. (2006). GPS observations were evaluated and
interpreted by KANTUTH and VETTER (2005).

On a longer time scale, the postglacial uplift of a region
glaciated during the late Pleistocene can be inferred from
uplifted Holocene shorelines. Combining this evidence with
present-day uplift rates inferred from the BIFROST GPS
stations in Fennoscandia, STEFFEN and KAUFMANN (2005)
inferred improved values of the mantle viscosity for this
region. A standard technique is the conversion of the quasi-
exponential postglacial uplift into a relaxation-time
spectrum and its inversion in terms of the mantle viscosity.
This method was used in three studies of GIA in Fenno-
scandia. In the first, FLEMING et al. (2003) investigated to
which extent estimates of lithosphere thickness and upper-
mantle viscosity are modified if the conventional assump-
tion of an elastic lithosphere is replaced by the more
realistic assumption of a viscoelastic lithosphere. In the
second study, KLEMANN and WOLF (2005) investigated how
estimates of the relaxation-time spectrum are modified if
meltwater-induced sea-level changes accompanying the
Holocene uplift are considered. Finally, MARTINEC and
WOLF (2005) interpreted the Fennoscandian relaxation-time
spectrum in terms of an axisymmetric viscosity distribution,
resulting in a lithosphere thickness of about 200 km in the
central region and a lithosphere thickness of about 80 km
in the periphery. The inversion was based on the spectral
finite-element method recently developed by Martinec for
a self-gravitating spherical earth model with a 3-D viscosity
distribution. An alternative technique available for 3-D
viscosity models is the standard finite-element method. This
was used in two studies also concerned with GIA in Fenno-
scandia. In the first, STEFFEN et al. (2006) compared
predictions of present-day uplift and horizontal motion
based on 1-D viscosity models with those for a 3-D
viscosity distribution derived from seismic shear-wave
models. They demonstrated that differences of about 2
mm/a may result due to the neglect of the 3-D structure.
In the second study, STEFFEN et al. (2007) investigated the
sensitivity of the present-day uplift and horizontal motion
with respect to the viscosity region considered. Their results
indicate that the sensitivity of GIA is largest to the viscosity
of the upper mantle below the former ice sheet.

A number of studies were concerned with Canada. WOLF
et al. (2004, 2006) analysed GIA in the Churchill region,
western Hudson Bay. Using Holocene shorelines, absolute
gravimetry, GPS and tide-gauge measurements, they
demonstrated that the observational evidence is mutually
consistent and inferred improved values of the upper- and
lower-mantle viscosities for this region. In another study,
KLEMANN and WOLF (2007) considered the Holocene
shoreline evidence for the Richmond Gulf region, eastern
Hudson Bay, located near the uplift centre. Based on fuzzy-
logic analysis, they derived an improved value of about 5 ka
for the relaxation time of the exponential function best
fitting the uplift curve inferred from the shorelines.

In several papers, GIA in other regions was studied. HAGE-
DOORN and WOLF (2003) investigated the late Pleistocene
and present-day deglaciation of Svalbard. Using viscoelastic
earth models and comparing predictions of the deglaciation-
induced uplift and geoid rise with results based on GPS,

VLBI and tide-gauge measurements, they suggested a
regional sea-level rise of about 3 mm/a. KAUFMANN (2005)
predicted the present-day changes in gravity and geoid
resulting on the hypothesis of a extensive late Pleistocene
ice-sheet in Tibet. They demonstrated that the peak signals
produced by its melting are sufficiently large to be detected
by the GRACE satellite mission. KAUFMANN et al. (2005)
predicted the present-day uplift and horizontal motion for
Antarctica using different scenarios of the late-Pleistocene
de-glaciation as well as 1-D and 3-D viscosity models.
Whereas the uplift strongly depends on the ice model
chosen, the horizontal motion is more sensitive to the
viscosity model selected. FLEMING et al. (2007) interpreted
GIA near the Vatnajokull ice cap, Iceland. Considering
three models of the ice-cap evolution between the year AD
900 and today, they compared predictions of the present-
day uplift with values based on GPS campaigns conducted
between 1991 and 1999. Their main result is that the details
of the deglaciation history during the last one or two
decades are significant for correct inferences of the mantle
viscosity below Iceland. In a further study, KLEMANN et
al. (2007) computed the present-day displacement rate
caused by the response of the earth to the mass loss of the
Patagonian ice field, South America. The complex tectonic
structure near the Antarctic and South American plates was
modelled using a 2-D viscosity model. The predicted rates
demonstrate the sensitivity of the response to the particular
features of the earth structure. SASGEN et al. (2007) studied
the occurrence of Aeolian sediments on Berkner Island,
Antarctica, retrieved from near the base of an ice core.
Using the most realistic combination of viscosity model and
Antarctic glacial history, they showed that sediment deposi-
tion was possible between 114.5 and 92.2 years ago.
HAGEDOORN et al. (2007) investigated the influence of GIA
caused by the late Pleistocene deglaciation on the present-
day sea-level variations. Using regional viscosity and ice
models optimised on the basis of the Holocene shoreline
evidence and allowing for melt-water influx, ocean loading
as well geoid and rotational effects, they predicted the GIA-
induced contribution to the sea-level variations for a global
distribution of tide-gauge stations. A reduction of the
observational linear trends with respect to the GIA contribu-
tion resulted in a value of about 1.5 mm/a for the global
mean sea-level rise.

Regional Deformations

Monitoring regional deformations in Germany focused on
vertical crustal movements. A working group of the German
Geodetic Commission (DGK) coordinates these activities.
Regions of special interest are the tectonically active upper
Rhine Graben (ROzsA et al., 2005), the Eifel Plume (SPATA
et al., 2003), the sedimentary fillings in the lower Rhine
embayment (GORRES et al., 2006), and the Vogtland earth-
quake area (WENDT and DIETRICH, 2003). Besides the inter-
pretation of new and historical precise spirit levelling,
repeated GPS observations are applied. RABUS and
KNOPFELE (2003) compiled maps of vertical movements
from differential InSAR profiles. ZIMMERMANN (2004)
studied the general concept and the realization of an infor-
mation system for geodetic deformation analysis.
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In Europe, there are detailed investigations on vertical
crustal movements covering the whole continent and con-
centrating on specific regions, respectively. Long time
series of continuous GPS observations, principally within
the European Reference Frame (EUREF) provided by H.
HABRICH, BKG, were used to study atmospheric loading
effects and to derive local regression coefficients between
the atmospheric pressure and vertical displacements
(KANIUTH and HUBER, 2003, 2004; KANIUTH and VETTER,
2006). Ocean loading is a strong effect of vertical motions
at coastal sites, which can be estimated from GPS observa-
tion data (KANIUTH and VETTER, 2005). RICHTER et al.
(2004) combined space geodetic results (GPS and VLBI)
with absolute gravimetric observations in Medicina, Italy,
and found high correlations but also interesting discrepan-
cies.

Investigations on regional crustal movements outside
Europe concentrated primarily on South America. DREWES
et al. (2005) compared the results of two continental GPS
campaigns of the SIRGAS project 1995 and 2000 to derive
3D station displacements. These results entered into a
continental deformation model derived by a combination
of the finite-element method and a geodetic collocation
approach (DREWES and HEIDBACH, 2005). The number of
continuously observing GPS stations in South America has
strongly increased during the last years (SEEMULLER and
DREWES, 2004). Time series of weekly station coordinates
and velocities from multi-year solutions were provided by
SEEMULLER et al. (2004). Environmental effects and local
displacements were studied by KANIUTH and STUBER
(2005) in two GPS stations at the IGS site Bogota,
Colombia.

Theoretical studies

The application of satellite gravity missions for monitoring
vertical crustal deformations due to hydrological mass
loading requires the detailed investigation on the complex
relations between the mass displacements and gravity
variations. KUSCHE and SCHRAMA (2005) studied inversion
by comparing time series of the GRACE gravity field with
those of the global GPS network. RAMILLIEN et al. (2005)
recovered the surface-water masses by the inversion of
GRACE geoid models. Other authors (e.g., SCHMIDT et al.
2006) used these models for the representation of mass
variations and subsequent vertical crustal movements by
suitable mathematical functions.

In a theoretical study concerning glacial-isostatic adjust-
ment, KLEMANN et al. (2003) deal with the appropriate
consideration of compressibility in viscoelastic earth
models. Deriving analytical solutions for the load-induced
perturbations of a homogeneous half space, they showed
that the solution to the problem involves several types of
singularities. In addition, Rayleigh-Taylor instabilities
resulting from internal buoyancy arise. These compressi-
bility effects correspond to those recently analysed by
Vermeersen and Hanyk for a homogeneous viscoelastic
sphere. In a further theoretical study, MARTINEC (2007)
derived the propagator matrix for the response of a multi-
layered viscoelastic sphere to surface toroidal traction in

analytical form. The solution is suitable for testing the
performance of numerical algorithms for computing GIA.

Statistical analyses of the components of the strain tensor
in southern and western Europe derived from space geo-
detic observations were presented by CAl and GRAFAREND
(2007a). They applied the method to studies of the strain
in Fennoscandia. RIEDEL et al. (2007) developed an
approach for the analysis of landslides from differential
InSAR measurements.
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Instrumental investigations

The high performance of the 43 m long water-tube tiltmeter
in the Underground Laboratory for Geodynamics in Walfer-
dange (Luxembourg) lead to diurnal and semi-diurnal tidal
measurements in excellent accordance with the models. The
analysis of 7 years dataset show the lowest standard devia-
tion among all results obtained with other tiltmeters in
Walferdange, e.g. phase uncertainties for M, of less than
0.024° equal (3s). In addition for the first time tilt induced
by the non-linear tides (2MKj;, M;, MN,, M, and MS,) in
the North Sea are observed clearly (D' OREYE and ZURN
2004a, 2004b, 2005, 2006).

The seismic free oscillations of the Earth (frequency band
0.3 to 20 mHz) as well as signals below 1 Mhz which are
more sensitive to density distributions within the Earth open
a window to study the Earth interior and structure. While
in the majority of cases observations of spring gravimeters
deployed in the international Deployment of Accelero-
meters (IDA) network and more recently on the Streckeisen
STS-1 seismometers deployed in the global seismic network
(GSN) are used the latest generation of Superconducting
gravimeters (SG) opens an opportunity to complement the
ensample especially on the seismic low frequency band.
Noise investigations and comparisons between seismo-
meters and gravimeters performed by the Black Forest
Observatory are the indispensable basis to assess the
strength of SG (WIDMER-SCHNIDRIG, 2003, ZURN and
WIDMER-SCHNIDRIG, 2003).

Extensive analyses of data from superconducting gravi-
meters (SG) were carried out with regard to the noise
content in the spectral range between Earth’s free oscilla-
tions and the short-periodic tides. The objective was to
obtain an estimate on the traceability of small geodynamic
signals such as Slichter and other core modes and to
identify remaining noise sources. It was found that despite
sophisticated reductions the data still contain environment-
related signals due to air pressure and hydrological varia-
tions. From analyses of records from dual sensor instru-
ments it was found that the instrument-related noise level
is about an order of magnitude below the typically obtained
level. These studies also showed an instrument/sensor unit-
dependent air pressure influence on the observations of
superconducting gravimeters in the range of 1-3% of the
total effect (KRONER et al. 2004, KRONER et al. 2005).

Tidal investigations

12 GGP stations (BE, BO, CA, CB, MB, MC, MO, PO, ST,
SU, VI, WE) are analyzed to determine the elastic behavior
of the Earth in the frequency domain of the Chandler
wobble. The length of the data series used varies between
4 and 18 years. The annual wave and the Chandler wobble
were separated by fitting two sinusoidal functions with
periods of 365.25 and 432 days to the residual gravity. The
O-values of the Chandler wobble is close to 1.16. The
corresponding values of the annual wave are slightly
smaller but more noisy. The phase lags for both periods are
in the order of a few degrees (HARNISCH and HARNISCH
2006b).

Non Tidal Effects

Deployment of time-dependent gravity observations for
hydrological studies

South Eastern Po plain

For more than 10 years an Italian and German research
team studies the natural and anthropogenic subsidence in
the South Eastern Po Plain. The area is well suited to test
the application of an observational strategy which combines
different techniques to extract information on the spatial
and temporal variability of the subsidence. Starting with
permanent GPS and gravity observations at a few stations
the experiment is complemented by episodic absolute
gravity observations for validation of the individual time
series.

The series of gravity recordings at the stations Medicina
(Italy) are investigated to separate seasonal gravity varia-
tions from long-term trends in gravity. The findings are
compared to height variations monitored by continues GPS
observations. A clear seasonal signal is visible in the gravity
and height data series, caused by fluctuations in the atmo-
sphere including mass redistribution, the ocean, ground-
water but also by geo-mechanical effects such as soil
consolidation and thermal expansion of the structure
supporting the GPS antenna (RICHTER et al. 2004,
ROMAGNOLI et al. 2003). The combination of velocities
derived from the GPS and gravity data, further comple-
mented by the results of the InNSAR Permanent Scatter
technique allows us to monitor continuously in space and
time vertical crustal movements. The combination takes
advantage of the complementary strengths of each tech-
nique, by overcoming the limitations inherent in each single
technique alone. Here, long-term trends were derived
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enabling us to map the behaviour of subsidence (even
exceeding 20 mm/yr) with high spatial resolution in the
South Eastern Po Plain. The uplifting behavior of the
Apennines chain bordering the Po Plain is identified
together with a narrow zone separating the contrasting
vertical crustal movements (ZERBINI et al. 2007).

Wettzell

Performing comparable investigations at Wettzell
(Germany), no seasonal effect could be clearly identified,
and the long-term trend in gravity is mainly caused by
ground water variations. To take full advantage of the high
capabilities of the modern superconducting gravimeters
(high sensitivity, low and stable drift-rate), hydrological
data have to be incorporated in the gravimetric data process-
ing, especially if long-term phenomena with small ampli-
tude are studied (Harnisch and Harnisch 2006a). The
successful combination of height and gravity series with
the derived ratio of gravity to height changes indicates that
the long-term trends in height and gravity are likely due
to mass changes rather than to tectonic movements
(RICHTER et al. 2004).

Moxa

The continuous observations with the superconducting
gravimeter at Moxa as well as the repeated measurements
with LCR-gravimeters are used to study the benefit of these
data for hydrological studies. This research was supported
by a number of hydrological experiments and modelling
to study the influence of hydrological changes in certain
areas on the SG observations (KRONER and Jahr 2006).
Among other things the gravity effect of a water front
moving downhill could be investigated. In the records of
the superconducting gravimeter typically hydrological
effects of up to several nm/s? are visible. With regard to
time-dependent changes in the gravity differences obtained
on the local network the following was found: Maximum
effects occur between the observation site at the foot of the
hill and the one on the upper hill flank (KRONER et al. 2007,
NAUJOKS et al. 2006). With increasing distance of the
observation point at the valley bottom the variations in the
differences decrease. From the systematics found, which
were confirmed by modelling, it could be shown that
unexpectedly a significant amount of water needs to be
stored in the joints of the hill flank in order to explain the
changes in the gravity differences (KRONER 2006). The
water volume stored as soil moisture and groundwater is
not enough to produce the observed effects in gravity
(KRAUSE et al. 2006). A subsequent consideration of this
influence in the SG data led to a qualitatively good
agreement between the observation at Moxa and a
modelling of the gravity effect based on global hydrological
models (NEUMEYER et al., 2006).

For the catchment area of Moxa observatory hydrological
models were developed (HASAN et al., 2006; KRAUSE et al.,
2005). Simultaneously a 3D gravity model for Moxa
observatory, which takes into account the complex topo-
graphy and geological situation, was derived from areal
gravity measurements. Changes in the different compart-
ments based on hydrological modelling are introduced into

the gravity model as density changes and the resulting
gravity variation for the different observation points is
computed. By comparison of model-derived and observed
gravity changes additional constraints for hydrological
modelling ought to be obtained. The repeated gravity
measurements have already helped to identify one hydro-
logical contributor which was not known beforehand to
have a major influence on gravity: changes in the water
storage inside the fissured hill flank.

Time-dependent gravity observations at volcanoes

The studies at Mayon volcano — Philippines were continued
by improved modelling of the gravity variations. Here, not
only elastic deformation was taken into account but also
the gravitational effect of the deformed edifice. With this
model it was possible to explain the obtained gravity varia-
tions much better than with a deformation model alone. The
algorithm was further developed for geodetic data in
volcanic areas (VAIDA et al. 2004, TIAMPO et al. 2004a,
2004b, 2004c).

These micro-gravimetric studies were also applied to the
volcanoes Merapi — Indonesia and Galeras — Colombia
(JENTZSCH et al. 2004).

Verification of ocean tidal models

In order to synthesize the gravity value for points world-
wide from the standard gravity formula and the ocean tide
loading, a comprehensive comparison was performed using
worldwide tidal gravity and tilt results. Three TOPEX/
POSEIDON (T/P) satellite derived models (CSR3.0,
FES95.2 and TPXO.2) beside the classical SCHW80 model
were selected for an accuracy assessment study. The
selected models have been subjected to an intercomparison
test, tide gauge validation test and comparison to 59 tidal
gravity stations. The intercomparison test shows a good
agreement between the T/P-based models for the open
ocean and remarkable disagreement between the selected
models in the coastal regions indicating that such models
are still problematic in these regions. The tide gauge
validation shows that the T/P derived models fit tide gauges
better than SCHW80, with a better fit for the semidiurnal
constituents than for the diurnal constituents. Comparing
the gravimetric ocean-tide loading computed from the
selected models with the residuals from a set of 59 tidal
gravity stations shows that there is an improvement of the
T/P derived models with respect to the Schwiderski model,
especially in M2. However, this improvement is not as
significant as the result of the comparison with the pelagic
data. A procedure developed for the comparison of T/P
derived models with SCHW80 was developed. The results
also provide information about the improvement of
SCHWS0, as well as about the properties of the new
models. It is intended to continue this work applying the
very recent models to see how they perform compared to
this study (ZAHRAN et al. 2005, ZAHRAN et al. 2000).

The non-tidal ocean loading effect has been observed in
the height series of four permanent GPS stations, namely
Medicina, Marina di Ravenna, Bologna and Trieste, located
in the northeastern Adriatic area. A validation of the ECCO
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model is performed in the Adriatic, a semi-enclosed basin
in the Mediterranean Sea, by comparing model sea-surface
elevation with tide-gauge and TOPEX/POSEIDON data,
and model bottom pressure with that estimated from
temperature and salinity observations. Using the ECCO
model ocean bottom pressure data and the Green's functions
approach, the non-tidal ocean loading effect has been
modelled at the four GPS sites. The height series and the
predicted non-tidal ocean loading are highly correlated at
all four stations. A similar analysis is also presented for the
superconducting gravimeter data collected at the Medicina
station (ZERBINI et al. 2004).

In contrast to the long-term variations in the atmosphere
the high frequency band excite seismometers and gravi-
meters in a different manner. Acceleration power spectral
densities of vertical seismic noise at the best seismic
stations show a minimum near 3 mHz. This minimum is
caused by a cancellation near this frequency of Newtonian
attraction vs. free air and inertial effects exerted by atmo-
spheric phenomena on the sensor mass. Simplistic models
of atmospheric phenomena are used to quantify this effect
and examples are shown for special atmospheric events in
ZURN and WIELANDT (2007).
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Temporal variations of the Earth's rotation, its gravity field
and its geometry are caused by a multitude of gravitational
and geophysical processes within and between individual
components of the Earth system. The largest effects are due
to tidal deformations of the solid Earth and mass redistribu-
tions within the fluid components atmosphere and hydro-
sphere.

Several research programmes are proposed to the German
Research Foundation in order to study the Earth's reaction
on gravitational and geophysical excitations. The general
aim of most of these investigations is the development of
physically consistent models of the Earth system and its
components for the simultaneous investigation of rotation,
gravity field and geometry of the Earth in interdisciplinary
cooperation (SCHUH et al. 2003).

Fluctuations of Earth rotation, gravity field and geometry
are associated with the redistribution and motion of mass
elements in the Earth system. In order to study the Earth's
reaction on geophysical excitations, a dynamic Earth system
model has been developed which is based on the balance
of angular momentum in the Earth system (SEITZ 2004).
During the last years efforts have been made in the develop-
ment of a fully coupled atmosphere-hydrosphere model
which provides the possibility to assess the combined effect
of mass variations including tides on the basis of consistent
exchange of mass, energy and momentum among atmo-
sphere (ECHAM GCM), oceans (OMCT) and continental
hydrosphere (HDM). It has been shown in several studies
that model results for Earth rotation, solid Earth deforma-
tions and low-degree shperical harmonic coefficients of the
Earth's gravity field from coupled models agree well with
geodetic observations. However some investigations
showed that the use of different numerical models and
reanalysis data sets as forcing conditions for dynamic Earth
system models influences the resulting parameters signifi-
cantly (STUCK et al. 2004, THOMAS et al. 2004, SEITZ 2005).
Some of the forcing conditions and model set-ups differ
conceptually, e.g. with respect to the (back-)coupling of
the atmosphere model the ocean model, the assumption of
inverse or non-inverse barometric response of the ocean
to atmospheric pressure variations and the inclusion of tides
in oceanic circulation models.

The usability of ECMWF's forecasts for the determination
of diurnal and semidiurnal mass variations in the atmo-
sphere-ocean system due to atmospheric pressure tides has

been examined and contrasted to corresponding variabilities
deduced from ECMWF's analyses. While the diurnal
pressure tide and the oceanic response simulated with a
baroclinic ocean model are well resolved from both analy-
ses and forecasts, the semidiurnal tide can be recovered
from 3 hourly forecasts only. In terms of rms values of
geoid height anomalies, forecast errors cause 0.18 mm,
different wind representations 0.09 mm, and the doubled
temporal resolution 0.20 mm of deviations between fore-
casts and analyses. Since atmospheric tides are highly
variable, a time-invariant harmonic approach might not
meet high precision requirements as for the GRACE
mission and for high-resolution Earth rotation parameters.
Considering these forecast errors, forecasts allow to account
for atmospheric variability and corresponding oceanic
responses down to semidiurnal timescales, dispensing with
any additional model of atmospheric tides (DOBSLAW and
THOMAS 2005).

In order to de-aliase and calibrate the gravity products
available by the gravity missions refined geophysical fluid
models are indispensable. Continental water mass redistri-
butions, which are not covered by the coupled atmosphere-
ocean model, shall be considered by an external hydro-
logical discharge model in order to balance the global water
cycle. Globally gridded precipitation-data sets are an
essential base for various applications in the geosciences
and for instance global and regional studies on the hydro-
logical cycle or the evaluation of global circulation models
(GCM's) (BECK et al. 2004). The impact of river run-off
on global ocean mass redistribution is analysed by means
of simulations with the baroclinic general circulation model
OMCT driven by real-time atmospheric forcing fields from
the European Centre for Medium Range Weather Forecasts
(ECMWEF). River run-off data have been deduced from a
Hydrological Discharge Model (HDM) forced with
ECMWEF data as well. While submonthly mass variability
is generally insignificant for GRACE de-aliasing purposes
in most oceanic regions, monthly mean mass signals of up
to 2 hPa occur in the Arctic Ocean during the melt season.
Additionally, from freshwater fluxes due to precipitation,
evaporation and river run-off the seasonal variations of total
ocean mass are calculated. Correspondence with observed
mass variations deduced from monthly GRACE gravity
solutions indicates that a combination of ECMWF, HDM
and OMCT allows a consistent prognostic simulation of
mass exchanges among the atmosphere, ocean and conti-
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nental hydrosphere. Thus, interpretations of GRACE based
mass anomalies should account for both regional and global
river run-off effects (DOBSLAW and THOMAS 2007).

More detailed investigations concerning atmosphere, ocean
and hydrology can be found in the publications mentioned
below.
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1. Joint research activities

In order to organize joint research activities in “Earth
rotation and global dynamic processes” in Germany, since
the beginning of 2006 ten related sub-projects are supported
by the German research funding organization DFG (Deut-
sche Forschungsgemeinschaft) in the frame of a research
unit (MULLER et al., 2005). Based on the general survey of
SCHUH et al. (2003) exposing the present state as well as
necessary milestones for future research work concerning
modelling, observation and analysis techniques, the main
objective of this coordinated project is a comprehensive
description and explanation of underlying physical pheno-
mena contributing to variations of earth rotation by taking
into account consistently the interactions and coupling
mechanisms of the various sub-systems of the earth. Such
an integral treatment of earth rotation based on existing and
new observational data became possible by comprising
experts of observation techniques, data processing and
analysis as well as in particular modelling. The research
unit with participating scientists and institutions from
geodesy, geophysics, meteorology, and oceanography will
provide significant contributions to international activities
and programs such as GGOS (Global Geodetic Observing
System) and GMES (Global Monitoring for Environment
and Security).

In close cooperation with the research unit an earth system
model for physically consistent simulations of atmospheric,
oceanic and hydrological induced variations of earth
rotation, deformation and gravity field is developed in a
research project supported by DFG with participating
German scientists from geodesy, meteorology and oceano-
graphy. The dynamical system model couples numerical
models of the atmosphere, of ocean tides and circulation
as well as of continental discharge considering consistent
mass, energy and momentum fluxes between these near-
surface subsystems of the earth in order to allow for
explanations and interpretations of geodetically observed
variations of global parameters of the earth.

2. Theory of earth rotation

2.1 General studies

A detailed overview of theoretical and observational
foundations of earth rotation studies, a review of the present
state of modelling and observation as well as a specification

of needs for future research projects was given by SCHUH
et al. (2003).

ENGELS (2006) describes various formulations of the
momentum and angular momentum balance on the basis
of elements of continuum mechanics. He estimates the
impact of second order terms, referring to, e.g., the earth’s
flattening and incremental inertial forces, on the equations
of polar motion and polar wandering derived from the
balance equation of angular momentum and discusses the
effects arising from neglecting these second order terms
on the angular velocity vector of a homogeneously layered,
spherical, viscoelastic and rotating earth affected by surface
mass loads. ENGELS (2006) comes to the conclusion that
the classical “spherical solution” exclusively differs from
his enhanced solution with respect to higher order terms
of the earth’s flattening.

JOCHMANN (2003) studied the effect of assumed mass
redistributions on the Chandler period and found that large
variations of the Chandler period of several days detected
by several polar motion time series analyses are unlikely,
and that it is sufficient to assume an invariable period for
currently available time series.

SEITZ (2004) developed the non-linear gyroscopic Dynamic
Model for Earth rotation and Gravity (DyMEG) based on
a triaxial ellipsoid of inertia and driven by lunisolar torques
and consistent atmospheric and oceanic angular momenta
in order to investigate interactions between geophysically
and gravitationally induced polar motion and the earth’s
free wobbles. DyMEG reproduces the period and damping
of the earth’s free polar motion (Chandler wobble) from
rheological and geometrical parameters by solving the
Liouville equation numerically as an initial value problem.
Since spectral analyses of both atmospheric and oceanic
excitations gave no hint for increased power in the Chandler
frequency band, SEITZ et al. (2004) concluded that stochas-
tic signals in the climate dynamics as caused by the weather
and oceanic mass redistributions are a sufficient source to
maintain the amplitude of the earth’s free wobble by
resonant interaction. Depending on the quality of the
excitations, the correlation between the numerical results
for polar motion from DyMEG and IERS data reach up to
99% (SEITZ,2005; SEITZ et al, 2005). In order to assess the
dependence of the numerical solution on the initial values
and rheological or geometrical parameters like Love
numbers and the earth’s principal moments of inertia, SEITZ
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and KUTTERER (2005) performed a sensitivity study re-
vealing that the pole tide Love number £, is the most critical
parameter, while the dependence on other parameters is
marginal.

2.2 Excitation of earth rotation by geophysical fluids

ENDLER (2007) investigated the relationship between
interannual variations in Length of Day (LOD) and selected
El Nino/Southern Oscillation (ENSO) events. The study
confirms that changes in the atmospheric angular momen-
tum due to zonal winds are well correlated with LOD
variability on timescales varying between several days and
years. Strong correlations (at the 99% significance level)
between the interannual amplitudes of LOD and the atmo-
spheric wind term with sea-surface temperatures and
selected ENSO indices clearly demonstrate a significant
relation between interannual LOD variability, zonal atmo-
spheric wind anomalies and the ENSO phenomenon.
Although the overall correlation between LOD and ENSO
is significantly varying in time depending on specific
characteristics of the individual ENSO event, there is
evidence that observed variations in the amplitude of LOD
can be used as an indication for changes in the low and high
frequency spectrum of hemispheric circulation systems led
off by warm ENSO events. (LEHMANN et al., 2007).

SEITZ et al. (2005) and STUCK et al. (2005) investigated the
role of atmospheric and oceanic dynamics in exciting polar
motion in the annual and Chandler wobble frequency band
by means of simulations with the gyroscopic model
DyMEG consistently forced with output from the atmo-
spheric climate model ECHAM and the ocean model
OMCT. According to STUCK et al. (2005), the annual
oscillation of polar motion is predominantly due to atmo-
spheric pressure forcing, while the motion component is
less important. A regional statistical analysis of AAM
turned out that strong annual pressure variations over Asia,
in particular at the Himalayas, is the primary component
responsible for accelerating forced polar motion. Both
STUCK et al. (2005) as well as SEITZ et al. (2005) came to
the conclusion that stochastic processes in atmosphere and
ocean are sufficient to excite the Chandler wobble. Neither
a significant nor at least an increased signal in the frequency
domain of 14 to 16 months was found and regional statisti-
cal analysis of angular momentum gave no hint for an
oscillation with a typical timescale of 14 to 16 months. This
is in agreement with the findings of THOMAS et al. (2005)
who calculated power spectral densities from effective
angular momentum functions deduced from various
consistent model combinations (NCEP/MIT, NCEP/ECCO,
ECHAM/OMCT). The investigated model combinations
led to similar excitation power in the Chandler frequency
band always exceeding the observed power.

The impact of oceanic mass redistributions due to pressure
loading of atmospheric tides and gravitational tides at
frequencies S, and S, was estimated by THOMAS et al.
(2007) by means of simulations with OMCT driven by
operational atmospheric data provided by ECMWEF. The
study demonstrates that ECMWF's 3-hourly forecasts can
be used to represent atmospheric mass redistributions and
corresponding oceanic responses down to semidiurnal

timescales and, consequently, to determine short-term
effects of the atmosphere-ocean system on earth’s rotation.
In contrast to, e.g., altimetry observations, the applied
method principally allows a separation of effects due to
gravitational and pressure tides.

From simulations with the Hydrological Discharge Model
(HDM) WALTER (2005) deduced hydrologically induced
excitations of earth rotation on seasonal to decadal time-
scales. Although the model simulations were higly sensitive
to applied atmospheric forcing conditions, the results
generally agreed with respect to the annual excitation of
LOD, suggesting that about 25 ps of the annual amplitude
have to be attributed to hydrological mass redistributions.

Applying the high-resolving unconstrained ocean model
TiME forced by the complete lunisolar tidal potential
derived from ephemerides, WEIS (2006) estimated the effect
of several partial tides and shallow-water tides on earth
rotation. Although the unconstrained model generally
overestimates tidal amplitudes, the high-resolving real-time
model agreed better with data assimilation models than
partial tide model approaches. The total energy dissipated
by the complete tidal oscillation system was estimated by
WEIS (2006) to be 4.8 TW; the contribution of ocean tides
to tidal friction was calculated to be 4.1 TW, while other
recent studies agree on a lower value of 3.0 TW. However,
some less significant partial tides, which had not been
included in any modelling study, so far, were in excellent
correspondence with results from both VLBI and GPS
measurements with correlations of 90-96%. The effects of
shallow-water tides on UT1 and polar motion turned out
to be about three orders of magnitude lower than major
astronomical partial tides, but should be above the detection
limit of modern observation techniques within the near
future.

2.3 Internal processes

One part of the earth rotation theory concerns the modelling
of the influence of core processes (e.g. fluid motions,
electromagnetic forces) on the earth’s rotation. To this
regard, GREINER-MAI et al. (2003) gave an outline about
appropriate methods, results and unsolved problems.

To determine core motions and coupling torques from the
geomagnetic field, it is necessary to extend the geomagnetic
field from the earth’s surface to the core-mantle boundary
through an electrically conducting mantle. To solve this
problem, a new inversion method for the induction equation
of the mantle was developed until 2002. GREINER-MALI et
al. (2004) have extended this method for determining the
geomagnetic field in a differentially rotating upper core
layer.

GREINER-MAI et al. (2003) discussed a kinematical model
of forced inner-core wobble (ICW) by which the decadal
variations of polar motion may be explained. Complemen-
tary, GUO et al. (2005a) checked the detectability of a free
ICW with a period of about 6 years in the measured varia-
tions of the gravity field and polar motion. They found no
firm evidence of the ICW in polar motion data used, which
have an accuracy of few milliarc seconds.
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3. Combination of different observation tech-
niques

Earth orientation parameters (EOP) based on homogeneous
and continuous VLBI and GPS data were consistently
combined by THALLER et al. (2006b) using technique-
specific datum-free normal equation systems. Especially
the rigorous combination of UT1-UTC and LOD delivered
by VLBI and GPS revealed that both techniques perfectly
complement each other and the applied combination did
not suffer from systematic effects present in the GPS-
derived LOD values. The local geodetic ties between GPS
and VLBI antennas generally play an essential role within
the inter-technique combination. Several studies already
disclosed non-negligible discrepancies between terrestrial
measurements and space-geodetic solutions. THALLER et
al. (2006b) demonstrated to what extent these discrepancies
propagate into the combined EOP solution.

An overview of the combination studies performed by the
Forschungseinrichtung Satellitengeodisie der TU Miinchen
(FESG) and the Deutsches Geoditisches Forschungsinstitut
(DGFI) based on the data of the continuous IVS campaign
CONTO2 was given by THALLER et al. (2006a). The co-
operation of the two institutions established the basis for
a detailed adaption of GPS and VLBI software concerning
models and parameterization to avoid systematic differences
between the technique contributions. Regarding sub-daily
earth rotation parameters the study emphasizes that a
combination of the space techniques improves the results
compared to single-technique solutions significantly.
Furthermore, THALLER et al. (2006a) described a combina-
tion scheme for long sub-daily EOP time series from VLBI
and GPS removing the weakness of UT1 estimations of
satellite techniques and, consequently, offering the opportu-
nity to study sub-daily tidal excitations and the influence
of high-frequency or episodic geophysical effects on earth
rotation.

In a joint effort the Technical Universities of Munich and
Dresden performed a reprocessing of a global GPS network
over the last decade in order to dispose existing inhomoge-
neities and inconsistencies of GPS time series of global
geodetic parameters due to changes at the individual
International GNSS Service Analysis Centers hampering
geophysical interpretations of these long time series.
According to STEIGENBERGER et al. (2006), first results of
the reprocessing of 11 years of data showed significant
improvements in the quality and homogeneity of estimated
parameters, and formal errors of sub-daily earth rotation
parameters could be reduced by 30%. In addition, advanced
modelling approaches of second- and third-order iono-
spheric corrections and absolute antenna phase center
corrections for receivers and satellites were tested to
achieve further improvements.

4. Analysis and prediction

Results of the analysis of earth rotation data derived from
the continuous VLBI campaign CONTO02 were presented
by HAAS and WUNSCH (2006). Regarding high-frequency
variations, 40-60% of polar motion and about 80% of UT1

could be explained by the ocean tide model of Ray. The
remaining residuals were found to be on the level of several
tens of micro-arcseconds. So far, they cannot be reproduced
completely by models based on non-tidal angular momen-
tum, atmospheric tides and luni-solar torques acting on the
tri-axial earth. However, the diurnal signal detected in polar
motion residuals could partly be explained by models due
to non-tidal angular momentum and atmospheric tides. In
the residuals of polar motion from CONTO2 the authors
identified third-diurnal variations close to the S, tide con-
stituent with retro- and pro-grade amplitudes on the order
of 40 mas, what is much larger than predictions based on
atmospheric effects. With respect to the diurnal frequency
band in UT1 the agreement between theoretical models and
observations was also poor and the empirical values were
generally larger than the modeled ones.

GUO et al. (2005b) investigated the double peak of the
Chandler wobble (CW) in the spectrum of polar motion by
comparing the polar motion data series (annual wobble
removed) with a synthetic double-frequency CW time
series. They observed a reasonable agreement between their
peak times, which is an argument for the hypothesis of a
double frequency CW, but is inconclusive with regard to
whether the CW really has two frequencies. For the deter-
mination of the spectral properties of polar motion data a
folding averaging algorithm (FAA) presented by GUO et
al. (2005c¢) was used.

By means of an adaptive network based fuzzy inference
system (ANFIS), AKYILMAZ and KUTTERER (2003, 2004)
studied the short-term prediction of earth rotation para-
meters up to 40 days into the future; applying a similar
approach, AKYILMAZ and KUTTERER (2005) extended the
prediction period to one year. After removing well-known
influences such as solid earth and ocean tide effects as well
as seasonal atmospheric variations from the daily time
series ERP C04 provided by IERS, the residual values were
used for both training, i.e., optimization of parameters, and
validation, i.e., comparison of predicted data with indepen-
dent observed data, of the network. A comparison of
predicted LOD and polar motion values with corresponding
results from other methods, e.g., artificial neural networks
(ANN), revealed root-mean-square errors which were equal
or even lower than those from the other considered
methods. The authors emphasized that the advantage of the
applied prediction method lies not only in the high preci-
sion, but also in a comparatively easy handling. However,
despite its significantly reduced complexity, ANFIS
modelling is still more complicated than several other
methods, such as, for example, the one used in the IERS
EOP service.
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Sea Level and Ice Sheets

R. DIETRICH!

Mean sea level and sea level variations

The improvements in satellite altimetry in the last four years
provided excellent opportunities to study the mean sea
surface and its temporal variations. In this context inter-
disciplinary aspects became more and more important. The
global sea level change as seen by altimetry, GNSS and tide
gauge measurements has been investigated in detail (BOSCH
2005). The different effects in sea level variability were
discussed by FENOGLIO-MARC and GROTEN (2003). The
relation between bottom pressure, vertical structure of the
ocean and sea level has also been studied (VINOGRADOVA
et al. 2007) A combination of altimetry and satellite gravity
allowed the estimation of the steric component in sea level
variations (LOMBARD et al. 2006).

Regional studies of sea level variations were carried out for
the North Atlantic (KUHN et al. 2005), the Mediterranean
(TsmMPLIS et al. 2005, FENOGLIO-MARC et al. 2006) and the
Baltic Sea (NOVOTNY et al. 2005).

Verification of mean sea level variations by
combination of techniques

The intercomparison of different observation techniques
and models is necessary in order to detect technique-
dependent errors and biases in a suitable procedure as well
as possible unmodeled effects. The range of investigations
covers ionospheric corrections in satellite altimetry
(BRUNINI et al. 2005), altimeter biases of different missions
as determined in the Mediterranean (FENOGLIO-MARC et
al. 2003) and the combination of observations and an
oceanographic model in the Baltic Sea (NOVOTNY et al.
2006).

The relation of sea level variations and vertical crustal
movements has been studied in detail in the Mediterranean
(FENOGLIO-MARC et al. 2004).

Polar Ice Sheets

The polar ice sheets are of cruicial importance as a major
component of sea level change and as an indicator for
climate change. Several regional studies were carried out
in order to investigate surface geometry, dynamics and mass
balance in specific areas.

In Antarctica, the ice shelves represent sensitive indicators
to climate changes. The Nivlisen, located in the Atlantic
sector of the Antarctic coast, was studied by combining
geodetic and glaciological observations (HORWATH et al.
2006). The tidal interaction of the Mertz glacier was

investigated using remote sensing and in-situ observations
(LEGRESY et al. 2004).

Only recently discovered, the Antarctic subglacial lakes
attracted great attention as remarkable objects of joint inter-
national research activities. For the largest one, the 250 km
long Lake Vostok in East Antarctica, the surface geometry
has been determined from radar altimeter data (ROMER et
al. 2007). Furthermore, the glaciological flow regime
(WENDT et al. 2006) and tidal effects within the lake were
determined (WENDT 2005, WENDT et al. 2005).

In the Arctic, the large glaciers of the Greenland Ice Sheet
represent one main topic of research. The largest glacier
there, the Jakobshavn Isbrae, shows an acceleration of flow
velocity from 20 m/day in 1995 up to 45 m/day in 2004
with corresponding effects on sea level (MAAS et al. 20006,
DIETRICH et al. 2007).

The potential of GNSS reflections over ice sheets for
glaciological investigations has been compiled in a feasibi-
lity study (WIEHL et al. 2003).

Geodetic Research in Arctic and Antarctic
Regions

The geodetic research in polar regions, which has been
intensified recently due to the International Polar Year
2007/2008, contributes also to the geodetic tasks in global
scale. This includes especially the reference frame and the
detection of horizontal crustal movements in Antarctica
(DIETRICH et al. 2004) as well as ice-induced vertical crustal
movements in Antarctica (SCHEINERT et al. 2005, 2006) and
Greenland (DIETRICH et al. 2005).

SASGEN et al. (2007a) determined constraints on the
present-day mass-balance and the ongoing glacial-isostatic
adjustment (GIA) in Antarctica using the GRACE
gravity-field time series. The approach involved noise
reduction in the GRACE gravity fields based on the
statistical analysis of the temporal variability of Stokes
potential coefficients (MARTINEC et al., 2007) and optimal
smoothing of the gravity field (SASGEN et al., 2006).
Additionally, a method for the evaluation and combination
of the GRACE gravity-field solutions based on an a priori
model was proposed (SASGEN et al., 2007b).

Predictions describing the prominent geoid changes arising
from present and past glacial changes in Antarctica
(SASGEN et al., 2005) and Greenland (FLEMING et al., 2004)
were made and, for Antarctica, adjusted to the noise-
reduced GRACE observations. SASGEN et al. (2007a)
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observed that the resulting masschange estimates vary
significantly with respect to the GRACE release considered,
with the propagated errors underestimating these uncertain-
ties. However, it was demonstrated that for the strongest
signal, which is associated with ice-mass loss in the
Amundsen Sea Sector, the uncertainties lie below ca.10%.

Another important activity in Antarctica, which is mainly
based on airborne gravimetry, is the regional improvement
of the geoid (SCHEINERT 2005). The determination of
atmospheric water vapour in Antarctica will support the
validation and improvement of climatological models (VEY
et al. 2004).
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International Earth Rotation

and Reference Systems Service (IERS)

B. RICHTER!

Since 2001, the IERS Central Bureau (CB) is hosted and
funded by Bundesamt fiir Kartographie and Geodisie
(BKG). It organizes and documents the IERS Directing
Board Meetings and coordinates the work of IERS in
general. The IERS CB organized IERS Workshops on site
co-location (Matera, Italy, 23-24 October 2003), on the
IERS Combination Pilot Project (Napa, CA, USA, 11
December 2004), on Combination (Potsdam, Germany, 10-
11 October 2005), and on Global Geophysical Fluids (San
Francisco, CA, USA, 6-7 December 2006). The CB
publishes and distributes IERS Technical Notes, IERS
Annual Reports, and IERS Messages. For this, a user
database with about 3000 addresses is being maintained.

The CB maintains the dynamic and database-driven IERS
Data and Information System to coordinate and organize
the data and information flow between the participating
institutions and the users of the IERS. The system presents
information related to the IERS and the topics of Earth
rotation and reference systems and archives all products
of the various IERS Product Centres. As the central access
point to these products it provides tools for search within
the products (data and publications), to work with the
products and to download the products.

The IERS Data and Information System has been developed
at BKG in the framework of the Geotechnologien project
“Integration of space geodetic techniques and development
of a user centre for the IERS”. It is the basis for the
development and implementation of a German contribution
to the “Global Geodetic Observing System (GGOS)”
realising a central interface to transfer information between
the highly complicated system of measurement and analysis
procedures and the users. In the follow-on Geotechnologien
project “Integration of Space Geodetic Techniques as the
Basis for a Global Geodetic-Geophysical Observing System
(GGOS-D)” the system is being extended to permit the
exchange and the near real-time provision of data and
products of a global observing system.

Within the DFG Research Unit “Earth Rotation and Global
Dynamic Processes” an “Earth Rotation Information System
(ERIS)” is being developed at BKG. ERIS will be the
interface for all projects involved in this research unit as
central information, communication and database system.
As a virtual Earth rotation system for geodetic and geo-
science applications ERIS will organize a software package
to describe and visualise the rotation of the system Earth
based on the state of the art models and the combination

of the various models describing the single components
affecting the Earth rotation.

Publications

Dick W. R., RICHTER B. (Eds.): IERS Annual Report 2002.
Frankfurt am Main: Verlag des Bundesamts fiir Kartographie
und Geodisie, 2003. 132 p.

DIicKk W. R., RICHTER B.: The International Earth Rotation and
Reference Systems Service (IERS). In: A. Heck (ed.),
Organizations and Strategies in Astronomy, Vol. 5. (Astro-
physics and Space Science Library; vol. 310) Dordrecht,
Boston, London: Kluwer Academic Publishers, 2004, p.
159-168.

Dick W. R., RICHTER B. (Eds.): IERS Annual Report 2003.
Frankfurt am Main: Verlag des Bundesamts fiir Kartographie
und Geodisie, 2004. 163 p.

Dick W. R., RICHTER B. (Eds.): IERS Annual Report 2004.
Frankfurt am Main: Verlag des Bundesamts fiir Kartographie
und Geodisie, 2006. 152 p.

Dick W. R., RICHTER B., SCHWEGMANN W.: The ICRS and the
IERS information system. In: O. Engvold (ed.), Highlights
of Astronomy, Vol. 13, as presented at the XX Vth General
Assembly of the IAU — 2003. San Francisco, CA: Astro-
nomical Society of the Pacific, 2005, p. 609

RICHTER B., SCHWEGMANN W., DICK W. R. (Eds.): Proceedings
of the IERS Workshop on Combination Research and Global
Geophysical Fluids. Bavarian Academy of Sciences,
Munich, Germany, 18-21 November 2002. (IERS Technical
Note; No. 30) Frankfurt am Main: Verlag des Bundesamts
fiir Kartographie und Geodésie, 2003. 235 p.

RICHTER B., SCHWEGMANN W.: Development of an Information
and Database System for the IERS, Status and Outlook. In:
Geotechnologien Science Report, Rudloff, A., Stroink, L.
(Eds.), 2003, 3, p. 156-160. (Koordinationsbiiro Geotechno-
logien, Potsdam. 1619-7399)

RICHTER B., SCHWEGMANN W., DICK W.R. (Eds.): Proceedings
of the IERS Workshop on site co-location. Matera, Italy, 23-
24 October 2003. (IERS Technical Note; No. 33) Frankfurt
am Main: Verlag des Bundesamts fiir Kartographie und
Geodisie, 2005. 148 p.

RICHTER B., SCHWEGMANN W.; DICK W. R.: Development of an
Information and Database System for the IERS: Status and
outlook. In: Journal of Geodynamics 40 (2005), p. 487-493.

RICHTER B., SCHWEGMANN W.: IERS Data and Information
System. In: J. Flury, R. Rummel, Ch. Reigber, M. Rothacher,
G. Boedeker, U. Schreiber (Eds.), Observation of the Earth
System from Space. Berlin, Heidelberg: Springer-Verlag,
2006, p. 321-332.

' Bernd Richter: Bundesamt fiir Kartographie und Geodisie / Federal Agency for Cartography and Geodesy (BKG), Referat G1 "Grundsatz
und globale Referenzsysteme", Richard-Strauss-Allee 11, D - 60598 Frankfurt a.M., Germany, Tel. +49 - 69 - 6333-273,

Fax +49 - 69 - 6314-905-20, e-mail bernd.richter@bkg.bund.de



98 Commission 3 — Earth Rotation and Geodynamics

ROTHACHER M., CAMPBELL J., NOTHNAGEL A., DREWES H., SCHUH H., DILL R., GREINER-MAI H., KUTTERER H., MULLER J.,
ANGERMANN D., GRUNREICH D., RICHTER B., REIGBER CH., NOTHNAGEL A., RICHTER, B., ROTHACHER M., SCHREIBER
ZHU S.Y.: Integration of Space Geodetic Techniques and U., SOFFEL M.: Erdrotation und globale dynamische Prozes-
Establishment of a User Center in the Framework of the se. (Mitteilungen des Bundesamtes fiir Kartographie und
International Earth Rotation and Reference Systems Service Geodisie, Band 32) Frankfurt a. M., 2003

(IERS). In: Geotechnologien Science Report, Rudloff, A.,
Stroink, L. (Eds.), 2003, 3, p. 137-141. (Koordinationsbiiro
Geotechnologien, Potsdam. 1619-7399)



99

COMMISSION 4
POSITIONING AND APPLICATIONS



100




101

Overview and Highlights

M. BECKER!, J. IHDE?

The main highlights in the past four year in view of position-
ing and applications was the advent of GNSS real time data
and products in a world-wide standard (NTRIP), the first
measurements with the new European GALILEO satellite
GOIVE A and the related developments, the deeper under-
standing of antenna effects and multipath and the develop-
ment of high sensitivity hard- and software receiver techno-
logy. Last but not least the atmospheric sounding with GPS
and the CHAMP, GRACE and COSMIC satellites entered
in its operational stage, a new pillar of geodesy. In the sequel
some major topics are summarized and highlighted from the
complete list of new research activities in the field of Com-
mission 4 from the following chapters.

With regard to the IERS and reference activities the VLBI
groups with the analysis coordinator's office at the Institute
for Geodesy and Geoinformation of the University of Bonn
(IGGB) contributed to the new ITRF2005 by solutions and
rigorous combination of input series produced by the IVS
Analysis Centers. The entire SLR data from 1993 to 2005
data and combined products, which are maintained at
CDDIS and at DGFI (EUROLAS Data Centre, EDC) were
used for a complete re-processing and re-combination to
serve as input for ITRF2005.

German research groups contributed a great deal to the
development and first implementations of the European
satellite navigation system GALILEO. Major advancements
were introduced in the definition of signal structures which
lead to largely reduced multipath and still have the
interoperability with GPS, in particular the E5-signals
exhibit a small multipath error due to their large bandwidth.
The latest signal design using MBOC (Modified Binary
Offset Carrier) modulation is a breakthrough which will
affect the future GPS development as well. However, it was
also shown, that near field multipath can still be a thread
to geodetic applications. In connection with the large
number of new frequencies available with GALILEO, a
wide spectrum of studies on the use of multi carrier ambi-
guity resolution techniques and the impact on the RTK and
real time active reference networks was published. In view
of positioning itself two major topics were under investiga-
tion, the precise point positioning and state space approach
for geodetic applications and the entirely kinematic satellite
POD (precise orbit determination) by geodetic-quality GPS
receivers. In combination with improved sensors, such as
accelerometers, star trackers and with new observation
types such as precise intersatellite range- or range-rate

measurements the precise determination of absolute and
relative orbits of satellites and satellite pairs, respectively
was significantly improved.

The advances in computer speed and data processing
allowed for the realization of a software receiver by the
group of the University of the Bundeswehr Munich. In
Particular the research on the signal acquisition and tracking
techniques like vector delay lock loops, multi-correlators
or algorithms for bit synchronisation were studied. The
techniques for direct multipath monitoring or the inversion
of the software receiver as signal source for GNSS simula-
tors were developed. To assist GNSS receivers in low signal
strength and high dynamics scenarios the deep coupling of
inertial sensors can be of importance for aiding the tracking.

New applications, like indoor use of (assisted) GPS by high
sensitivity and software-receivers, open new fields and a
number of new approaches, like digital GNSS signal
postprocessing and the choice of optimal GNSS signals and
codes in future GNSS, as well as alternative methods and
positioning techniques such as wireless LAN were studied
in the last four years. Pseudolites may turn out to be
essential for particular applications with emphasis on robust
and accurate height information, their error characteristics
and specific applications were evaluated in several studies,
among them the particular case of the implementation of
the GALILEO test bed GATE in Berchtesgaden.

All major error sources were subject to improvements in
modeling and mitigation by new research work in the past
four years. The inclusion of corrections for higher order
ionospheric effects, e.g. in the re-processing effort of the
IGS network since 1994 at Munich and Dresden, showed
improved results for the global network. RTK and ambig-
uity resolution were improved by new models for the
inclusion of external information on the ionosphere in the
preprocessing. In particular the introduction of newly
developed tropospheric mapping functions improved the
error budget of positioning and in future even tropospheric
modeling based on GNSS observations on moving plat-
forms may be feasible. New approaches for multipath
calibration at particular sites in order to prevent the antenna-
change related offsets were published and may lead to more
reliable absolute GNSS coordinates. Major contributions
were made from German groups to the calibration of both
satellite antennae and receiver antennae. The estimation of
the satellite antennae phase center variation, in combination
with the absolute calibration of ground based antennae
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dramatically improved the coherence of GNSS to the other
geodetic space techniques results.

During the past four years the German research institutes
mainly consolidated their contributions to the network of
continuously recoding permanent stations. The Geo-
ForschungsZentrum Potsdam (GFZ) extended its High-
Rate/Low-Latency (HR/LL) GPS ground tracking network
established jointly by GFZ and JPL to ensure adequate
ground data availability for CHAMP and GRACE satellite
missions to 15 stations. New real time stations are planned
and partly installed within the South East Asia-Indian
Ocean region as part of the Tsunami Warning System
GITEWS. The large scale network SAGA for geodynamics
in the Southern and Central Andes was extended and
densified with new continuous sites and epoch stations with
an anticipated resolution of 50 km in seismic gap regions.
The Federal Agency of Cartography and Geodesy (BKG)
upgraded part of its IGS and EUREF sites and installed a
continuous local monitoring network for the TIGO funda-
mental station in Conception, Chile.

Several Universities participated in international research
and programmes which included the installation of new
permanent GPS stations. TU Dresden was active in the
Arctic Peninsula region. TU Karlsruhe focussed on Brazil,
the Vranca deformation zone in Romania and the Upper
Rhine-graben in Germany. TU Darmstadt installed one
permanent site in cooperation with the University of
Bucharest in Oradea, Romania in Romania as part of the
Central European Geodynamic Reference Network
CEGRN.

A major novel approach was the rapid development of the
NTRIP-based streaming real time GNSS data system by
BKG. At the beginning of 2007 raw data or corrections of
about NTIRP 1850 stations were available at 80 casters
worldwide. Due to the standardization of the NTRIP trans-
fer protocol in September 2004 a huge user community in
science and industry utilizes these data stream. New appli-

cations for real time clock and orbit products are under
development. The BKG German base network GREF with
its 19 stations is completely transferred to the real time
streaming data delivery by use of NTRIP and corresponding
DGPS correction data are streamed via NTRIP casters as
well.

GNSS based techniques are used for atmospheric sounding
since several years but within the reporting period a break-
through for the use of GPS based atmospheric data for
various applications in atmospheric research occurred.
Since 2006 the GPS occultation data from COSMIC,
GRACE-A and CHAMP are operationally used of by the
European Centre for Medium-Range Weather Forecasts
(ECMWEF) to improve global weather forecasts. GFZ Pots-
dam contributed significantly by the CHAMP satellite
mission, data analysis techniques, applications and also
assimilation techniques were developed and improved.
Presently GRACE and the data of the COMSIC constella-
tion are under investigation and in preparation for the
operational use.

Space based applications are supported by the continuous
provision of near-real time atmospheric data from a regional
German network, processed at GFZ for inclusion to the
European E-GVAP action, to push the use of GPS ground
data for numerical weather prediction (EUMETNET-GPS
water vapor program, within the network of the European
Meteorological Services). Since 2006 these data are assimi-
lated at MeteoFrance and additional weather services will
join in 2007.

Research is dedicated also to the novel application of
reflected GNSS signals in the altimetry/scatterometry
approach, where lake levels were monitored with an
accuracy of ~2 cm. Further promising perspectives are
ground and space based applications in geoscience and
atmospheric research, e.g. on ice surface properties (rough-
ness), ice coverage of oceans, sea surface heights, signifi-
cant wave height and wind speed/direction above sea
surfaces are feasible and under investigation.
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Space Geodetic Techniques (VLBI, LLR, SLR, DORIS)

A. NOTHNAGEL!

VLBI

The activities of the research groups in the field of geodetic
and astrometric VLBI in Germany are being coordinated
within the "Forschungsgruppe Satellitengeodisie” (Re-
search Group Satellite Geodesy — FGS). Since the inaugura-
tion of the International VLBI Service for Geodesy and
Astrometry (IVS) on February 11, 1999, all groups have
become members and are making significant contributions
to this international body (IVS 1999). The VLBI obser-
vatories of Wettzell (Bavarian Forest), O'Higgins (Antarctic
peninsula) and TIGO (Conception, Chile) are imbedded in
the global observing activities and produce a large number
of observations in different global and regional network
configurations. The data is mostly correlated at the MPIfR-
BKG-Correlator which is jointly operated by the Bundesamt
fiir Kartographie und Geodisie (BKG), the Max-Planck-
Institut fiir Radioastronomie (MPIfR) and the Institute of
Geodesy and Geoinformation of the University of Bonn
(IGGB). The Deutsches Geoditisches Forschungsinstitut
(DGFI) as well as BKG and IGGB maintain IVS Analysis
Centers for various research activities in the field of geo-
detic and astrometric VLBI. At BKG (branch Leipzig) one
of the three global IVS Data Centers is responsible for
storing all VLBI observational data and IVS products to
allow easy access by all users. In the period reported here,
Germany was represented in the IVS Directing Board by
two members, WOLFGANG SCHLUTER (Chairman) and AXEL
NOTHNAGEL (IVS Analysis Coordinator). The IVS Analysis
Coordinator's office is hosted by the Institute of Geodesy
and Geoinformation of the University of Bonn (IGGB).
Here, the official IVS Earth orientation parameter products
are generated from a rigorous combination of input series
produced by the IVS Analysis Centers (NOTHNAGEL and
STEINFORTH 2002). The results and more information are
available at the IVS home page http://ivscc.gsfc.nasa.gov
with a link to the IVS Analysis Coordinator's page.

BKG and FESG (Forschungseinrichtung Satellitengeodisie
der TU Miinchen) on behalf of the FGS continued their
strong support for the VLBI community by operating the
20m VLBI facilities at the Fundamentalstation Wettzell,
the VLBI module of TIGO at Concepcion/Chile and the
9m VLBI facilities of the German Antarctic Receiving
Station (GARS) O’Higgins. All three telescopes have been
heavily involved in the regular activities of the International
VLBI Service (IVS). Wettzell and TIGO were employed
in the weekly IVS observing programs all over the year(s),
while GARS-O’Higgins was involved campaign-wise, as

no continuous tracking could be implemented yet
(SCHLUTER et al. 1999a, SCHLUTER et al. 1999b).

Space technique co-location by means of GNSS

For about ten globally distributed ESA tracking sites co-
location ties for GPS sensors (IGS stations) and radio
telescope antennae (for other space techniques like VLBI,
SLR) were determined by means of GPS, total station and
levelling measurements. Co-location ties are finally derived
within ITRF at the mm accuracy level. A new algebraic
approach for the indirect method to determine radio tele-
scope antenna reference point and rotation axis parameters
was developed (LEINEN et al., 2007). The VLBI telescopes
at Wettzell, O'Higgins and Concepcion are co-located with
GPS stations of the IGS and the ties are routinely checked
by local ground surveys.

SLR

In Germany Satellite Laser Ranging was and still is carried
out by the GeoForschungszentrum (GFZ) at its station
Potsdam (Potsdam-3) and by the Bundesamt fiir Karto-
graphie und Geodésie (BKG) on behalf of the Forschungs-
gruppe Satellitengeodisie (FGS) at the Fundamental Station
Wettzell employing WLRS (Wettzell Laser Ranging
System). In Concepcion/Chile the SLR module of the
Transportable Integrated Geodetic Observatory (TIGO-
SLR) is operated by BKG in close collaboration with a
Chilean consortium led by the University of Concepcion.
The station Potsdam and Wettzell are network stations of
EUROLAS. Potsdam, Wettzell and Concepcion are network
stations of the International Laser Ranging Service (ILRS).
All stations observed routinely with high efficiency with
respect to the number of passes tracked per year and with
respect to the quality. The TIGO SLR module was faced
with some hardware problems of the Titan Sapphire Laser.
Now, the laser is replaced by a Titan Sapphire Laser which
has a repetition rate of 100 Hz. After the replacement in
2006, TIGO SLR now provides observations in two colours,
infrared (850 nm) and blue (425 nm) as expected in the
number of passes observed and in quality.

A new Laser Ranging System was designed for the Funda-
mental Station Wettzell, the so-called Satellite Observing
System Wettzell (SOS_W), which will take over routine
observations of satellites in a highly automated mode, con-
tinuously 24 h/day all over the year. The laser of SOS_W
will have a repetition rate of 1 kHz and will allow laser
ranging with two colours (infrared and blue) for troposphere
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investigations. The system is in the construction phase, first
observations are expected in 2008. The existing Wettzell
Laser ranging system (WLRS) will be optimised for Lunar
tracking and for tracking high orbiting satellites like the
GNSS-satellites.

The ILRS Analysis Centres at BKG, DGFI, GFZ are
routinely processing tracking data to the geodetic satellites
Lageos-1/2 and Etalon-1/2 on a weekly basis. These solu-
tions contain station coordinates and Earth Orientation Para-
meters (EOP). This processing includes also the compu-
tation of pass-dependent biases, which are published at the
DGFI Homepage http.//www.dgfi.badw.de/dgfi/ILRS-AC/
quality/index.html. The output is generated in SINEX
format for subsequent combination with other SLR
solutions. At the ILRS/AWG meeting in June 2004 in San
Fernando (Spain) ASI (Italy) has been nominated as the
primary ILRS combination centre while DGFI was selected
as the backup combination centre. Both combination centres
are responsible for the weekly combination of the contri-
butions from the individual analysis centres. The combined
products are delivered to the ILRS Data Centres which are
maintained at CDDIS and at DGFI (EUROLAS Data
Centre, EDC). The entire SLR data from 1993 to 2005 has
been re-processed and re-combined to serve as input for
ITRF2005.

LLR

At the IfE (Institut fiir Erdmessung, Institute of Geodesy,
Leibniz University Hannover), which is an official lunar
analysis center of the ILRS, the software to analyze the
LLR data has been converted from Fortran 77 to Fortran
90 (KocH 2005) in spring 2005. A further item in the past
years was the implementation of a new integrator for the
numerical integration of the ephemerides of the main solar
system bodies and the dynamical partials with sufficient
accuracy. With the new software package, standard solu-
tions for the determination of the unknown parameters were
carried out using all LLR measurements between 1970 and
2006, about 16, 000 normal points. Besides the ‘Newtonian’
parameters of the Earth-Moon system, many relativistic
effects were investigated such as the validity of the equi-
valence principle or predictions of alternative theories of
gravity (e.g. MULLER et al. 2006).

In May 2006 a new LLR project imbedded in a German
research unit of the DFG (German Research Foundation)
dedicated to “Earth rotation and global dynamic processes”
has been set up.

In cooperation with U. SCHREIBER, Wettzell, and J. OBERST,
DLR, IfE started to investigate the poor observational
conditions in LLR and to think about possible improve-
ments by new installations on the Moon. In this respect
investigations of how the various reference frames are
affected have been performed (MULLER et al. 2007).

In the future, LLR results shall be provided to a larger user
community via ILRS and IERS. The contribution of LLR
for geodetic applications and its visibility shall further be
improved by J. MULLER (IfE) who serves as LLR represen-
tative in the ILRS Governing Board and as ILRS represen-

tative in the Directing Board of the International Earth
Rotation and Reference Systems Service (IERS) since 2006.

DORIS

No major activities related to the French DORIS (Doppler
Orbitography and Radiolocation by Satellite) system were
observed in Germany.
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GNSS Positioning

T. SCHULER!

Introduction

This section summarises scientific achievements in the field
of “GNSS positioning” which comprises efforts related to
the definition and optimisation of Global Navigation
Satellite Systems (GNSS), in particular GALILEO, studies
of GNSS interoperability and combined positioning using
several satellite navigation systems synchronously. Further-
more, algorithms are currently refined for precise geodetic
positioning regarding the new innovations in satellite
navigation. In this particular working field, the correct
resolution of the integer ambiguity parameters is essentially
required which will certainly be aided by observations on
more than 2 carrier frequencies and a better signal structure.
Nevertheless, although satellite positioning has greatly
revolutionised geodetic work, the fusion of GNSS and INS
can play an important role in precise positioning — at least
for those geodetic applications setting high requirements
on availability and continuity of service. Finally, some
typical geodetic positioning applications are briefly
mentioned with links to sections within this report that
portray those techniques more in detail.

GNSS - Overview

Substantial changes are going on in order to improve
existing or establish new global satellite navigation systems.
The modernisation of GPS which is already in progress:
Three Block IIR-M (replenishment-modernised) satellites
have been placed in orbit since December 2005 and broad-
cast a civil signal on the second carrier frequency now
(L2C). A full constellation of L2C-capable satellite is
expected by 2012 which will eliminate the current need to
reconstruct the encrypted P-code that leads to relatively
weak measurements of the L2 carrier phase in nowadays
civilian GPS receivers. Further enhancements are planned
with the Block IIF/III satellites, namely signals on a third
frequency (L5; intended for civilian use) which will facili-
tate the ambiguity resolution process.

The Russian satellite navigation system GLONASS still
suffers from weaknesses as it is far away from a global
constellation of satellites and has an unfortunate FDMA
design (frequency-division multiple access) making it not
very attractive to precise kinematic users. However, market-
ing strategists have identified GLONASS as a promising
candidate to fit well into market until the newcomers like
GALILEO are ready, and the Russian government has
expressed its will to re-achieve a global constellation with
FOC (full operational capabilities) already in 2009/2010.

Plans to modernise GLONASS are on their way featuring
signals on a third frequency (L3 band) by 2008.

Europe has decided to build up its own GNSS called
GALILEO. 1t is currently built up by the EU/ESA member
states and is expected to become fully operational by 2012
offering several services on 3 major frequency bands,
including an Open Service (OS) which will be basically
available free of charge, a Commercial Service (CS) and
a Public Regulated Service (PRS). The final constellation
will consist of 30 MEO (Medium Earth Orbiting) satellites
(including 3 passive spares). In-Orbit-Validation (IOV) is
scheduled by the end of 2008 using 4 satellites. However,
the launch of test satellite GIOVE-B is already substantially
delayed and now scheduled for the end of 2007, whereas
GIOVE-A was successfully placed in orbit in December
2005 in order reserve the needed frequency bands and to
test parts of the critical navigation technology.

China also plans to establish a new GNSS called Compass.
The very ambitious plans envisage operation by 2012 using
a constellation of 5 geostationary (GEO) and 30 non-GEO
satellites with 4 carrier frequencies. Three test satellites
were sent into orbit between 2000 and 2003 and two
“Beidou” satellites (Compass, version 1) are expected to
be launched soon as a regional augmentation. (HEIN et al.,
2007)

GNSS - Definition and Optimisation

All these changes and improvements depicted before will
undoubtedly have a positive effect on geodetic GNSS
positioning, and German scientists have taken the opportu-
nity to actively contribute to the development and optimisa-
tion of the European satellite navigation system GALILEO.
This work focuses mainly on the definition of signal
structures and navigation codes appropriate for a state-of-
the-art GNSS as well as the development of a default
GALILEO tropospheric correction model (see section
“Nuisance Effects on GNSS”). A number of articles
presenting an overview of this new satellite navigation
system have been published so far (EISSFELLER et. al., 2007;
GERLACH, 2006; HEIN and PANY, 2003).

The GALILEO frequency and signal design can be briefly
summarised as follows: Signals are emitted by the satellites
on the E1-, E6- and E5-band. The Open Service has access
to the signals in the E1- (identical centre frequency as GPS-
L1) and E5ab-band which can be split into the sub-carriers
ES5a (identical centre frequency as the future GPS L5 signal)
and ES5b, although sophisticated receiver equipment will
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also be able to track the broadband signal ESab without
splitting the spectrum into sub-carriers. The E5-signals
exhibit a particularly small multipath error due to their large
bandwidth. Future combined GPS/GALILEO dual-
frequency (L1/E1, L5/ESa) receivers can be manufactured
without large technological efforts due to these inter-
operability features. The Commercial Service will have a
privileged access to the E6-signal featuring a particularly
large data rate for additional services. The Public Regulated
Service will use E6, too, but uses a different signal modula-
tion. Like the modernised GPS signals, GALILEO will also
offer a data-free pilot channel which simplifies carrier phase
tracking leading to an increased performance regarding
tracking stability (less cycle slips to be expected).

Almost all facets of the GALILEO signal design evolution
are mirrored in the available scientific literature with
contributions by HEIN et al. (2003), HEIN et al. (2004).
Optimisation work followed (HEIRIES et al., 2005; HEIN et
al., 2005a) and culminated in the latest signal design using
MBOC (Modified Binary Offset Carrier) signal modulation
which will also become an option in the GPS modernisation
programme for reasons of interoperability (HEIN et al.,
2006B; HEIN et al., 2006C; AVILA-RODRIGUEZ et al., 2006).

In addition to this research of signal optimisation leading
to an easy use of both GPS and GALILEO civilian signals,
investigations are also carried out to combine the protected
GPS military and GALILEO Public Regulated Service
(PRS; formerly GAS: Government Access Service) as
described in HEIN and AVILA-RODRIGUEZ (2005), HEIN and
AVILA-RODRIGUEZ (2006). Moreover, intensive interference
computations were carried out in order to confirm that all
existing GNSS can co-exist without any significant loss in
service performance (WALLNER et al. 2006; WALLNER et
al., 2005).

Combined GNSS Positioning

As already stressed, an added benefit of the innovations
taking currently place in satellite navigation comes from
the fact that GPS and GALILEO show a high degree of
interoperability and can thus be easily combined in a GPS/
GALILEO receiver. The advantages of both the dual
satellite-constellation and the advances in signal design are
outlined in AVILA-RODRIGUEZ et al. (2005) for a typical
mass-market single-frequency GNSS receiver. Regarding
precise static positioning for scientific purposes, work on
the combined analysis of GPS and GALILEO signals has
been carried out by HEINZE (2006), and with respect to the
modelling of GPS and GALILEO observations by GRUBER
(20006).

Ambiguity Resolution Techniques

Considerable work has been carried out regarding the
improvement of GNSS positioning algorithms, in particular
taking into consideration the expected benefits from the
innovations of satellite navigation in the future.

The key to high-precision GNSS positioning is the quick
and reliable (correct) ambiguity resolution. Future GPS will
offer signals on up to 3 carriers (L1, L2, L5), GALILEO

will offer signals on up to 4 carrier frequencies without any
further costs (Open Service: E1, E5ab and sub-carriers ESa
and E5b) and even 5 signals when the Commercial Service
on E6 is used in addition. Many new signal combinations
can be used to resolve ambiguities. Signals on nearby
frequencies can be combined to form a “Super Wide Lane”
(e.g. E5Saand E5b or L5 and L2). This linear combination,
a kind of “virtual signal”, has a particularly large wave-
length and could be easily fixed to its integer value by
combination of code (pseudo-range) and carrier-phase
measurements without any knowledge of the antenna
position (geometry-free ambiguity resolution approach).
Furthermore, noticeable improvements can be expected due
to the fact that the improved signal structures for GALILEO
and also for GPS L5 allow for a better reduction of the
multipath errors by receiver-internal signal processing
algorithms. This statement is particularly true for the broad-
band ESab/E5a/ESb signals, whereas, in general, short-
delay multipath signals — not infrequent in geodetic
positioning — will still lead to significant errors (SCHULER
et al., 2005b).

A number of authors outline the advantages of using
measurements on more than 2 frequencies for ambiguity
resolution. SAUER et al. (2004) report about test results
using 3 (TCAR - triple carrier ambiguity resolution) in
comparison to 4 carriers as offered by GALILEO; a
multiple-carrier ambiguity resolution approach is shown
in VOLLATH and SAUER (2004). Geometry-free resolution
approaches for 3 and more carrier for both GPS and
GALILEO are depicted in WERNER and WINKEL (2003).
Further contributions comprise investigations on the
difficulties in ambiguity resolution under multipath impact
JOOSTEN and IRSIGLER (2003).

Positioning Algorithms

Remarkable efforts have also been devoted to precise
positioning in general, in particular with focus to RTK
(real-time kinematic) positioning, and also taking the
improvements of the new satellite navigation systems into
account. A clear tendency towards precise positioning
utilizing active GNSS reference networks — which are
currently established or already in operation in many
countries — can be noticed (WILLGALIS, 2005; WILLGALIS
et al., 2003).

Potential benefits from GPS modernisation and GALILEO
are illustrated in (LANDAU et al., 2004; VOLLATH et al.,
2004a; LANDAU et al., 2007). The deep impact on network
real-time kinematic positioning is also stressed and ques-
tioned in CHEN et al. (2004). Network processing using
federated sequential filter techniques is demonstrated by
CHEN et al. (2003) in order to process large GNSS net-
works. The datum transition in real-time for services is dealt
with in KUHLMANN and KOTTER (2006). As most of these
techniques require active GNSS networks, please also have
a look on the corresponding section ‘“Permanent GNSS
Networks” of this report.

Ongoing work to improve the estimation models for
satellite positioning is carried out by German scientists, in
particular with respect to a realistic stochastic model of GPS
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observations. Work devoted to this topic comprises
BISCHOFF et al. (2005; 2006) as well as HOWIND (2005).
The impact of systematic errors on long baseline kinematic
GPS processing and ambiguity estimation is dealt with in
SCHULER (2006).

Precise GNSS Positioning

GNSS is actively and broadly used for positioning in
geodetic applications. Exemplarily, a few prominent uses
are briefly mentioned here with links to other relevant
sections of this national report.

A typical and — in terms of positioning accuracy — highly
challenging application is deformation monitoring as well
as the detection of geodynamic phenomena. An example
for the detection and monitoring of regional deformation
in the Rhine embayment due to coal mining activities can
be found in GORRES et al. (2006), displacements in the
Upper Rhine Graben are investigated by ROZSA et al.
(2005), for instance. Vertical ground-motion and intraplate
settings in the Ardenne-Eiffel region are studied in
DEMOULIN et al. (2005). Groups at the TU Karlsruhe and
anumber of other research institutions are active regarding
GPS-based deformation analysis ADAM et al. (2002).
Furthermore, 3-dimensional plate kinematics in Romania
can be found in HOEVEN et al. (2004). Please also refer to
section “Commission 3 — Earth Rotation and Geodynamics
— Crustal Deformation and Geodynamics”. Moreover, the
stability of fundamental station Wettzell is monitored by
a cluster of receivers in order to investigate local and
environmental effects (LECHNER, 2003; LECHNER et al.,
2003; SCHLUTER et al., 2005). A monitoring system for
deformation of buildings like bridges with real-time
capabilities is described by HEIN and RIEDL (2003). Further
aspects of this engineering topic can be found in section
“Applications in Engineering”.

Secondly, a tendency towards an entirely kinematic satellite
orbit determination — i.e. orbit determination by GNSS
positioning — can be observed during the past few years
since more and more low-Earth orbiting (LEO) satellites
are equipped with geodetic-quality GPS receivers for POD
(precise orbit determination). The determination of kine-
matic (and reduced-dynamic) trajectories for CHAMP,
GRACE, Jason, COSMIC is exercised by (SVEHLA and
ROTHACHER, 2003; 2005; SVEHLA and FOLDVARY, 2006),
for instance, with orbits computed for CHAMP and
GRACE covering more than two years in the meantime.
Also, ambiguity resolution for CHAMP and for baselines
between the two GRACE satellites is subject of research
(SVEHLA and ROTHACHER, 2003). Further information can
be found in section “Satellite Orbit Modelling”.

Finally, in recent years, the potential to exploit low-cost
GPS receivers — that were originally manufactured for the
consumer market — for geodetic purposes has been investi-
gated in detail.

These receivers are typically L1-only devices and are
therefore limited to short-baseline applications. In particu-
lar, GARMIN receivers offer an experimental output of
PLL-related observations (like carrier-phase and Doppler
shift measurements). Although these devices suffer from

several limitations, e.g. half-cycle slips, centimetre-level
point precision can be obtained from static observations
(SCHWIEGER, 2003;2004; 2005; SCHWIEGER and W ANNIN-
GER, 2006).

GNSS/INS-Integration

Although GNSS offers many benefits to the geodetic
community, it is clear that major disadvantages of this
technique are related to availability and continuity of
service (mainly due to obstacles leading to data gaps). For
this reason, research regarding the integration of GPS and
INS (Inertial Navigation Systems) is an ongoing topic
within the community. (KIPKA, 2006) describes such a
combined surveying system that also integrates network
concepts like area correction parameters and virtual refer-
ence station allowing to access active GPS reference
networks (e.g. SAPOS). Further examples for GPS/INS-
Integration can be found in section “Navigation”.
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Nuisance Effects in GNSS

L. WANNINGER!, S. SCHON?

Introduction

Observations of the signals from satellites of one of the
GNSS (the US-American GPS, the Russian GLONASS,
the future European Galileo and quite a few planned
regional systems) are influenced by several factors which
adversely affect the accuracy and reliability of the position-
ing results. The most important influences are ionospheric
and tropospheric propagation delays, multipath from the
surroundings of the receiving antenna, and antenna phase
centre variations (PCV) of both the receiving and the trans-
mitting antennae (cf. SEEBER 2003).

Tonospheric and tropospheric propagation delays can be
reduced considerably by relative GNSS using a single
reference station or even better a network of reference
stations surrounding the observation site. Multipath and
PCV, however, are station and antenna dependent effects.
They are dealt with in the measurement procedure or by
calibration.

During the past four years a considerable amount of
research work has been carried out in the field of nuisance
effects affecting GNSS observations. A selection of key
publications is given in the text. A more extensive list is
included in the references.

Ionospheric propagation delay

First-order effects of the ionospheric propagation delay are
successfully removed by using dual-frequency observations
(ionosphere-free linear combination). Higher-order effects
are typically ~0-2 cm at zenith, larger for lower elevated
satellites, but at the same time smaller for relative position-
ing applications. Nevertheless, corrections for the higher-
effects can easily be obtained and may improve positioning
results (FRITSCHE et al. 2005, MAINUL HOQUE, JAKOWSKI
2007).

Relative ionospheric propagation delays influences the
reliability and success rate of ambiguity resolution even in
case of dual-frequency observations. The pre-processing
of the observation data of networks of reference stations
does not only provide improved ionospheric real-time
correction models but can also produce valuable informa-
tion on the size of ionospheric residuals which will affect
baseline processing (CHEN et al. 2003, WANNINGER 2004).

Tropospheric propagation delay

There are several approaches to reduce the influence of
tropospheric propagation delays which mainly affect the
height component of the positioning results: application of
standard tropospheric corrections, relative positioning,
estimation of tropospheric delays as additional unknowns
etc. In practice these approaches are combined to yield
precise positioning results.

Research work dealt with standard tropospheric models for
Galileo (POSFAY, 2003, KRUEGER et al. 2004), comparison
of tropospheric mapping functions (VEY et al. 2006) and
radiometric measurements for validation studies (HAFELE
et al. 2004). Tropospheric modelling based on GNSS
observations from moving platforms has been studied by
SCHULER (2006a).

Multipath mitigation

The ability to discriminate between direct and reflected
signal in the measurement process largely depends on the
signal characteristics. New signals structures were analysed
regarding their multipath performance in order to select
appropriate signals for the Galileo system (IRSIGLER et al.
2004, PANY et al. 2005, AVILA-RODRIGUEZ et al. 2006).

An alternative approach for permanent stations or identical
antenna set-ups is multipath calibration. Calibration of
carrier-phase multipath effects caused by signals reflected
in close vicinity (... 10-20 cm) of the antenna has been
performed by WUBBENA et al. (2006b). In-situ multipath
calibration of an antenna and its surroundings has been
published by DILSSNER et al. (2006).

Uncorrected multipath effects may cause an apparent height
shift of up to approx. 1 cm in case of an antenna exchange.
This phenomena has been observed e.g. in the German
SAPOS network of permanent GPS-stations (KLEIN,
KLETTE 2005, WANNINGER et al. 2006). It illustrates the
unresolved difficulties precise height determination still
faces.

Antenna phase centre variations

Many research groups contributed to a better understanding
of the antenna phase centre variations (PCV) of both the
receiving antennae and the transmitting antennae on-board
the GNSS satellites. Receiving antennae are calibrated
either in the field using the original GNSS signals (MENGE
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2003, WUBBENA et al. 2006a) or in an anechoic chamber
using artificial signals (CAMPBELL et al. 2004, GORRES et
al. 2006, BECKER et al. 2006).

The data processing of regional or global GNSS-networks
made use of so called relative PCV corrections until
recently. Although it had been shown for several years that
absolute corrections would be required (MENGE 2003,
VOLKSEN 2005) it lasted until 2006 to change the process-
ing procedures of these large-scale networks. The process-
ing of these networks also requires PCV corrections of the
GNSS satellites. These corrections are estimated from the
ground observations as additional unknowns in the adjust-
ment procedure (SCHMID et al. 2003, SCHMID et al. 2005).
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Contributions to Global and Regional Net-
works

During the past four years the German research institutes
mainly consolidated their contributions to the network of
continuously recording permanent stations. The Geo-
ForschungsZentrum Potsdam (GFZ) extended its High-
Rate/Low-Latency (HR/LL) GPS ground tracking network
established jointly by GFZ and JPL to ensure adequate
ground data availability for CHAMP and GRACE satellite
missions to 15 stations. New real time stations are planned
and partly installed within the South East Asia-Indian
Ocean region as part of the Tsunami Warning System
GITEWS. The large-scale network SAGA for geodynamics
in the Southern and Central Andes was extended and
densified with new continuous sites and epoch stations with
an anticipated resolution of 50 km in seismic gap regions.
The Federal Agency of Cartography and Geodesy (BKG)
upgraded part of its IGS and EUREEF sites and installed a
continuous local monitoring network for the TIGO funda-
mental station in Conception, Chile.

Several Universities participated in international research
and programmes which included the installation of new
permanent GPS stations. Technical University (TU)
Dresden was active in the Arctic Peninsula region. TU
Karlsruhe focussed on Brazil, the Vranca deformation zone
in Romania and the Upper Rhine Graben in Germany. TU
Darmstadt installed one permanent site in cooperation with
the University of Bucharest in Oradea, Romania as part of
the Central European Geodynamic Reference Network
CEGRN.

GNSS Data Centre

GNSS Data Centres are mandatory today in order to
exchange all kinds of observations, meta-data and analysis
results between analysis centres and product users. BKG
operates for this purpose a GPS/GLONASS data centre for
the European region and holds data from IGS, EUREF and
national permanent GNSS projects. The data base system
has been completely renewed in 2005 by replacement of
the hard- and software. The new system provides now disk
capability to hold all data online since the beginning of the
IGS in 1992. For this purpose a comprehensive “reloading
campaign® was started in December 2005 in order to make
files available in a uniform manner that were stored on the
most different archiving media. The old data will be needed

for projected “re-processings® through IGS and other
projects.

The new software design applies now an SQL data base to
hold all meta-data. That enables to built dynamic websites
as requested by the users. Extended browse and search
functionality allow comfortable inquiries to fulfil user
requests. This new system had been launched and switched
online in July 2005.

NTRIP

The transmission format NTRIP was standardized in
September 2004 at international level by the "Special
Committee 104" of the "Radio Technical Commission for
Maritime Services" (RTCM SC-104)”. An extension of the
format to Version 2.0 is presently under development. For
the aim of providing GNSS real-time data at the widest-
possible global range, it is essential to support a broad
palette of different approaches to communication and data
transfer based on the flexible internet protocol. For precise
assessment of detailed requirements, several components
were implemented for testing purposes.

From 6 to 8 February 2006 an NTRIP Symposium took
place at the “Literaturhaus Frankfurt”. This event was
attended by 130 participants from 30 nations. More than
20 talks informed about the fundamentals of communica-
tions technology, real-time GNSS networks, current and
future application of NTRIP data as well as the up-to-date
development status of NTRIP in the 2.0 Version. The
presentation concluded with a workshop on the operating
mode and application of the NTRIP software developed by
BKG.

Since 2006 the additional NTRIP Broadcaster www.igs-
ip.net. as a supplement to the previous Broadcaster www.
euref-ip.net is under operation. Real-time data streams from
IGS stations are offered on the newly established Broad-
caster as well as from other stations outside Europe.
Capacities on the previous NTRIP-Caster are released
through this measure, which can be used for the provision
of real-time data of new EPN stations. Through both casters
about 150 real-time data streams are presently available in
different data formats.
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GLONASS

Since GPS week 1300 (December 2004) the weekly
GLONASS precise orbit solution of BKG is part of the
official IGS combination solution, together with ESA’s
results of orbit computation, the results obtained by the
University of Berne, and results of the “Mission Control
Centre*, in Moscow (both SLR and microwave solutions).
The combined IGS-GLONASS orbits are provided by the
“GeoForschungsZentrum Potsdam”.

Since April 2006 the GLONASS satellite orbits are com-
puted by means of the new Version 5.0 of the Bernese GPS
software. Utilization of the new software is a prerequisite
for the fulfilment of international standards in the field of
GNSS data analysis, which includes e.g. introduction of
the new reference frame ITRF2005 and the correction of
absolute instead of relative antenna phase-centre variations.
Through the new version the computing time could be
reduced by ca. 25 percent given that now possibilities of
parallelization of processes are used. The automated pro-
cessing components now run clearly more stably, whereby
it has become possible to perform the daily solutions
automatically already during night time and to do only the
combination of daily to three-day orbit arcs manually. With
the application of the new software version importance was
primarily attached to the reproducibility of results as
compared with the respective previous version. The IGS
performed some important change in the analysis strategy
with the beginning of week 1400, e.g., the switch from
ITRF2000 to ITRF2005 and from relative antenna phase
centre variations (PCVs) to absolute PCVs. These changes
were applied to the GLONASS analysis at the same time.

EUREF GNSS Permanent Network

Work on the European Reference Network EPN includes
the computation of a BKG solution for the purpose of a sub-
network, the combination of the coordinate solutions and
the combination of the troposphere signal path delay of all
sub-networks of the 16 analysis centres of the EPN. The
activities mentioned last are done on a weekly basis. The
BKG solution as one of the solutions of the EPN analysis
centres is generated in the course of the common analysis
of the GREF and EPN stations and comprises altogether
approx. 90 stations.

The upgrade to Bernese GPS Software Version 5.0, intro-
duction of ITR2005 and switch to absolute PCVs were the
most essential innovation with regard to the combination
of coordinate solutions. The new module ADDNEQ?2 for
the combination of the normal equations requires a change
in strategy. Now the coordinates are introduced as obser-
vations. Further, first efforts have been started to develop
a new scheme for the weighting of the single solutions of
the different EPN analysis centres.

The COST Action 716 “Exploitation of ground based GPS
for climate and numerical weather prediction application
ceased in spring 2004 after duration of five and a half years
with the completion of an extensive final report. As a
follow-up project both to this project as well as to other EU
projects, as e.g. TOUGH and MAGIC, the project “The

EUMETNET GPS Water Vapour Programme* (E-GVAP)
was initiated by some of the participating countries within
the frame of EUMETNET, which is a conference grouping
20 European national meteorological services. Unfortunate-
ly, the Federal Republic of Germany has not joined this
project until now. The near real-time solutions computed
by BKG can nevertheless still be contributed to the analy-
tical part of the project. The number of stations evaluated
by BKG on a regular basis was in the reporting period
increased from 80 to ca 120. On the one hand, the new
EPN-stations were taken into account, and on the other
hand further GREF stations were integrated.

German Permanent GNSS Networks

The GREF national reference network of the BKG has been
further extended to an integrated real-time network. This
extension consists of replacing the observation stations with
combined GPS/GLONASS receivers and implementing the
data transmission in real-time. It has been started to create
local security networks for the GREF stations with terrest-
rial measurements. The extension of GREF also includes
the combination of the geometric satellite positioning
process with dynamic methods of height determination
and/or gravity measurements. Therefore, there are also
some stations located close to level measuring stations,
geophysical observatories or stations of the German gravity
reference network.

The geodetic reference network GREF presently comprises
22 real-time GNSS stations. The data of most stations are
transferred via DSL Internet connection to the central office
in Frankfurt, where they are processed by means of the
networking software EuroNet of Euronik. Pseudo-range
corrections are computed for virtual stations, evenly
distributed over the territory of the Federal Republic, and
transmitted over the Internet using the NTRIP protocol. The
service includes a comprehensive monitoring and backup
concept that guarantees the availability and quality of the
corrections, available in the RTCM 2.0 format.

The daily analysis of the GNSS observation data in the post-
processing mode has been performed continuously with the
Bernese GPS Software Version 5.0. Besides the routine
evaluation beginning with GPS week 1400 the networks
are computed with absolute antenna phase eccentricities
and using the ITRF2005 / IGS05 reference frame. Test
evaluations including GLONASS observations and orbits
have been carried out and will be continued aiming to
include GLONASS in the regular analysis scheme.

SAPOS is the GNSS reference positioning system of the
German states, based on a widespread network of more than
250 permanently operated GPS reference stations. That
have been determined based on a diagnostic adjustment in
a homogenous, standard reference system of the European
Terrestrial Reference System 1989 (ETRS8&9).

SAPOS provides its customers with correction data in three
service areas of different accuracies using agreed transfer
media, data formats and fees. Real-time networking has
been introduced to enhance the reliability and accuracy of
the SAPOS HEPS real-time service. It solves the problem
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of residual errors caused by the influences of ionosphere
and troposphere and errors in the orbital data.

For all SAPOS reference stations, a coordinate monitoring
in accordance with national standardised principles is being
introduced. It consists, on the one hand, of an online-
monitoring within the scope of the networking of these
stations and, on the other hand, of a monitoring with precise
orbital data in post processing for controlling the highly
precise coordinates in ETRS89.

A decision was made to install combined GPS — GLONASS
receivers at a sufficient number of sites to enable multi
GNSS RTK applications in the coming years with the
replacement cycle of the equipment. This high quality
infrastructure of ground GPS receivers, established for
surveying and navigational purposes, is also used for the
meteorological community with a small additional effort.
GFZ Potsdam uses 218 stations of SAPOS, 10 of BKG, 12
GFZ owned sites installed at synoptic sites of the German
Weather Service and 32 others for the NRT monitoring of
the vertical integrated water vapour IWV) in a German
network with a precision of about 1 to 3 mm (~5%).

The objective of the central SAPOS agency installed at the
State Survey and Geospatial Basic Information Lower
Saxony (LGN) in Hannover concerns in particular the
provision of SAPOS data for nationally active users.
Besides the increasing of the long-term acceptance of
SAPOS, the AdV (Arbeitsgemeinschaft der Vermessungs-
verwaltungen der Linder der Bundesrepublik Deutschland)
also promises an increase in the cost efficiency of the
SAPOS services of the States installed with high financial
expenditure by the member authorities.

The trend, diagnosed for some years, that the traditional,
terrestrial marked fixed point fields are becoming less and
less important, has been confirmed. Despite the satellite
measuring technology, they still cannot be completely
dispensed with. Therefore, based on the possibility of
providing a major part of the spatial reference via SAPOS
in the future, in 2004 the AdV decided on a strategy for a
nationally uniform spatial reference of the official surveying
and mapping in the Federal Republic of Germany.

Analysis of 1 Hz GPS Observations

The devastating My, = 9.3 Sumatra-Andaman earthquake
of 26 December 2004 was so strong that it led even at very
distant points of the earth to temporary surface movements
which could be recorded in the cm-range. These movements
could be monitored not only by means of seismometers,
superconducting gravimeters or BKG’s ring laser installed
at the Fundamental Station Wettzell, but also through
differential GPS. For this purpose, GPS observations with
a data-recording rate of 1 Hz were evaluated using Bernese
software version 5.0. The position of the rover station was
determined for each second from doubly differentiated L,
phase observations after fixing the ambiguities.

For the territory of the Federal Republic of Germany a large
number of GREF and SAPOS stations were available to
BKG for carrying out this analysis. Owing to the high
temporal and spatial resolution as well as to the high

accuracy obtained in the evaluation, it was possible to prove
the progression of the Love waves — which are surface
waves moving away from the seismic focus at a speed of
ca4 km/s — in the east-west direction as well as the resulting
surface deformations in the north-south direction (perpendi-
cular to the direction of propagation).

Integration of SAPOS Stations in GREF,
EUREF and IGS

To be able to continue securing the official SAPOS coordi-
nates in a homogeneous and permanent manner, the AdV
has dealt with the introduction of a different form of
monitoring since the beginning of 2006 and on the basis
of a superior reference frame. This new reference frame
labelled ‘DREF-Online’ shall primarily be composed of the
stations of the GREF permanent network as well as of some
selected SAPOS reference stations (SAPOS Core Sites) and
serve the monitoring and analysis of wide-area stability.
To establish reference to the official coordinates of the
SAPOS reference stations the DREF-Online stations are
assigned coordinates in the ETRS89 system, with their
alignment in the DREF91/SAPOS Diagnosis Adjustment
2002. It is presently still discussed in which concrete form
and division of work the monitoring shall be carried out.

Cooperation in Galileo

Within the 6th framework programme of the European
Commission a consortium under the guidance of the Geo-
ForschungsZentrum Potsdam develops the Galileo Geodetic
Service Provider Prototype (GGSP Prototype). The partners
are the Astronomical Institute of the University of Berne,
the European Space Agency ESA at Darmstadt, the Institut
Géographique National, France, and BKG. The main
objective of the project is the development of scientific,
technical and organisational principles for the realisation
of the Galileo Terrestrial Reference System (GTRS) on the
basis of Galileo sensor stations and special IGS stations.
Furthermore the development includes a model for per-
forming all work by a service provider for geodetic
assurance of the operation of the GALILEO satellite
positioning system.
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Satellite Orbit Modelling

K. H. ILk!, M. ROTHACHER?, J. DOW?

General remarks

The continuous and precise observation of satellite orbits
by the Global Navigation Satellite Systems (GNSS) enabled
the development of alternative Earth system analysis
techniques and even new applications in the Earth system
research. Innovative sensor types, such as accelerometers,
star trackers and improved tracking receivers as well as new
observation types such as precise intersatellite range- or
range-rate measurements provided the basis for a precise
determination of absolute and relative orbits of satellites
and satellite pairs, respectively. Very precise kinematic or
reduced dynamic orbits derived from these measurements
are required to study sea level change and ice cover varia-
tions based on the observations of altimetry satellites,
atmospheric sounding by GNSS occultation measurements
or the detection of mass transports and the mass distribution
in the Earth system by a precise determination of the
stationary and time variable gravity field. Therefore the
development of improved orbit determination strategies was
a topic of research during the last four years.
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GNSS Based Sounding of the Atmosphere/Ionosphere
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Introduction

During the last decade GNSS based techniques for ground
and space based atmospheric/ionospheric sounding were
established as the forth pillar of the classic geodetic trinity
Earth rotation, geo-kinematics and gravity&geoid
(RUMMEL, 2003). The atmospheric refraction, error source
for the majority of geodetic applications, is used as
measurement signal. Atmospheric properties, as, e.g.,
globally distributed vertical profiles of refractivity, tempera-
ture, water vapor and electron density can be derived from
space based techniques. Ground based measurements,
provided by global and regional networks, allow for the
derivation of vertically or along the line-of-sight (slant)
integrated water vapor or electron density (Total Electron
Content, TEC) content on a global and also regional scale
(see, e.g., WICKERT and GENDT, 2006; JAKOWSKI, 2005a,b).

Space based techniques

Within the reporting period fell the begin of the era of a
multi-satellite LEO (Low Earth Orbiter) constellation for
precise atmospheric sounding on a global scale using the
innovative GPS Radio Occultation (GPS RO) technique.
In addition to the German CHAMP (CHAllenging Mini-
satellite Payload) satellite (e.g., REIGBER et al., 2005;
WICKERT et al., 2006a, 2004a), which provides almost
continuously data since 2001, data from several additional
missions became available in 2006. GPS RO aboard the
U.S.-German GRACE-A satellite (Gravity Recovery And
Climate Experiment) was continuously activated on May
22, 2006 (BEYERLE et al., 2005; WICKERT et al., 2006b,
2005). The six satellites of the U.S.-Taiwan COSMIC/
Formosat-3 (Constellation Observing System for Meteoro-
logy, Ionosphere and Climate) were successfully launched
on April 15, 2007 and will provide about 2,500 globally
distributed profiles per day (e.g., WICKERT et al., 2007).
The European operational weather satellite METOP was
launched on Oct. 19, 2006 and the GRAS (GNSS Receiver
for Atmospheric Sounding) was switched to occultation
mode for the first time on Oct. 27. 40 measurements were
recorded during one revolution, each lasting ~100 min.

This LEO configuration (as of April 2007) will be extended
soon by the German TerraSAR-X, which is foreseen to be
launched in May 2007 with a Russian Dnepr-1 from
Baikonur. Several activities in other countries led to the
realization of additional occultation missions, as, e.g.,
OCEANSAT (India), KOMPSAT-5 (South Korea) and
TANDEM-X (Germany). The application of GPS RO

aboard several satellites multiplies the potential of the
innovative atmospheric sounding technique for several
applications in atmospheric research, weather forecast and
climate change related studies.

A highlight of these applications is the use of GPS RO data
to improve global weather forecasts (e.g., HEALY et al.,
2007). Hereby a breakthrough was reached. Data from the
German CHAMP and U.S.-German GRACE-A satellites
(GFZ analyses) were assimilated as the first GPS radio
occultation measurements operationally in 2006 to improve
global weather forecasts at the U.K. MetOffice, the Euro-
pean Centre for Medium-Range Weather Forecasts
(ECMWEF) and the Japan Meteorological Agency (JMA).
Currently the data are assimilated in parallel with
COSMIC/Formosat-3 data.

The CHAMP data set (started in 2001 and covers as of 2007
already 6 years), including analysis results is made available
by GFZ for the international scientific community. The data
were and are the basis for the preparation of several occulta-
tion missions, the improvement of analysis algorithms (e.g.
BEYERLE et al., 2006), and are used for several atmospheric
investigations. Examples for such investigations are, e.g.,
climatological studies (FOELSCHE et al., 2005) or character-
ization of global tropopause (SCHMIDT et al., 2006, 2005,
2004) and gravity wave (DELATORRE et al., 2006) proper-
ties. The CHAMP data set is also used to derive the global
distribution of water vapor (e.g., HEISE et al., 2005a) or to
reveal weaknesses of meteorological analyses or radiosonde
measurements (e.g., GOBIET et al., 2005; WICKERT, 2004).

GPS RO has also been further developed for monitoring
the ionosphere (e.g. JAKOWSKI, 2005a,b). To estimate
resolution and accuracy of the electron density profiles from
CHAMP under different geophysical conditions, validation
work for ionospheric retrievals was continued and
supported by the European COST 271 action (e.g.
JakowsKiI et al., 2005b; STOLLE et al., 2004). Comparative
studies with ionospheric 3D models such as IRT (JAKOWSKI
and TSYBULYA, 2004) and NeQuick (JAKOWSKI et al.,
2005¢) were made, demonstrating that the RO measure-
ments can effectively be used for validation and/or develop-
ment of these models. The data may also effectively be
applied for tomographic 3D reconstructions of the iono-
spheric plasma density distribution as shown by STOLLE
et al. (2005). Key parameters of the ionospheric profiles
such as the scale height can easily be derived from RO data
for modeling or reconstruction (STANKOV and JAKOWSKI,
2005, 2006a,b). First approaches were developed for
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monitoring and evaluating ionospheric irregularities
(VIEHWEG et al.,2007; TSYBULYA and JAKOWSKI, 2005).

Beside GPS RO measurements also the GPS navigation
data, received by the topside antenna of LEOs provide
important information about the geoplasma environment
up to GPS orbit heights (HEISE et al., 2005b,c). Combining
both types of measurements, the space based data may
effectively contribute to monitor the ionospheric space
weather conditions (JAKOWSKI et al., 2004a, 2005d).

Ground based sounding

Another highlight of GNSS based remote sensing is the
continuous provision of near-real time atmospheric data
from a regional German network (currently about 230
stations, including SAPOS), processed at GFZ. The IWV
(Integrated Water Vapor) at these stations is provided with
accuracy of <1 mm in Near-Real Time (NRT) with average
delay of <1 h between measurement and provision of
corresponding analyses results (e.g. Gendt et al., 2004). The
data are made available within the German DFG-SPP QPF
(Quantitative Precipitation Forecast, Intensive observation
period) as well as the European activity TOUGH (Targeting
Optimal Use of GPS Humidity data for weather prediction),
which is continued by E-GVAP (EUMETNET GPS water
VApor Programme, within the network of the European
Meteorological Services) with institutions of 15 partici-
pating countries to investigate the influence and to stimulate
the operational use of GPS ground data to improve numeri-
cal weather forecasts (e.g. Dick and Soehne, 2005). Herein,
the GFZ data represent the major share. Similar NRT
activities, contributing to E-GV AP, are performed by BKG,
starting from cooperation with Universitit der Bundeswehr
Miinchen (e.g., BECKER et al., 2003), mainly based on
EUREF Permanent Network (EPN) stations. The con-
tinuous use of these data to improve operational weather
forecasts started in September 2006 at MeteoFrance and
in early 2007 at the MetOffice (U.K.).

Currently the IWV investigations are extended to the global
IGS network. Initial results of GPS derived IWV data (using
global analyses from ECMWF and synoptical data for the
needed meteorological ground information) from the IGS
network ZTD (Zenith Total delay, GFZ analyses) data were
presented by Heise et al. (2007). These investigations and
the application to future available, consistent GPS derived
ZTD long-term data sets (e.g. STEIGENBERGER et al., 2006)
will allow for first climatological investigations based on
GPS ground data.

Various activities related to ground based meteorology are
also performed at the University Karlsruhe (e.g., LUOet al.,
2007 or MAYER, 2006). One main focus hereby is the
derivation of IWV data in the area of the Antarctic pen-
insula.

During the reporting period also initial work on the opera-
tional derivation and provision of the atmospheric delay
along the line-of-sight to the GPS satellites (slant delay)
for the German NRT network was performed. These data
exhibit higher information content compared to the ZTD.
But initial slant delay results (DICK et al., 2007) have shown
the necessity for additional effort to improve the slant delay
quality at lower elevation angles, which are needed, e.g.,
for the application of tomographic reconstruction tech-

niques to derive 3D water vapor distributions (e.g., BENDER
et al., 2007; BENDER and RAABE, 2007).

Another main focus in the reporting period were investi-
gations regarding the influence of atmospheric mapping
functions based on numerical weather prediction models
on the GPS parameter estimation (e.g. BOEHAM et al., 2007;
VEY et al., 2006).

Small GPS ground networks (6 stations) were also used to
investigate correlations between the recorded GPS phase
data and atmospheric turbulence (SCHON and BRUNNER,
2006).

A potential extension of the static ground based networks
for GNSS meteorology can be moving platforms such as
ships. Initial results from SCHULER (2006) indicate that
IWYV can be derived with accuracy (standard deviation) of
3.9 mm or better in 50% of the experiments and in 25%
even better than 2.0 mm. These results are encouraging for
future research in this field.

The calibration of water vapor radiometers (WVR) and their
use for validation and accuracy improvement of GPS height
determination was investigated by HAFELE et al. (2004a,b).
The direct measurement of water vapor content of the
atmosphere by means of WVR enables the development
of better correction models and the identification of system-
atic errors in GPS data.

First systematic comparisons of IWV data from the German
NRT network with measurements from sun photometers
(world wide AERONET) and ECMWF data were per-
formed for 5 stations at Germany (HEISE et al., 2006). The
agreement was very good for all stations, but GPS data were
on average about 1 mm more wet compared to the photo-
meter data. In general the agreement between GPS and
photometer was better than with ECMWEF.

Tropospheric studies were also done by VLBI groups (Very
Long Baseline Interferometry), e.g. to investigate the effect
of different tropospheric mapping functions on the TRF,
CRF (Terrestrial and Celestial Reference Frame) and
position time-series (TESMER et al., 2006). As the sensitifity
of VLBI with respect to the troposphere is the same as for
GPS, STEIGENBERGER et al. (2006) extensively compared
GPS and VLBI derived timeseries of zenith delays and
gradients. KRUGEL et al. (2006) combined such parameters
derived from both techniques.

Ground based ionospheric monitoring using GNSS tech-
niques is well established since more than one decade. In
recent years operational monitoring systems have been
developed for monitoring TEC of the ionosphere. It has
been shown in numerous studies that such information is
valuable for studying and mitigating the ionospheric impact
on navigation and geodetic measurements (e.g. JAKOWSKI
et al.,, 2004c, d; STANKOV et al., 2006; HOQUE and
JAKOWSKI. 2006). To provide GNSS reference network
operators with proper ionospheric information, a regular
GNSS based ionospheric data service SWACI (Space
Weather Application Center — lonosphere; http://w3swaci.
dlr.de) was established (JAKOWSKI et al., 2005¢).

Careful analysis of GPS data obtained from dense GPS
networks brought evidence for detecting earthquake
signatures in the ionosphere about 10 minutes after the



J. Wickert, N. Jakowski: GNSS Based Sounding of the Atmosphere/lonosphere 127

corresponding Rayleigh wave has passed the region
(JAKOWSKI et al., 2006).

GPS altimetry and reflectometry/scatterometry

In analogy and parallel to the atmospheric refraction
another error source for the most geodetic applications,
multi-path effects, can be effectively used as measurement
signal for GPS based altimetry and scatterometry/reflecto-
metry. Initial results at GFZ on the basis of ground based
measurements indicate an accuracy of ~2 cm for the
monitoring of lake surface height variations (HELM et al.,
2006a,b; 2005). GNSS reflection measurements (ground
and also space based, see, e.g., BEYERLE et al., 2002) are
currently regarded as potential data source for various
applications in geoscience and atmospheric research.
Detailed data analysis can reveal information on ice surface
properties (roughness), ice coverage of oceans, sea surface
heights, significant wave height and wind speed/direction
above sea surfaces. The reflected signals also contain
information on the propagated atmosphere/ionosphere (e.g.
integrated electron content along the ray paths).

Summary and Outlook

GNSS based atmosphere/ionosphere sounding can be
regarded as an established remote sensing technique. It will
further benefit from increasing densities of global and
regional ground networks and an increasing number of LEO
satellites. Further progress with respect to spatial and
temporal coverage of the GNSS measurements can be
reached by the future use of the signals from GALILEO
and GLONASS. The continuation of the current scientific
investigations will increase the spectrum and the capability
of GNSS based atmospheric/ionospheric remote sensing.
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