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Foreword

The XXIIl General Assembly of the International Union of Geodesy and Geophysics (IUGG) to be held in Sapporo, Japan,
from June 30 to July 11, 2003, provides an excellent opportunity for taking alook back to the developmentsin the various
fields of Geodesy and Geophysicswithin the past four-years period. In the following report asummary and overview of the
geodetic activitiesin the period 1999-2003 in the Federal Republic of Germany will be given.

Thereport has been organi zed according to the hitherto existing structure of the International Association for Geodesy (IAG)
which hasbeen valid since 1991. According to the |AG by-lawsthe scientific work isdistributed over the five sections covering
the main aspects and topics in contemporary geodesy:

— Section| (Positioning) concentrated on the positioning aspectsin geodesy. It considers high precision horizontal and vertical
networks, inertial and kinematic positioning, geodetic astronomy, marine positioning and refraction studies. In the past
period, main emphasis has been given to GPS-related subjects (the wide area of modelling for precise GPS positioning,
regional permanent arrays, multipath mitigation and atmospheric sensing).

— Section 11 (Advanced Space Technology) deals with the development of space techniques such as microwave and laser
tracking, radio-interferometric techniques, satellite altimetry, satellite-to-satellite tracking, and satellite gradiometry. The
areas of spaceborneinterferometry, spaceborne GNS atmospheric sounding, GPS water level measurements, precise orbit
determination and calibration/validation of gravity field missions are described in separate sub-sections.

— Section 111 (Determination of the Gravity Field) is concerned with the measurement and eval uation techniques of terrestrial
and airborne gravimetry aswell asglobal and regional gravity field modelling and (non-tidal) gravity variations. Special
attention has been given to the validation of digital terrain models, the combination of terrestrial and satellite based gravity
data, synthetic modelling of the Earth’ sfigure and gravity field, regiona geoid modelling in continental and oceanic regions,
and altimetry data processing.

— Section 1V (General Theory and Methodol ogy) dea swith fundamental aspects of the mathematical and physical modelling
of geodetic observations aswell as stochastic and non-stochastic methods of data eval uation. Special emphasis has been
givento the use of wavelets, non-probablistic assessment in geodetic dataanalysis, fractal geometry, theory of fundamental
height systems, joint inverse gravity modelling, and consistent dynamic theories of deformation and gravity field.

— Section V (Geodynamics) covers the area of monitoring and study of time-dependent phenomena (polar motion, Earth
rotation, Earthtides, recent crustal motions, gravity, seasurface topography and mean sealevel). Specific topicsare geodetic
effects of non-tidal oceanic processes and fundamental parameters.

With the lUGG General Assembly in Sapporo the structure of the |AG will be changed significantly. Much work and efforts
of many colleagues have al so been devoted to the preparation and implementation of the new structure within the past four-year
period.

The editors of thisvolume and the German Geodetic Commission acknowledge thework of al our colleaguesthat have contributed
tothisreport. The financial and logistic support by the Bavarian Academy of Sciencesfor publishing and printing thisvolume
is highly appreciated.

Thisreport can befound in e ectronic form on the web-site http://mww.dgfi.badw.de/dgfi/DOC/2003/b312.pdf. The complete
volume can also be received on CD from the Secretary of the German Geodetic Commission (Dipl.-Ing. Helmut Hornik,
Deutsche Geodétische Kommission, Marstalplatz 8, D - 80539 M linchen, fax +49 - 89 - 23 031 -283/-100, tel. +49 - 89
- 23031 113, e-mail hornik@dgfi.badw.de)

Bernhard Heck
National Committee for Geodesy and Geophysics

Reinhard Rummel
Permanent Secretary of the German Geodetic Commission

Helmut Hornik
Secretary of the German Geodetic Commission
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Positioning
— Overview and highlights—

J. IHDE*

Overview

German scientists and institutions contributed to al IAG
section | bodiesduring theperiod 1999 to 2003. Thefollow-
ingreportisorientated at thestructureof thesection | bodies.
The structure of Section | in the period 1999-2003, estab-
lished during thel UGG General Assembly in Birmingham,
issimilar to that for the previous four-year period, in that
it consistsof one Commission, one Speciad Commissionand
four Specia Study Groups (SSG).

Commission X “Global and Regional Geodetic Networks':
The goal of the Commission isto focus on the variety of
existing control networks (horizontal or vertical, national
or continental , global from spacetechniques) aswell astheir
connectionsand evol utions. The Commission hastwo types
of subdivisions: Sub-Commissions and Working Groups:

a) Sub-Commission for large geographic areas. Europe,
North America, South America, Africa, Antarctica, South
East Asiaand Pacific. The Sub-Commissionsdeal with
al types of networks (horizontal, vertical and three-
dimensional), and all related projects which belong to
that geographical area.

b) Working Groups for specific technical topics which
would berelevant to the Commission’ sactivities: WG1
on Datumsand Coordinate Systemsand WG3 onWorld-
wide Unification of Vertical Datums. -Such Working
Groups are not substitutes for at SSG of the |AG, but
rather look at technical and practical problems, in
particular by establishing specificationsfor thecountries,
and also possibly sponsoring training seminars.

Special Commission4“ Application of Geodesy to Engineer-
ing”: The objectives of the Special Commission ison the
one hand to document the body of knowledge in the field
of theinstrumentation and methodol ogy in Engineering Geo-
desy which haschanged by rapid devel opmentsin engineer-
ing, microelectronicsand thecomputer sciences. Ontheother
hand the objective isto encourage new devel opments and
to present them in a consistent framework. The Specia
Commission has 6 Working Groups: Real-Time Mobile
Multi-sensor Systems and their Applicationsin GIS and
Mapping, Dynamic Monitoring of Buildings and System
Analysis, Monitoring of Local Geodynamic Processesand
System Analysis, Geodesy on Large Construction Sites,
Pseudolite Applicationin Engineering Geodesy, Application
of Knowledge-Based Systems in Engineering Geodesy.

German scientistswereal sovery activeinthe Special Study
Groups:

SSG 1.179 “Wide AreaModelling for Precise Satellite
Positioning”

SSG 1.180 “GPS as an Atmospheric Remote Sensing
Tool”

SSG 1.181 “Permanent Regiona Arrays’
SSG 1.182 “Multipath Mitigation”

The Commissionsand SSGshaveall been very productive
during the period 1999-2003, and details of their activity
arereported below. Inparticular, therehassubstantial activity
in the topic of SSG 1.180, where GPS is proving to be of
significant importanceinanumber of atmosphericresearch
and operational applications.

Highlights

Compared to the last period 1995-1999 the projects and
worksfor precisepositioning on global and regional scales
for the realization of spatial reference systems take more
and more the character of services. Positioning is closely
linked with national, continental and international services.

The leading German research institutes are considerably
integratedinto all servicesof thel AG. The GeoForschungs-
Zentrum (GFZ) Potsdam is considerably involved in the
IGS, theBundesamt fir Kartographieund Geodésie (BKG)
and University of Bonn contributetothel VS, the Deutsches
GeodétischesForschungsingtitut (DGFI) Munich contributes
tolLRSandITRS. TheTU Munichisextraordinarily active
inthesector of productsfor the combination of spatial tech-
niquesthat arejust being built-up. The| ERS Central Office
established at BK Gin 2001 isoperating adatacenter, which
ensures the transfer of the IERS product data.

The satellite observation station Wettzell, jointly operated
by the BKG and TU Munich, is one of the six geodetic
fundamental observation platformsworldwide. The Trans-
portable Integrated Geodetic Observatory (T1GO) started
its work in 2002. BKG operates European wide 45 GPS
permanent stations.

Furthermore, recent developments go to real-time and/or
near-real timeservices, wherethe German systems SAPOS
and GREF belongto. Thepermanent network of the Satellite
Positioning Service of the German State Surveying Agencies
(SAPOS) wasalmost completedinthe period 1999 to 2003,

* Johannes Ihde: Bundesamt fiir Kartographie und Geodésie, Richard-Strauf3-Allee 11, D-60598 Frankfurt am Main, Germany; Fax: 069 - 6333 - 425,

Tel.: 069 - 6333 - 206, E-mail: ihde@ifag.de
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the number of sitesbeing 261 in spring 2003. Thisnetwork
provides DGPS and RTK services for positioning and
navigation purposes. The German GPS reference network
(GREF) operated by the BKG isgradually improved to a
real time GPS/GLONASS network since 2000 combined
with absol utegravity measurements. Comparabledevel op-
mentscan be observed within the Sub-Commission EUREF
of IAG’s commission X. In the EUREF group with its
Permanent Network (EPN) Germaninstitutionscontributed
to the computation of thel TRF 2000. BK G and the Bayeri-
sche Akademie der Wissenschaften (BEK) are two of the
16 EPN local analysiscenters. The sub-networksare com-
bined by BKG into the official weekly EPN solution.

Atthe GFZ group on"Activeglobal and regional networks,
including SAPOS'; the number of permanent GPSreceivers
operated by GFZ Potsdam hassteadily increased during the
last years and amountsto 54 totally in early 2003. BKG is
operating 45 GPS permanent stations in Europe.

During thelast four years the activities were significantly
enlarged for operational requirementsof thesatellitemissions
CHAMPand GRACE. A global high-rate (1 sec), low latency
(15 minutes) sensor station network wasestablishedin 1999
for the CHAM P/GRA CE orbit recovery and for monitoring
the neutral atmosphere and the ionosphere. Presently this
network comprises 15 stations and the data are available
viathe CHAMP ISDC at GFZ and in the global 1GS data
centers.

The GFZ and the Deutsche Wetterdienst (DWD) are
participating in the European research cooperation COST -
Action 716" Exploitation of Ground-Based GPSfor Climate
and Numerical Wesather Prediction Applications’ whichis
going to finalize at the end of 2003 and which should lead
to a routine use of GPS results for numerical weather
prediction.

Various studies focused on permanent network sites
characteristics, the GPS data quality monitoring, models
for RTK networksin view of ambiguity resolution and pa-
rameter representation aswell as network design and data
dissemination.

Duringthepast four yearsaconsiderableamount of research
work in investigations of nuisance effects in precise GPS
positioning has been carried out in Germany.

Absoluteand relative calibrationtechniquesof GPSantennas
compriseawidefield of activities. Now itiscommon under-
standing that in reference station networks, such asthe net-
worksof thel GSand SAPOS, aswell asfor higher precision
surveying tasks, only calibrated antennas should be used.
Powerful methods of absolute calibration have been
devel opedin Germany. Thecomparison of -calibrationvalues
for aset of different antennas obtained by different groups
with different methods show that thereisagreement onthe
level of the PCV-patterns of 1 to 4 mm depending on the
antenna type and freguency.

Significant progresshasbeen achievedinambiguity resol u-
tiontechniquesby amore complete modeling of GPS obser-
vations. A powerful procedure uses data from permanent
reference stationsfor an error modelling inreal-time. This
technique reduces distance dependent errors (orbit, tropo-
sphere, ionosphere) and at thesametimeit reducesthetime
tofix ambiguitiesandincreasesthe successrate of ambiguity
fixing. In Germany this concept iswidely used in SAPOS.

Inpositioningfor closerangeand engineering applications
a highlight in the past four years was the advent of laser-
scanning in geodesy by German institutions-. By this
innovative technique the geometry of structures will be
determined or “captured” by a dense, regular distributed
raster of pointsand not—asisusual ingeodesy - by alimited
number of representative points. A further advanced instru-
ment set-up lasertrackers were introduces, which allow a
continuous positioning or kinematic surveying of targets.
Incontrast tolaserscanning herethelaserbeamfollowsauto-
matically aretroreflectivetarget, whichisused ashandheld
deviceintouchwith aregular surfaceto determineadense
series of 3D-points as representatives for this surface.

Thepromissing developmentsat the University of the Federal
Armed Forcesin Munichinthefield of multi-sensor-systems,
named KiSS and MoSES, for the determination of the
trajectory of land vehicles and/or the geometry of streets
or other transportation linesincludingitssurrounding could
be continued and applied in practicse.
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Precise positioning on global and regional scales

J. IHDE', H. HABRICH?, H. HORNIK?®, K. H. PAHLER, W. SCHLUTER®

I ntroduction

In the period from 1999 to 2003 German institutions have
contributed to positioning for global and continental applica-
tionsemploying VLBI, SLR and GPStechniques. Themain
aress of interests are Europe, South Americaand Antarctica

The Fundamenta Station Wettzell has continued its opera-
tion, the Transportable Integrated Geodetic Observatory
TIGO waslocated 2002 at the site Concepcion in Chileand
providessince April 2002 continuousVLBI, SLR and also
GPS observations. The geodetic observatory O’ Higginsat
the Antarctic Peninsula operates now since 10 years.

Inthe frame of the |AG Sub Commission EUREF German
activities contributesto the realization of European spatial
and height reference frames for scientific and practical
applications by GPS campaigns, GPS permanent observa-
tions, levelling and tide gauge observations. In South
Americaand Antarcticathe projects SSIRGAS, CASA and
GPS SCAR were continued.

Fundamentalstations Wettzell and TI1GO,
Antarctic Station O’Higgins

In the period from 1999 to 2003 German institutions have
contributed to positioning for global applicationsemploying
VLBI and SLR techniques. In particular the Bundesamt fir
Kartographie und Geodésie (BK G) in cooperation with the
Forschungseinrichtung Satellitengeodas e (FESG) on behalf
of the Forschungsgruppe Satellitengeodasie (FGS) have
carried out continuously VLBI observationswith the 20m
radiotel escope of the Fundamental station in Wettzell and
also SLR observations with the Wettzell Laser Ranging
System (WLRS) in order to support the realisation and
maintenance of global reference frames as the ICRF and
the I TRF and also to generate the rel ated Earth Orientation
Parameters. The data contribution aswell asthe related data
handling and the data analysis have been realized via the
international services of the |AG namely the International
VLBI Service for Geodesy and Astrometry (1VS) and the
International Laser Ranging Service (ILRS). At the Station

[
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O'Higginsinthe Antarcticaperiodicaly VLBI observations
were performed during campaignsin the Antarctic spring
and summer. Those datawere provided viatheIVS. In order
to improve the International Space Geodetic Network by
an additional site on the hemisphere the BKG devel oped
the Transportabl e | ntegrated Geodetic Observatory TIGO.
After the test period at the Fundamental station and intro-
duction of required improvements TIGO was move to the
southern hemisphere and located at the site Concepcionin
Chile, 600 km south of Santiago de Chile. TIGO provides
since April 2002 continuous VLBI, SLR and adso GPS
observations. The Fundamental station Wettzell, the Ant-
arctic tation O’ Higginsand T1GO contributes significantly
as Fundamental stations to the applications in global
positioning. In additionto SLR and VVLBI at al three sites
GPS data were collected which is described in the section
of global GPS permanent sites.

VLBI

In Europe, a program of about six observing sessions per
year among the 10 European radio tel escopes equipped for
geodetic VLBI has been carried out since the late eighties
under the coordination of the Geodetic Institute of the Uni-
versity of Bonn. Thetime series of station coordinates has
now reached 10 years or more for most of the stations and
provides station vel ocitieswith an accuracy of + 0.3 mm/y
inthe horizontal and £ 0.9 mm/y inthe vertical components
(HAAs et a. 2000, CAmPBELL and NOTHNAGEL 2000,
CaMPBELL et al. 2002). Moreover, the European VLBI net-
work congtitutes a highly precise reference frame wich
contributes to the accuracy and long term stability of the
globd I TRF sand the European EUREF systems (CAMPBELL
2000). A comprehensive report on the results of the EU-
supported Project has been published recently asa TMR
Network Report, available at the European Commission,
www.cordis.|uw/improving (CAMPBELL, HAAS, NOTHNAGEL
2002).

Johannes Ihde: Bundesamt fiurr Kartographie und Geodésie, Richard-Strau3-Allee 11, D-60598 Frankfurt am Main, Germany; Fax: 069 - 6333 - 425,

Heinz Habrich: Bundesamt fuer Kartographie und Geodasie, Richard-Strauss-Allee 11, D-D-60598 Frankfurt a.M., Germany; Phone +49 69 6333267,

Helmut Hornik: Deutsche Geodétische Kommission, Marstallplatz 8, D-80539 Minchen, Germany; Fax: +49-89-23 031 283, Tel.+49-89-23 031 113,

Karlheinz Pahler: Bayerisches Landesvermessungsamt, Alexandrastrasse 4, D-80538 M uinchen, Germany; Tel. +49 - 89 - 2129 12 54, Fax: +49 - 89 -

® Wolfgang Schliiter: Bundesamt fiir Kartographie und Geodésie, Fundamentalstation Wettzell, Sackenrieder Weg, D - 93444 K 6tzing, Germany; Fax:
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EUREF

EUREF is the Sub Commission for Europe of IAG's
Commission X on Global and Regional Geodetic Networks.
The objective of EUREF isthe redlization and maintenance
of ageocentric European reference frame for geodetic and
geodynamical applications, and moreover the determination
of transformation parameters for the national networks by
the main projects:

— the EUREF Permanent Network (EPN)

— a network of high precision geodetic reference sites
determined by various GPS campaigns

— the computation of the vertical network (UELN — Unified
European Levelling Network / EVS— European Vertica
System) and itsintegration inthe European Vertical GPS
Reference Network (EUVN) as well as the European
Combined Geodetic Network (ECGN).

Theforumwherethese activities are discussed and decisions
are taken is the annual symposium, organized since the
EUREF foundation. Thelast symposiahave been attended
by more than 120 participants coming from more than 30
member countriesin Europe. Current activitiesare governed
by the Technical Working Group (TWG). The results of
EUREF are avail ablein the symposia proceedings as well
on the EUREF homepage (http://www.euref_iag.org/).

Since the beginning of EUREF, Germany is intensively
engaged in this IAG project. The secretariat of the Sub-
commissionislocated at the German Geodetic Commission
in Munich. Several German geodesistsare members of the
TWG. The planning and realization of numerous EUREF
campaigns was organized and mostly subsidized by the
Federal Agency for Cartography and Geodesy (Bundesamt
fur Kartographie und Geodésie— BK G) in Frankfurt a. M.
and Leipzig. Numerous colleaguesfrom other countrieswere
guests of the BKG to be trained in the analysis of GPS
networks. Moreover, the BK G isleading in EUREF activities
concerning the vertical networks such as the devel opment
of the UELN, the EUVN, the EVS as well as the newly
started ECGN. The BKG is also operating as a data and
combination center of the EPN, providing access to
observations and analysis results through its server.

In the period 1999 — 2003 the following meetings which
were planned and organized by the respective local
organizing committees in cooperation with the EUREF
Secretariat are to be mentioned: The EUREF Symposiain
Tromsg, 22.-24. 6. 2000, in Dubrovnik, 16.-19.5.2001 Ponta
Delgada, at the Azores, 5.-7.6.2000 and in Toledo, 4.-
6.6.2003, and 9 EUREF TWG meetings.

The proceedings of the EUREF symposia were compiled
by the EUREF President and Secretary, the printing was
financed by the Bayerische Kommission fur die Inter-
nationale Erdmessung (BEK) in Munich up to vol. 9 and
later by the BKG. Intheperiod sincethelast IUGG Genera
Assembly, the 5 volumeswere edited as publications of the
IAG/ Section | — Positioning; Subcommission for Europe
(EUREF). The documentation is also available on the
EUREF homepage.

EUREF GPS campaigns

Results of thefollowing EUREF GPS campaigns have been
accepted by EUREF asclass”B” (1 cm accuracy et the epoch
of observation) inthe period 1999 to 2003: Moldavia 1999,
SWEREF 1999, Balear 98, Grest Britain 2001, Poland 2001,
Austria2002, and Hungary 2002. Thefollowing 3 campaigns
combined the observations over various years in a kine-
matical model and were thus candidates to be accepted as
class”A” (1 cmaccuracy in ETRS89): Croatia campaigns
from 1994 — 1996, Slovenian campaignsfrom 1994 — 1996,
and Slovakia campaigns form 1993 — 2001. The station
vel ocities were poorly determined and for that reason the
campaigns have been accepted as class B as well.

With a European Spatial Reference Workshop 1999 and
the Cartographic Projection Workshop 2000 in Marne-la-
Valleethefoundationswerelaid for the definition of uniform
European coordinate reference systemsin position and height
for the spatial referencing of geodata of the European
Commission and for future specifications of productsto be
delivered to the EC and the promotion of wider use of the
systemwithin all member states by appropriate means. These
activitiesare related to the Working Group on Datum and
Coordinate Systems of the Commission X. Theinformation
system for coordinate reference systems (CRS) isacommon
initiative of EUREF, EuroGeographics, and BKG (http://
crs.ifag.de). The CRSinformation system orientates on the
international standard 1SO 19111. The Information System
containsat present: The descriptions of pan-European Coor-
dinate Reference Systems, the descriptions of national Coor-
dinate Reference Systems of European countries and the
descriptions of transformations to European Terrestrial
Reference System ETRS89.

UELN95/98, EUVN and DHHN92

BK G isdataand computing center of the European height
projects. With the project of the United European Levelling
Network 1995 (UELN95) EUREF continued theredization
of avertical system in aone-decimeter accuracy level over
the continent. In 1999 the data.and computing center distri-
buted to the contributing countries the solution UELN95/98.
UELN95/98 iscomputed in geopotential numbers and equi-
valent in normal heightsin relation to the Normaals Amster-
dams Peil (NAP).

In 2002 the European Vertical Reference Network (EUVN)
project started in 1997 with a GPS campaign simultaneous
on 200 points was finalized. EUVN is a static integrated
network for GPS, levelling, gravity and sealevel observations
a tide gauges. BKG was GPS and levelling dataand analysis
center. The European Combined Geodetic Network (ECGN)
starting in 2003 is the continuation of the EUVN in the
kinematic mode. Theinformation on the projects of European
helght reference systems are present made available separate-
ly at http://evrs.leipzig.ifag.de.

The*German Primary Levelling network 1992 (DHHN 92)”
bases of the latest preciselevelling was established in each
of the old and newly formed German States. The heights
were calculated as normal heights with the normal gravity
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formulaof the Geodetic Reference System 1980 (GRS 80)
inthelevel of the NAP. The heights, which were caculated
in the system of the DHHN 92, are named “heights above
Normalhéhennull (NHN, level datum of DHHN 92)”. Since
1% January 2002 the system of normal heightsin the system
of the DHHN92 has been completely realized in the newly
formed German states. The state of work inthe old German
statesisvarying. For about onethird of all vertical control
pointslocated in Germany heightsabout NHN areall inall
aready available.

SIRGAS/CASA

A second GPS observation campaign of the ” Sistema de
Referencia Geocéntrico paraAméricadel Sur” (SIRGAS)
has been observed in 2000. The number of stations has
increased compared to the first campaign in 1995. The
objective of SIRGAS has been extended on the one hand
by the enlargement of the area of interest to Middle and
North America, and on the other hand by the effort to
standardize the national height systems. The observations
has been reduced and analysed by the Deutsches Geo-
déatisches Forschungsinstitut (DGFI).

GPS Observations from the 1999 und 2000 campaigns of
the” Centra and South America(CASA)” GFZ projectshave
been analysed and were used to update the existing solutions.

SCAR GPS campaigns

The GPS campaigns of the Scientific Committee on Antarctic
Research (SCAR) between 1995 and 1998 provide avaluable
data set which is used to link Antarctica with the ITRF
(Internationa Terrestrid Reference Frame), and to gainthe
first detailed insights into the tectonic behaviour of the
Antarctic plate. The Working Group on Geodesy and Geo-
graphic Information (SCAR WG-GGI) decided to givethe
responsibility for the organization, data collection and
analysis to Germany.

In order to benefit in an optimum way fromthelargelogistics
effort, an independent dataanalysisby six German groups
using four different software packageswas carried out. The
analysis of the seven different solutions provides valuable
insightsinto the stability and reliability of current evaluation
techniquesfor large GPS networks. The level of agreement
of 1 cm for horizontal and of 2 cm for vertical position
componentsisan excelent basisfor further geodetic research
in Antarctica, for exampletide gaugefixing, airborne gravi-
metric surveysor local calibration of satellite remote sensing
techniques. The final set of coordinates forms as well an
excellent zero basisfor future plate kinematic studies. The
obtained station velocities already relate Antarcticato the
global plate kinematic scheme, and they provide a more
detailed view into the recent tectonic situation of the Ant-
arctic Peninsula. in (DIETRICH et. al. 2000 and 2001).

Geodetic work, together with geological and geophysical
investigations, provides an excellent basis for a further
discussion of tectonic behaviour in Western Antarctica, in
particular in the area of the Bransfield Strait.

The Antarctic GPS reference network isaregional densifi-
cation part of ITRF 2000.

GLONASS

BKG analyses the tracking data of global permanent
GLONASS stationsand determinesimproved GLONASS
satellite orbits aswell as system differences between GPS
and GLONASS. Theresults contribute to the International
GLONASS Service (IGLOS), apilot project of the IGS.

Geodynamical networks

A regional and alocal GPS network for the study of tectonic
and anthropogenic ground motion in the Lower Rhenish
Embayment hasbeen set up inthe early ninetiesand isbeing
observed annualy in a campaign-style mode with GPS.
Special care has been placed on the selection of the sites
and on antenna calibration. From 1994 onwardsthe derived
site motions have begun to show large subsidence of up to
2.5 cmly dueto groundwater withdrawal in the mining areas
and after seven yearsaso small tectoni ¢ trends of horizontal
extension across the Embayment, as well as uplift in the
western Rhenish Massif (CAMPBELL et al. 2002).
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Permanent GPS networks and real-time positioning

M. BECKER?, G. WEBER?

Global and regional permanent networks

At the GeoForschungsZentrum (GFZ) Potsdam group on
"Active global and regional networks, including SAPOS",
the number of permanent GPS receivers operated by GFZ
Potsdam has steadily increased during the last years and
amounts to 54 totally in early 2003. For supporting the
classical IGSactivities15 globally distributed stationsare
operated with 30 sec sampling rate and hourly dataretrieval
except one station providing daily data only (RAMATSCHI
et al., 2000).

During the last four years the activities were significantly
enlarged for operational requirements of the satdllite missons
CHAMPand GRACE. A global high-rate (1 sec), low latency
(15 minutes) sensor station network was established in 1999
for the CHAMP/GRACE orhit recovery and for monitoring
the neutral atmosphere and the ionosphere (GALAS et al.,
2001; GALAS, KOHLER, 2001; REIGBER €t dl., 1998). Present-
ly this network comprises 15 stations and the data are
available viathe CHAMP ISDC at GFZ and in the global
|GSdatacenters. Thisnetwork has beenintegrated into the
global IGS high-rate network for supporting the IGSLEO
activities.

The various GFZ projects for studying regional crustal
motions are supported by additional 9 permanent sitesin
South Americaand Canada. A dedicated 3-station array for
monitoring volcanic activities was established in Mexico
(GaLAsetd, 1998). For the calibration of atimeter missions
(ENVISAT, TOPEX, ERS, JASON) amoored buoy inthe
North Seawas equipped with aGPS receiver and isoperating
since 2001.

Following the IGSworkshop “ Towards Reatime” in April
2002, the Subcommission EUREF of |IAG’s commission
X decided to contribute to the real-time dissemination of
GNSSdataover theInternet. An HT TP-streaming technique
called “Networked Transport of RTCM via Internet
Protocol” (Ntrip) has been devel oped (WEBER, 2002, GEB-
HARD and WEBER, 2003). Its implementation within the
framework of EUREF is under way.

Inthe EUREF group with its European Permanent Network
(EPN) the Bundesamt fiir Kartographie und Geodésie (BKG)
contributed to the computation of the | TRF2000 (BECKER
et d., 2000). BKG and the Bayerische Akademie der Wissen-
schaften (BEK) aretwo isone of the 16 local EPN analysis
data centers. The sub-networks analyzed by each of the

centersare combined by BKG into the official weekly EPN
solution. The processing methodology and strategy were
improved with guidelinesfor astandardized processing and
investigations of problem sites (BRUYNINX et al., 2000).
Recent changesin theanalysisof the 16 EPN subnetworks
(performed by the Local Analysis Centers) and their com-
bination (performed by BKG) aregivenin HABRICH, 2002.

National permanent networks

The permanent network of the survey authoritiesin Germany
named SAPOS (ADv, 2002) was almost completed in the
period 1999 to 2003, the number of siteshbeing 261 in spring
2003. Thisnetwork providesDGPS and RTK servicesfor
positioning and navigation purposes (WEBER et a. 1999).
The networks are processed inreal time by central processing
facilitiesin each federal state and datais disseminated by
GSM phone and internet (Dick, 2001, WEBER, 2001, ROSEN-
THAL, 2001a,b). Both the concept of “Virtual Reference
Stations” and aerial correction surface-parameters are
realized in parallel (LANDAU, 2001, Huck et al. 2002,
WUBBENA, 2002).

The German GPS Reference Network (GREF) operated by
the BKG is gradually improved to a rea time GPY
GLONASS network since 2000. The real time network
stations are combined with gravity measurements and will
be connected to the European leveling network. GREF
realizes the connection between the EPN and SAPOS.

The multi-purpose concept of SAPOS and other services
intheframework of European DGPS services was discussed
by (AUGATH, 2000, 20013, 2001b).

In acooperation with Brazil and sponsored by the German
Government the Hanover University fostered the devel op-
ment of aRTK reference station network in Brazil. Special
topicsof this project were the devel opment of a state-space
model for the network (WUBBENA, WILLGALIS, 2001) and
theinvestigation of ionospheric disturbancesin view of the
equatoria and sun-cycle conditions (WILLGALIS, et al., 2001).
A further aspect wasthe use of active networksfor cadastral
applicationsin Brazil (WILLGALIS et a., 2002).

The multi-purpose concept of SAPOS and other services
intheframework of European DGPS serviceswas discussed
by (AUGATH, 2000, 20013, 2001b).
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Networksfor ground based GPS M eteor ology

Theuse of GPSfor detailed short-range numerical weather
prediction requires observational information with high
spatial and tempora resolution. The GFZ, leading the
Helmholtz Association's Strategy Fund Project GASP (GPS
Atmospheric Sounding Project), established anear red-time
network of 21 stations at synoptic sites of the German
Weather Service (DWD), (Dick et al, 2001). The network
for this project was steadily densified by using stationsfrom
the SAPOS network containing now 140 stations (REIGBER
et a., 2002).

The GFZ isprocessing the hourly datain near rea time NRT
(GFz, 2003). Theandysdisisfinished within 10 to 20 minutes
with an availability of the GPS-datacloseto 90%. Thefinal
product is the Integrated Water Vapor (IWV) with a
precision of about 1 to 2 mm. In cooperation with the DWD
the IWV has been monitored and assimilation experiments
have been carried out to test the impact of the new obser-
vationsin the operationa non-hydrogtatic limited-area-model.
The GFZ and DWD researchis participating in the European
research cooperation COST-Action 716 "Exploitation of
Ground-Based GPS for Climate and Numerical Weather
Prediction Applications’ (ELGERED, 2003).

EUREF's Permanent Network (EPN) has been used
extensively for the estimation of troposphere parameters
in post-processing modus. Weekly combinations of actually
16 national European solutions are carried out since 2001
(KANIUTH, 2000, SOHNE and WEBER, 2002)

Modelsand Strategiesfor RTK Positioning

Various studies focused on permanent network sites
characteristics, the GPS dataquality monitoring (AUGATH
et al., 2003; LANDAU, 2000), modelsfor RTK networksin
view of ambiguity resolution and parameter representation
aswell as network design and data dissemination.

Site characteristics can be determined by analyses of the
carrier phase datafor multipath and diffraction (WANNINGER,
MAY, 2000, 2001; WANNINGER €t d., 2000; AUGATH, 2003),
correctionsat thelevel of undifferenced phase observations
seem feasible.

The concept of modeling Virtual Reference Stations was
studied in detail by (WANNINGER, 19993, 20004). It was
extended to large scal e kinematic positioning by the use of
semi-kinematic virtual reference sites (WANNINGER, 2002,
VOLLATH et d., 2001). Severeionospheric disturbances play
amajor role in RTK positioning and their mitigation and
counter-measureswere derived in (WANNINGER, 1999b,c,
2000b,c).

The general methodology for RTK modeling was
investigated by (LANDAU et d., 2001, WUBBENA et al., 2001,
WUBBENA, WILLGALIS, 2001). (LEINEN, 2002) introduces
an dternative approach based on fuzzy-logic asreplacement
for the conventional stochastic approach. (KEENEN et al.,
2002) discussthefutureformatsfor RTK data dissemination.
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Positioning for close range and engineering applications

W. NIEMEIER*

Close range applications of GPS

In the last four years the application of high precision
differential GPS cameto wide practical usein engineering
surveying. Measuring principles are static and kinematic
DGPS, using phase observetions. Asreference getion partial-
ly the established permanent GPS-networks like SAPOS,
ASCOS are used, but mainly here project related reference
gationswere set-up. HOLLMANN (2000) givesacomprehen-
sive and competent overview on various problems related
to GPS observations when establishing local geodetic
networks. ILLNER (2002) illustrates, that even with RTK-GPS
a precision of several mm can be reached, if repeated
observationsand local reference stations or near-by SAPOS
stations can be used.

Main applications of GPSin close range were the setting-out
of large scale structures, like tunnels (SCHAFER & WEITHE
2002), bridges (KrRause 2000), power gations, airportsand
railway constructions and track control.

A further complex isthe use of continuous GPSfor the moni-
toring of longterm deformation processes of structures. Here
several systems are developed, e.g. KALBER et.al. (2001),
BAUMKER et.al. (2000). All these systems make use of phase
observationsin GPS and work with local reference stations
to avoid problemswith atmospheric disturbances. Some use
L1 low-cogt receivers, othersL 1 and L2 observations. Further
onthe“raw” GPSresultsarein general smoothed by apply-
ing simple or sophisticated filtering (BACKHAUSEN et.al.
1999). The stated accuracy of these systemsisintherange
of afew mm. Reports on experimental use of these monitor-
ing systems (KORITTKE & PALTE 2002) provethe high
reliability of these conceptsand mainly the stated accuracies.

Positioning with terrestrial techniques

L aser scanning techniques

A highlight in the past four years was the advent of |aser-
scanning in geodesy. By thisinnovative technique the geo-
metry of structures will be determind or “captured” by a
dense, regular digtributed raster of pointsand not —asis usual
in geodesy — by alimited number of representative points.
The primary observationsin laserscanning are ranges, which
are physically based on three principles: time of flight, phase
differences or optical triangulation. The measuring beam
itself isvariing stepwisein horizontal and vertical direction,
where the size of the steps can be preset or are fixed. An
overview on available laserscanners and their characterigtics
is given by NIEMEIER, THOMSEN and SCHAFER (2002b),

details on specific instruments are given in RUNNE et.al.
(2001). A description of specific instruments and their
potential can be found by HEINZ et.al. (2002), MUCKE (2002),
ScHOCK (2002) STEPHAN et.al. (2002) and WEHR (2000).
A typical application in a steel factory plant is given by
STAIGER & MUHL (2002).

Themain task in laserscanning isthe modelling of the geo-
metry of structures or building out of the 3D point clouds
(BRINGMANN 2002), which are the basic output of a scan.
Thistask can be derivated into two main steps

a) Estimation of of the geometric primitives, like edges,
corners, plains and higher order surfaces, which describe
the geometry adequately. For edge detection HOVENBITZER
(2001) has derived astrategy, using the distance increments
between neighboring points. A rapid changeintheseincre-
ments is an indicator for a sharp change in the geometry,
e.g. an edge. A more genera concept isdeveloped by KERN
(2003) and KERN ét.al. (2002), where the definition of basic
surfaces gtartswith atriangul ation of the laserscanning data,
theinclusion of roughness parametersand isthen based on
the application of adequate statistical testing.

b) The combination of different scans is necessary to
determine acomplete geometry of 3D-structures, asascan
can only giveinformation of one side of an object. For this
connection of scansthe use of identical surfaces (NIEMEIER
& KERN 2001), sherical elements of different diameter
(ScHock 2002) and specia activetargets (NIEBUHR 2002)
are recommended.

Aninteresting aspect isthe combination of 3D point clouds,
asdetermined by laserscanning, with digital images (SCHWE-
MANN & EFFKEMANN 2002), (KERN 2003). By thiscombina
tion amuch more realistic impression of the objects can be
derived.

L asertracker

During thelast yearsasafurther advanced instrument set-up
lasertrackers were introduces, which allow a continuous
positioning or kinematic surveying of targets. In contrast
to laserscanning here the laserbeam foll ows automatically
aretroreflective target, which is used as handheld device
in touch with aregular surface to determine adense series
of 3D-pointsasrepresentativesfor thissurface. Thedistance
changes are determined by interferometry, allowing high
measuring frequencies and accuraciesin therange of 0.05
mm. Just recently theseingtrumentsare equiped additionally
with absolute distance devices, which allow in close range
applicationsasimilar high accuracy for the absolute distances

1 Wolfgang Niemeier, Intitut fiir Geodasie und Photogrammetrie, Technische Universitat Braunschweig, GauRstralle 22, D - 38106 Braunschweig, fax:
+49 - 531 - 391 74 99, tel.: +49 - 531 - 391 74 73, e-mail: w.niemeier@tu-bs.de
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asfor the distance changes, reported by NIEMEIER & RIEDEL
(2002), ScHWARz (2002, 2003). MESSING (2002) presented
apractical application of lasertracking in industry, where
theform of pre-fabricated concrete elementsis controlled
very effectively by alasertracker.

Automated total stations

Positioning with total stations nowadays meanstheinclusion
of additional options, that came into wide use during this
reporting period (e.9. DUNISCH & KUHLMANN 2001, HENNES
& KRICKEL 2000). The motorisation of the movements of
the horizontal and vertical axisallow repeated observations
for predefined setups, which makesthe observationsfaster
and more economic than classica approaches. The automeatic
target recognition “ATR” (SCHWARz 2002, 2003) allows
the use of these total stations for continuous monitoring.
NIEMEIER et.al. (2000) have applied such a system for the
continuous monitoring of a bridge with about 200 survey
marksand 3 measuring epochs per day. The system iswork-
ing now since more than three years.

A breakthrough was made in the development of distance
observations without any targets, i.e. to carry out rapidly
and precisely distance observationsto natural objects. Main
applications for these techniques is the documentation of
buildings (BRUSCHKE 2002).

In STEMPFHUBER & MAURER (2001) adetailed analysis of
the potential and characteristics of moderntotal stationsis
given. SCHWARZ (2001) reported on concepts and solutions
for the calibration of this type of geodetic instrumentsin
the laboratory.

I ntegration of GPSinto existing networks

Inthelast four years the determination of heights by GPS
was emphasized, while for the 2D-integration the concepts
mainly were established earlier. Still the accuracy of GPS
heights seems to be lower than the accuracy of geometric
levelling, due to limiting factor of the lower atmosphere.
Of special interest was the use of specific height reference
surfaces. DENKER (2002) proposed the use of the nowadays
available precise geoid/quasigeoid models with a stated
precision of about 1 cm for distance up to 200km, which
allow GPS-heighting without any passpoints and cm-
accuracy, see aso FELDMANN-WESTENDORFF (2002) for the
goplicationin Lower Saxony. Thedigita finite dement height
reference surface (DFHBF), as proposed by JAGER & SCHNEID
(2002), will be used for online GPS integration — again
without further identical stations—in Baden-WUrttemberg
(MEICHLE 2002).

M ulti-Sensor-Systems (MM S)

In LUCK et.al. (2001a) a combined DGPS/INS is used to
determineirregularities of railway tracks, using the Sigma
30 INS of Sagem.

A completely new concept isthe use of micro-mechanical
MEMSinertia technology for indoor navigation (LUCK et.al
2001b), afuturefield for rea-time positioning.

FoppE (2001) has proposed the use of aninertia systemfor
the determination of bending of structures, what is of special
interest for bridges. He has devel oped a specific software
concept, which alowsto determinetherelevant information
more stabl e than common approaches and where heincludes
GPS-coordinates as additional information.

KATRYCZ (2002), KATRYCZ & NIEMEIER (2001) reported
on the development of astrapdown inertid system, consisting
of threering laser gyros from Honeywell and three Qflex
accelerometersfrom Allied Signal. A specia housing was
developed by Deutsche Montan Technologie (DM T), which
fulfillsthefiredamp-proof and the expl osive-proof to make
thisIMSapplicablein mining and intheinterior of landfills.

The promissing developmentsa the University of the Federa
Armed Forcesin Munich of multi-sensor-systems, named
KiSSand MoSESfor the determination of thetrajectory of
land vehicles and/or the geometry of streetsor other trans-
portation linesincluding its surrounding could be continued
and applied in practise. In STERNBERG (2000) the status
of thisdevelopment isdescribed in detail, whilein STERN-
BERG et.al (1999) thefilter algorithmsfor theraw data sets
areoutlined and in CASPARY et.al. (2000) the focusis set
antheapplication for acomplete survey of streets. In GRAFE
et.al. (2001) emphasisislaid on the use of the Applanix
inertial systemfor the precison of thetrgjectory inthe system
MOSES. General aspectsof kinematic surveying areoutlined
in CASPARY (2001).

A different MM, congisting of GPS, azimuth and inclination
sensors, isdeveloped by THOMSEN & SCHALLER (2002) for
the real-time monitoring and control of compaction processes
on landfill sites. Here continuous information is used to
derive area-time DEM and to give steering information
to the driver of the compaction machine, whether or not the
compaction processisready or further passing isrequired.

Applicationsto engineering

A specid initiativeisthe development of aninternet presen-
tation on the potential and the high range of applications
of engineering surveying, caled CCES* Competence Centre
of Engineering Surveying” (NIEMEIER et.al. 2002). This
internet presentation isespecially devel oped and designed
for expertsfrom neighboring disciplines. They get to know
what isthe actual standard of observation and processing
techniques for their specific problem, what are proven
measuring concepts and what can be achieved from the
surveying profession during the different stages of the
devel opment of aproject. Besidesthisinformation on regula-
tionsand codeswill be made available and the CCES wants
to stimulate the information exchange among scientistsand
practitiniersfrom various professional fields. Theinternet
presentation www.cces.deis established and maintai ned by
theworking committee " Engineering Surveying” of theDVW
(German Society of Surveying, Geoinformation and Land
Management). The acceptance of thisweb-page, whichis
partly availablein English, is quite good with about 2000
visitors per week.
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GRUNDIG (1999) illustrates the tasks and the importance of
engineering surveying for the structural engineers. A civil
engineeringsview on theimportance of engineering survey-
ing isgiven by LAERMANN (1999), who focused the potential
that liesin a closer cooperation between both disciplines.

Kinematic positioning alowsthe use of real-time geometric
information for guidance of construction machinery. Among
othersWUNDERLICH (2001) presented on overview on current
achievements and future devel opmentsin thismore and more
important field of application for positioning systems.
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Nuisance effectsin precise GPS positioning

G. SEEBERY, J. CAMPBELL?, L. WANNINGER?

I ntroduction

Withinthe GPS error budget the most important influences
as seen today are the

— antenna phase center variation (PCV)
— multipath
— tropospheric and ionospheric propagation delays.

Other important aspectsinclude the reliability of ambiguity
resolution and the time needed to fix the ambiguities.

Multipath and PCV are station dependent effects; they are
dealt with in station calibration procedures. Tropospheric
and ionospheric propagation delays can be reduced by reldive
GPS observations. Theresidual effectsare distance depen-
dent. The same holds for most ambiguity resolution tech-
niques. In permanent reference networks real-time error
modeling can be offered to mitigate the effectsin precise
relative positioning with mobile GPS equipment.

During the past four years aconsiderable amount of research
work inthisareahasbeen carried out in Germany. A sdlection
of key publicationsis given in the text. A more extensive
list isincluded in the references.

Antenna phase center variations

Absolute and relative calibration techniques of GPS antennas
compriseawidefield of activities (GORRES 2001, WANNIN-
GER 2002). Now it is common understanding thet in reference
station networks, such asthe networks of the | nternational
GPSService (IGS) and the Satellite Positioning Servi ce of
the German State Surveying Agencies (SAPOS), as well
as for higher precision surveying tasks, only calibrated
antennas should be used. Powerful methods of absolute
calibration have been developed. Besides calibration in
anechoic chambers (BECKER, ZEIDLER, 2002) anew method
of absolutefield calibration using arobot has been devel oped
(MENGE et a., 1998; WUBBENA et al., 2000; BODER et &l.
2001; ScHMITZ et al. 20028). For most antennatypesrepre-
sentative resultsare now available (ScHMITz et a. 2002b).
Attemptsare being madeto define a“zero antenna’ (without
PCV) for use in reference station networks. The great
importance of thistopic isemphasized by thefact that four
“GPS antenna-workshops’ have been organized at the uni-
versities of Bonn and Hannover between 1998 and 2002.
One highlight of the last workshop 2002 in Hannover was

the presentation of results from an intercomparison of
calibration values for a set of five antennas obtained by
different groups with different methods. The preliminary
results show that thereis agreement onthelevel of the PCV-
patterns of 1 to 4 mm depending on the antenna type and
frequency (CAMPBELL, SEEBER 2002, ROTHACHER, SCHMID
2002a).

The use of absolute antennacdlibration in global networks
has created ascal e problem with respect to the other space
techniques and is probably related to the lack of a correct
antennamodel for the GPS satellites (ROTHACHER 2001,
ROTHACHER, SCHMID 2002b).

Multipath mitigation

Thetraditional techniques of multipath mitigation are sgna
processing techniquesin the receiver (e.g. narrow correl ator)
or particular antenna design (e.g. choke ring antenna). An
alternative approach for permanent stations is multipath
calibration. A new technique has been developed using a
robot and absol utely calibrated antennas. Thebasicideais
to decorrelate the multipath through controlled motion of
arobot operating near astation to be calibrated. First results
are reported in BODER (2002). The use of permanent
reference station network observationsfor the localization
and calibration of multipath is described by WANNINGER
et al. (2001).

Another station dependent nuisance effect is diffraction
(bending of the signdl path). Itseffectsarefdt when thedirect
GPSsignal isobstructed but adiffracted signal isreceived.
GPS signal diffraction may cause errors of up to severa
centimeters (WANNINGER et a., 2000).

Tropospheric propagation delay

Theincreasing number of permanent GPS stations (e.g. IGS,
SAPOS), and the availability of GPSreceiverson Low Earth
Orbiters(LEO) continuously provides awealth of datafor
atmospheric delay modeling. Special approaches apply an
integration of numerical weather models (SCHULER, 2001).
Radiometric measurements can be used for vaidation studies
(BECKER et @, 2002). Residual tropospheric errorscan be
modeled in active reference networks (WANNINGER, 2000)
within the concept of VRS (virtual reference stations) or
ACP (area correction parameters). Selected studies refer

1 Glinter Seeber, Universitat Hannover, Intitut fiir Erdmessung, Schneiderberg 50, D - 30167 Hannover, Tdl. +49 - 511 - 7622475, Fax +49 - 511 - 7624006,

E-mail seeber@mbox.ife.uni-hannover.de

2 James Campbell, Geodétisches Institut, Universitat Bonn, NuRRallee 17, D - 53115 Bonn, Fax: +49 - 0228 - 733 281, Tel.: +49 - 228 - 733 562/65, e-mail:

campbell @sn-geod / campbell @sn-geod-1.geod.uni-bonn.de

% Lambert Wanninger, Ingenieurbuero Wanninger, Melsbacher Str. 2, D - 56567 Neuwied, Tel/Fax: +49 - 2631 - 951698, e-mail: wanninger@wasoft.de



G. Seeber, J. Campbell, L. Wanninger: Nuisance effects in precise GPS positioning 29

to thetropospheric effect on vertica postioning (DEPENTHAL
et a., 2000)

lonospheric propagation delay

Like the troposphere &l so the ionosphere can be modeled
by the available wedlth of datafrom ground tracking sations
and LEO occultations (KLEUSBERG, 1998). Severe iono-
spheric conditionswere experienced during the recent years
of solar maximum. Various studies have been performed
on how these effects can be mitigated by the use of permanent
reference station networks (WANNINGER, 1999). New aspects
arise with the availability of additional frequencies using
the forthcoming Galileo system (PANY et ., 2002).

Ambiguity resolution techniques

Significant progress has been achieved in ambiguity reso-
lution techniques by a more complete modeling of GPS
observations (WUBBENA, 2001). Particular investigation
improves the techniques (GRAFAREND, 2000). Emphasis
is given to near real-time solutions (KUTTERER, 2000). A
powerful procedure uses data from permanent reference
stations for an error modelling in real-time (WANNINGER,
2000). This technique reduces distance dependent errors
(orbit, troposphere, ionosphere) and at the same time it
reducesthetimeto fix ambiguities and increases the success
rate of ambiguity fixing. In Germany thisconcept iswidely
used inthe SAPOS service (AdV, 2002). A modern approach
isthemodelling of the error state within aregional network
of reference stations (WUBBENA et a., 2001) and theinte-
gration with continental and global networks (WUBBENA,
2002b). Further advantages are expected by theinclusion
of additional GPSsignals(VOLLATH et d., 1999) or Gdlileo
data (TiBERIUS €t al., 2002).

Integrated modelling of effects

The domination of station dependent and distance dependent
nuisance effectsisintensively treated in permanent reference
station networks. The proceduresin use are station calibra-
tion, virtual reference stations (VRS) and area correction
parameters (ACP). Comprehensive publications can betaken
from the proceedings of the annual SAPOS conferences,
for example AdV (2002). Some key publicationsin thisarea
are BODER et al. (1999), WANNINGER (2000), WUBBENA
(2002a).

The capacities and limits of nuisance effect modeling are
demonstrated in a comprehensive intercomparison study.
The overal effect in adata analysis can be considered as
a process noise, including software noise (selection of a
particular software package), operator noise (selection of
particular options), reference frame realization noise (sl ec-
tion of a set of fiducials). As a consequence, a given data
set will lead to dlightly different results, when different
operatorswork with different software packages. A 40-day
long data set from about 50 stations on the southern hemi-
gpohere have been andysed with 4 different software packages
in 7 laboratories. The mean differences between solutions
are1 cmin horizontal position and 2 cmin height (DIETRICH
etal., 2001) .
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Advanced Space Technology
— Overview and highlights—

R. RUMMEL*

The past four years were unusually active and successful
in the area of geodetic space research and our expectation
isthat thiswill hold for the next four years, too. Theactivities
can be divided into three categories: (1) Effortsto improve
the consistency and precision of exigting geodetic space tech-
niquesin space and time, (2) the extension of existing tech-
niguesinto new fields of applicationsand (3) theinitiation,
realization and preparation of new satellitemissions. Very
helpful in these efforts proved the support of the German
Research Foundation (DFG) and the support of the German
Ministry of Research and Technology (BMFT). Thelatter
initiated aso-called geo-technol ogy programme. One of its
twelvethemesiscalled “ Observation of System Earth from
Space”, atopic focussing of Earth oriented geodetic space
research.

Inthefollowing the above three categories of geodetic space
research activity shall be summarized.

Towards an Integrated Global Geodetic
Observing System (1GGOYS).

The progress of geodetic space research has lead to many
new developments in Earth sciences. While in the past
geodesy has mainly contributed to geodynamics, it has
nowadays expanded into glaciol ogy, oceanography, weather
prediction, climate research and even hydrology. Thereis
general agreement, however, that the geodetic contribution
to global change and Earth system research could be
strengthened by closer tying together itsthree fundamental
pillars earth rotation, geo-kinematics and gravity/geoid to
one integrated system. This would require the integration
of these three basic entities to one global reference frame
and the maintenance of its stability and consistency in space
and time over decadesat aprecision level of 10° or better.
Apart from its scientific value such a system would also
improve geodesy’ svisibility in the context of all other Earth
sciencedisciplines. Aninternational discussionwiththeaim
to create such an observing system has been initiated with
asymposium “Towards a Global Integrated Geodynamic
Observing System” that washeld in Munichin October 1998,
(RUMMEL et al., 1998). Meanwhile |AG established awork-
ing group that formulated aprogram for such aninitiative.
Theplanistoimplement IGGOSasan IAG project in 2003
in Sapporo. Already now several international and national
research programs take |GGOS into consideration.

A precondition for any establishment of aglobal geodetic
observing systemistheintegration and combination of al
existing geodetic space techniques with an accuracy, con-
sistency and reliability higher than what isavailable today.
Thisiscurrently one of the central objectives of the Inter-
national Earth Rotation Service (IERS), compare (Dick and
RICHTER, 2002 and http:/mww.iers.org/iers/). Onitsworking
agenda are therefore items such as the direct comparison
of space techniques, unification of processing methodsin
terms of datum definition, adjustment approaches and
auxiliary geophysical modes, and improvement of local ties.
In acoordinated effort of GeoForschungsZentrum (GFZ)
and of Forschungsgruppe Satellitengeodésie (FGS) the
German level of engagement in IERS-activities has been
increased significantly. The Bundesamt fir Kartographie
und Geodasie (BK G) took responsibility of the| ERS-central
bureau, the Satellite Geodetic Research Facility (FESG) of
Technical University Munich coordinates the analysis
activitiesinside | ERS (http://a pha.fesg.tu-muenchen.de/-
ierd), the German Geodetic Research Ingtitute (DGFI), the
Geodetic Ingtitute of University of Bonn (GIUB) and GFZ
act as combination research centres.

An important contribution to the international effort of
improving the global distribution of observing stations, in
general, and of fundamental stations, in particular, hasbeen
taken. Of special importance are the refurbishment of the
VLBI-telescopein O'Higgins, Antarcticaand theingtallation
of the trangportable fundamental station TIGO in Conception,
Chile. The latter is operated in close cooperation with our
colleaguesfrom Chile. Regular observation sessions of the
various systems started in spring 2003.

Expansion of geodetic space techniques into
new fields of Earth sciences.

GPS continues to remain a never ending success story.
Originally used in geodesy for high precision relative
positioning it is meanwhile a standard techniquefor crustal
motion monitoring, Earth rotation determination, kinematic
positioning and time comparison and transfer. In recent years
it became, in addition, almost a standard for precise orbit
determination of low orbiting satellites, again with alarge
number of secondary usesand, last not least, it turned into
avery powerful tool for probing the atmosphere (ionosphere,
troposphere, space weather). The latter adds atmospheric
sounding as a forth pillar to the classical geodetic trinity
Earth rotation, geo-kinematicsand gravity & geoid. Itisan
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example where a traditional noise source of geodetic
measurements, namely atmospheric refraction, could be
turned into ahighly valuable signal. The principal fields of
application are monitoring of the ionosphere and the
determination of profiles of atmospheric refractivity. The
latter are reconstructed from the bending angles of signal
profiles of rising and setting GPS satellites. Indry air they
can betrandated directly into density profiles, and introdu-
cing some model assumptions, into pressure and temperature
profiles. More complicated isthe separation into humidity
and temperature when there iswater vapor present. But there
isaclear potential for obtaining high quality water vapor
profiles with this approach. See (REIGBER €t a., 2003).

The alternative but complementary approaches are atmo-
spheric sounding based on aground network of permanent
GPS receivers (and meteorological stations) or on limb
sounding from alow Earth orbiter (LEO) to the satellites
of the GPS. In Germany both methods are applied. There
exists a ground based network operated by GFZ and
supported by the receiver network SAPOS of the German
federal surveying agenciesand by BKG. On the other hand

thereisthe very successful space-borne experiment running
with CHAMP.

A very interesting technological development isInSAR. It
matured from an experimental technique to an operational
onewith many applicationsin Earth sciences. It addsavery
powerful technique to the determination of the geometrical
shape of land surfaces and of their change with time and it
hasto become anintringic part of the global observing system
strategy. With InSAR the dividing line between geodetic
positioning, remote sensing and photogrammetry has
vanished. Very likely thiswill contributeto acloser coopera:
tion of these communitiesfor the benefit of Earth sciences.

New space missions and techniques.

Undoubtedly the most spectacular development isthelarge
number of geodetic space mission that emerged during the
past four years. Several of these missions have been redlized
with significant support from the Federal Republic of
Germany, either as part of national programs or through
Germanys ESA membership. Table 1 givesan overview of
these missions, these with significant German (G) contribu-
tions or ESA missions are written in bold letters.

Table 1: Actual satellite missions of high geodetic relevance

mission science objectives mission duration
CHAMP (G) gravity/magnetic field/atmosphere 2000 — 2005
GRACE (USA/G) gravity (stationary & temporal), atmosphere 2002 — 2007
GOCE (ESA) gravity (stationary, high resolution) 2006 — 2008
TOPEX-POSEIDON (USA/F) ocean altimetry 1992 — 2004
Jason-1 (USA/F) ocean altimetry 2001 — 2006
ICESAT (USA) ice altimetry 2003 — 2008
CRYOSAT (ESA) ice altimetry 2004 — 2007
ERS-2 (ESA) altimetry/climate/envrionment 1995 — 2005
ENVISAT (ESA) altimetry/climate/environment 2002 — 2007
TerraSAR-X (G) SAR/INSAR/atmosphere 2005 - 2010
LAGEOS-1 & 2 (USA) reference system, gravity 1975 - open
GPS (USA) navigation/positioning/orbits/time/Earth rotation. .. 1978 - open
GALILEO(EU, ESA) navigation/positioning... 2008 - open

High-lights of greatest immediate geodetic interest werethe
successful launch of CHAMP (CHallenging Minisatellite
Payload) in July 2000, (ReIGBER et al., 2003), the launch
of the two twin satellites GRACE (Gravity Recovery and
Climate Experiment) in March 2002, (PERKINS, 2003, Tapley
2002, or http:/Mmww.csr.utexas.edw/grace/) ,and the approva
of the gravity gradiometric satellite mission GOCE (Gravity
field and steady-state Ocean Circul ation Explorer) by ESA,
(ESA, 1999). With these three missions a new generation

of satellite gravity sensing systems becomes available and
in succession al three fundamental approaches, high-low
satellite-to-satellite tracking combined with micro-accelero-
metry (CHAMP), low-low satellite-to-satellite tracking
combined with micro-accelerometry (GRACE) and gravity
gradiometry (GOCE) arerealized. Of particular interestis
thefact that CHAMP and GRACE will aim at the measure-
ment of temporal gravity variations. With these missions
—in conjunction with the geometric/geo-kinematic satellite
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missions such as GPS, ocean and ice dtimetry, and INSAR —
geodesy can address avery central theme of Earth system
research: the determination of massanomalies, masstrans-
port, mass exchange and mass balance in and between the
components of the Earth system.

Already the preliminary resultsfrom CHAMP and GRACE,
available so far, exceed al previous models in terms of
accuracy and consistency. Considerable research during the
past four yearswent into the devel opment of sensor and data
simulation and analysis methods for these missionsand into
the establishment of data archiving structures.

References

Dick, W., B. RICHTER (eds.) (2002) IERSAnnual Report 2001,
International Earth Rotation Service, Central Bureau,
Frankfurt/Main, 123 pages.

Bropean Space Agency (1999) Gravity Field and Seady-Sate
Ocean Circulation, ESA SP-1233(1) — The Four Candidate
Explorer Core Missions, ESA Publication Division,
Noordwijk, 215 pages. 261 pages.

PERKINS, S. (2003) Mapping with GRACE, Science Newsonline,
163, 1, page 6.

REIGBER, CH., H. LUHR, P. SCHWINTZER (eds.) (2003) First
CHAMP Mission Results for Gravity, Magnetic and
Atmospheric Sudies, Springer, Berlin, 563 pages.

RUMMEL, R., H. DREWES, W. BoscH, H. HORNIK (eds.) (2000)
Towardsan Integrated Global Geodetic Observing System
(IGGOS), IAG Symposia, Volume 120, Springer, Berlin.

TapLEY, B.D. (2002) The GRACE mission: Satus and
performance assessment. American Geophysical Union
fall meeting. Dec. 6-10. San Francisco. Abstract.



38

Satellite gravity field missions

K.H. ILK?!, J. MULLER?

I ntroduction

The four years since the last IUGG General Assembly in
Birmingham were characterized by remarkable decisions
and eventsrelated to gravity field research by satellites. The
European Gravity and Ocean Circulation Explorer mission
GOCE was selected at the end of 1999 asfirst ESA’sEarth
Explorer Core Mission. In July 2000, the German geo-
scientific small satellite CHAMP (Challenging Mini-Satellite
Payload for Geophysica Research and Application) hasbeen
brought into anearly circular orbit at an atitude of approxi-
mately 500 km. In March 2001, the American-German
mission GRACE (Gravity Recovery and Climate Experiment)
has been launched. CHAMP, GRACE and GOCE havethe
potential to revolutionize the knowledge of the system Earth.
Not only the static part of the gravity field can be determined
with unprecedented accuracy, al so thetemporal variations
of the gravity field will be detected at the longer wavelengths.
Thethree mission concepts based on satdlite gravity gradient
measurements (SGG) asto be realized in case of GOCE,
the high-low satellite-to-satellite tracking concept (high-low
SST) redized in CHAMP and thelow-low satdliteto-satdlite
tracking concept (low-low SST) realized in case of GRACE
are complementary mission concepts. SST issuperior inthe
lower harmonics below degree and order 50 to 100.
Furthermore amission like GRACE isoptimal for studying
thetime-varying gravity field effectsat moderate wavelengths.
One prerequisiteto detect tempora effectsisacorresponding
mission duration of several yearsas expected for GRACE.
Thedttic part of the gravity field up to approximately degree
50 can be determined by CHAMP with high accuracy, even
up to degree 100 by GRACE. Thefirst resultsfrom CHAMP
and GRACE confirm these expectations. A gradiometric
mission as GOCE is superior in the short wavel engths parts
of the gravity field up to a spherical harmonic degree of
approximately 250.

Statusof gravity field missonsand firt results

The best way to get information about the status of the
missions CHAMP and GRACE and about the progress of
preparations of GOCE arethe Internet sites of GFZ Potsdam
and the University of Texas, Augtin, aswell asthe homepages
of the European Space Agency ESA. More specific details
were presented in thereports of REIGBER et d. (1999b, 2000
and 2002). The determination of good orbitsfor the LEOs
(Low Earth Orbiters) based upon GPS observationsis an
important prerequisite for the gravity field recovery.

Corresponding approachesfor CHAMP and other satellites
can be found in SVEHLA and ROTHACHER (2002, 20033,
2003b, 2003c). Additionally, OBERNDORFER et a. (2002a)
and OBERNDORFER and MULLER (2003) investigated how
CHAMP dar tracker and accelerometer data.can be combined
to check each other mutually. The status and future plans
concerning the mission GRACE was presented by TAPLEY
and ReIGBER (2002). An overview of the various mission
concepts, which led finally to the selection of CHAMP,
GRACE and GOCE as the most promising concepts, was
giveninILk (2000). BALMINO et al. (1999a) and RUMMEL
et a. (2002) compared thetypica characteristicsof thethree
gravity field missions. RuMMEL (2002) discussed gravity
gradiometry from EOTvOsto GOCE. BALMINO et d. (1999b)
gave a comprehensive description of the GOCE mission,
which wasthe foundation for the sel ection of GOCE asthe
first of ESA’s Earth Explorer Core missions. SNEEUW and
FLURY (2001) presented GOCE-Geodesy activities in
Germany. Thefirst high-quality global gravity field model
from CHAMP GPStracking dataand accel erometry, Eigen-
1S, waspresented in REIGBER et d. (20023). Firs experiences
and perspectives of GRACE orbit and gravity field recovery
at GFZ Potsdam were reported in REIGBER et al. (2002b).

Development of sensor analysis techniques,
validation and calibration

InMunich, asimulationtool for theintegrated sensor andyss
has been developed to be able to simulate the interaction
of the various sensors on board of CHAMP, GRACE and
GOCE; see MULLER and OBERNDORFER (1999), OBERN-
DORFER €t d. (1999, 2000, 20023, 2002b), SMIT et a. (2000),
SNEEUW et al. (2001), OBERNDORFER and MULLER (2002)
and FROMMKNECHT et a. (2002). Energy relationsfor the
motion of two satelliteswithin the gravity field of the Earth
as atool for validation of gravity field computations and
orbit determinationswere treated by LK (2000, 2002). Further
agpectsof possible cdibration/validation procedures concern-
ing the GOCE mission, e.g. by combination with terrestrial
gravity data, were addressed in DENKER (2003) and MULLER
et al. (2003). KLEES et a. (2000), RUMMEL et al. (2000),
SmIT et a. (2000), SNEEUw et dl. (2002) and MULLER (2001,
2003) discussed specific features relevant for GOCE
processing, like reference frames, data filtering or error
analyses. Possible synergies of GOCE with the CHAMP
and GRACE missions were indicated in GRUBER (2001).
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Devdopment of gravity field analysstechniques

The developments of gravity field analysis techniques are
reported in the remaining parts of the present Section 11

(Advanced Space Technology) and in Section |11 (Determina-
tion of the Gravity Field) of thisreport. Asfar as mathe-
matical and stochastic aspects are concerned, additional

papers are discussed in Section IV (General Theory and
Methodology). Herewe will refer especially to thosereports
which are exclusively related to the satellite gravity field
missions CHAMP, GRACE and GOCE. Satellite dynamics
of the CHAMP and GRACE LEOsasrevea ed from space-
and ground-based tracking was investigated by KONIG et
al. (2002). ScHwINTZER and REIGBER (2002) reported on
the contribution of GPS flight receiversto global gravity
field recovery. Theanalysisof the Earth’ sgravitational field
from semi-conti nuous ephemerides of alow Earth orbiting
GPS-tracked satellite of type CHAMP was presented by
AUSTEN €t d. (2002), AUSTEN and REUBELT (2000), REUBELT
(2000) and by REUBELT et a. (2002) aswell asby SCHAFER
and GRAFAREND (2002). A sensitivity analysis of GPS-
tracked satellite missions by Space Gravity Spectroscopy
was reported in SCHAFER (2002). The determination of
regiona partsof thegravity field of the Earth from satellite-
to-satellite tracking and satellite gravity gradiometry was
investigated by ILK (2002). The impact of terrestrial data
on future satellite gravity field solutions was investigated
by KuscHE et a. (2000). RoLAND and DENKER (2003)
discussed the combination of the CHAMP gravity field with
terrestrial gravity data. A contribution to data combination
inill-posed downward continuation problemswas presented
by ILKk et d. (2002). Theimportant question of regularization
in case of geopotential determination from satellite data by
variance componentswas discussed in KocH and KUSCHE
(2002). The polar gap problem, acritical issuein processing
GOCE messurements, wastreated in KuscHE and ILK (2000)
and in RUDOLPH et al. (2000, 2002). ALBERTELLA et al.
(1999) and ALBERTELLA and SNEEUW (2000) discussed also
the polar gap problem, but in the context of the slepian
problem. Effects of inhomogeneous data coverage on spectral

analysis, important for the analysis of GOCE measurements,
wasinvestigated in PAIL and ScHUH (2000). The question
of spatially restricted data distributions on the sphere and
the method of orthonormalized functionswasinvestigated
inPAIL et a. (2001). Numerica solution strategiesfor global

gravity field determination were further discussed in PLANK
and SCHUH (2001), ScHUH et a. (2001), and SCHUH (1999,
2000), asfar asfiltering techniques are concerned in SCHUH
(2001, 2002a) and in case of the presence of datagapsin
SCHUH (2002b). The numerical treatment of the downward
continuation problem in context with the analysis of GOCE
measurements was investigated in SCHUH and KARGOLL
(2002). SNEEUW (2000, 2001) devel oped a semi-analytical
approachto gravity field andysesfrom satellite observetions.
GERLACH et a. (20033, 2003b) and SNEeUW et al. (2003)
applied the energy balance approach to CHAMP gravity
field recovery —for the static and temporal parts.

Applicationsof satellitegravity field missions

Theimpact of the GOCE misson for ocean circulation studies
wasinvestigated by DomBROWSKI e d. (1999) and SCHROTER
et a. (2002). GRUBER and STEIGENBERGER (2003) discussed
also apossible benefit for oceanography applying the gravity
field missions. A short overview of GOCE applicationscan
be found in SNEEUW €t al. (2000) or in MULLER (2001).
RUMMEL (2000a, 2000b) and VIsseR et al. (2002) reported
about various applications of GOCE in the geosciences, e.g.
in solid-earth physics, oceanography or geodesy. REIGBER
et a. (19993) investigated the effect of tempora gravity field
variations from different sources and their impact in the
satellite data. FLECHTNER et a. (2002) reported on atmo-
spheric and oceanic gravity de-adiasing for GRACE. PETERS
et a. (2002) investigated the effect of atmospheric pressure
variations in the satellite data.
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GNSS, SLR, VLBI and SAR

B. EISSFELLER!, J. CAMPBELL?, A. NOTHNAGEL?

Several universities, government agencies, research centres
and specialized companies more or less active in the aero-
gpace sector have been actively involved in observation and
data processing systems for GPS and GLONASS, the
development of Europe’'s satellite navigation system
GALILEO andin Satellite Laser Ranging aswell asVLBI
and SAR. This section summarizes the main activitiesin
thisfield during the reporting period.

GNSS (GPS, GLONASS, GALILEO)

New work onthedirect solution of the GPS pseudo-ranging
equations using amulti-polynomid resultant and a Groebner
basisdgorithm in context of non-linear adjustment (AWANGE
& GRAFAREND, 2002 ) has been presented. Investigations
concerning thereliability and the external accuracy of GPS
Real-Time Measurements (ILLNER, 2002) and to identify
the correlation length of carrier-phase measurements
(HowIND et d, 2000) have been performed. Four space-borne
GPS receiver missions are/were flown with significant
German participation: On-board of the the German CHAMP
(CHAllenging Microsatellite payl oad) mission (GFZ Potsdam
P, launched in July 2000) the Black Jack GPSflight receiver
TSRS-2, provided by NASA and manufactured at Jet
Propulsion Laboratories (JPL), isin operation, mainly for
radio occultation experiments (WICKERT et al, 2001). Itis
aso used for CHAMP precise orbit determination in differen-
tial GPS mode in combination with a ground-based GPS
tracking network (REIGBER et &, 2000; GALAS et al, 2001).
On the joint German/American GRACE (BALMINO et. al,
1999) twin-satellite mission (GFZ Potsdam Co-Pl, launched
in March 2002) a GPS TurboRogue space receiver assembly
provided by JPL servesfor precise orbit determination (POD)
with cm-accuracy, real-time coarse positioning (< 50 m),
time tagging and atmospheric profiling. The German Space
Operation Center of DLR isflying since Oct. 2001 aGPS
receiver (Rockwell Collins, GEM I11) on the BIRD small
satellite (GILL & MONTENBRUCK, 2001). Thereceiver isused
asasensor for autonomous space navigation. Results of the
successful GPS-Experiment on the highly elliptical orbit
mission Equator-S (64.000 km away from earth, above GPS
constellation, most distant signal to GPS PRN 30 received
over 61.000 km) have been presented (BALBACH et d, 1999).
By the same authors (BALBACH & EISSFELLER, 1999) the
use of so-called GPS Block I1F space pointing antennasfor
orbit determination of geostationary satellites has been

analysed. Basic research on the use of GPS pseudoliteson
the ground and theidentification of specific problem areas
went on (BIBERGER et al, 2001).

Although the GLONASS constellation was significantly
degraded (due to funding problems of the Russan federation)
during the reporting period (sometimes lessthen 7 opera-
tional spacecraft) the remaining GLONASS satellites till
were monitored by the DLR, Institute of Communications
and Navigation (IKN), Neustrelitz. Inthe GLOMO project
(REIMER, 2000) three dual frequency GLONASS receivers
have been installed (Neustrelitz, Oberpfaffenhofen, 1 spra)
and were operated for data acquisition. An interface was
built-up with the Russian GLONASS Master Control Station
(MCC) near Moscow. Dataonthe status of GLONASSwas
provided by the BK G viathe GIBSinformation and obser-
vation system. Besidesthisno major research activitieson
GLONASS can be reported.

In March 2002 the European ministers of transport made
the fundamental decision to launch the devel opment phase
for Europe’'s independent satellite navigation system
GALILEOQ. Severd overview paperswere presented (WEBER
et al, 2001; EISSFELLER, 2002) with the purposeto provide
information about the basic features of the planned
GALILEO system. In the geodetic community mainly the
University of the Armed Forceswasinvolved in the defini-
tion and devel opment process:. Some contributions address
the problem of how to define a high-performance signal
structure for GALILEO (EISSFELLER et a, 2000; HEIN et
al, 2002) and how to assessinter-operability aswell ascom-
patibility issueswith amodernized GPS. Othersaddressthe
integrity issue (HEIN et al, 1999; ZINK et al, 2000) and the
combined use of GALILEO and GPS measurements for
future high-precision RTK systems (TIBERIUS €t al, 2002).
Also the advantages and disadvantages of the use of C-Band
signalsfor GALILEO have been investigated (IRSIGLER &t
al, 2002). Similar investigationswere performed by the DL R-
IKN group (SCHWEIKERT et al, 2000).

Orbit Monitoring by SLR, PRARE, DORIS

Laser Ranging to artificial Satellitesin Germany wascarried
out at the two stations: In Potsdam by the GeoForschungs-
Zentrum (GFZ) and in Wettzell at the Fundamental station
Wettzell which is operated by the Bundesamt fir Karto-
graphie und Geodas e (BKG) and the Forschungseinrichtung
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Satellitengeodasie (FESG) of the Technical University of
Munich on behdf of the Forschungsgruppe Satellitengeodésie
(FGS). Both are involved in the EUROLAS consortium,
whereas GFZ is additionally amember of the I nternational
Laser Ranging Service (ILRS).

Some modifications have been carried out at the Wettzell
Laser Ranging System (WLRS) in order to improve the
calibrations and to extend the tracking range which was
designed for satellites orbiting the Earth between 800 km
and 40.000 km altitude towards lower orbiting satellites
(ScHLUTER et @, 2002). The Modular Transportable Laser
Ranging System (MTLRS 1) isnot any morein operation.
BKG developed the Transportable Integrated Geodetic
Observatory (TIGO) which requires manpower of the
complete available staff (SCHLUTER et &, 2002). All space
techniquessuchasSLR, VLBI, GPS, PRARE are employed
in TIGO. In addition to the space techniques a'so somein
Situ observables can be obtained, such astime and frequency,
gravity, seismic, and meteorology observations. Tests of
TIGO were conducted up to the year 2001 in collocation
with the permanent installed space techniques at the obser-
vatory Wettzell in order to control the function and to
improve TIGO. The system was shipped at the end of 2001
for thefirst field campaign to Concepcion/Chile. In collabo-
ration with theloca Universitiesin Concepcion/Chile namely
the Universidad de Concepcion, Universidad Catolica de
la Santisima Concepcion, Universidad del Bio Bio and the
Instituto Geografico Miltar, which joint to a consortium,
TIGO was set up in thefirst quarter of 2002 and startsits
routine operationin April 2003. TIGO providesdatafor al
the space techniques and servesfor the |AG services|GS,
ILRSand IVS.

GFZ was operating the system, cdled POTSDAM-2, which
isaprecise 2 cm mode-locked Nd-Y AG system, continuoudy
contributing to the International Laser Ranging Service
(ILRS). With thissystemalot of LEO up-to MEO orbiting
satelliteshave been tracked, e.g. LAGEOS-1& 2, TOPEX,
GPS, GLONASS, GFZ-1, ERS1 & 2, CHAMP, etc. Since
2000 anew system (adiode-laser pumped Nd-Y AG oscillator
with two mode-lockers), POTSDAM-3, ishosted in atower
attached to one of the GFZ buildings (NEUBERT et a, 2000).
It is based on two separate telescopes for transmitting the
laser pulse and receiving the return respectively. First
LAGEOS ranging using the new system has been conducted
at August 4, 2001 and continued in October-December 2001.
From the first LAGEOS passes, preliminary station
coordinates have been obtained.

During the reporting period the Precise Range and Range
Rate Equipment (PRARE) systemwasin operationand is
tracking the ERS-2 satellite on aroutine bass (FALCK, 1999).
Although some stations were abandoned, the state of the
PRARE ground segment still shows potentially 24 stetions,
which are flagged active or unavailable on adaily basis.

No major activitiesrelated to the French DORIS (Doppler
Orbitography and Radiol ocation by Satellite) systemwere
observed in Germany.

VLBI

Theactivities of the research groupsin thefield of geodetic
and astrometric VLBI in Germany are being coordinated
within the " Forschungsgruppe Satellitengeodésie” (Research
Group Satellite Geodesy). Since theinauguration of the Inter-
national VLBI Servicefor Geodesy and Astrometry (1VS)
on February 11, 1999, al groups have become membersand
are making significant contributionsto this newly formed
international body (IVS1999). The VLBI observatories of
Wettzell (Bavarian Forest), O'Higgins (Antarctic peninsula)
and TIGO (Conception, Chile) areimbedded in the global
observing activitiesand produce alarge number of observa-
tionsin different global and regional network configurations.
Thedataismostly correlated at the M PIfR-BK G-Correl ator
whichisjointly operated by the Bundesamt fir Kartographie
und Geodasie (BKG), the Max-Planck-Institut fir Radio-
agtronomie (M PIfR) and the Geodetic | ngtitute of the Univer-
sity of Bonn (GIUB). The Deutsches Geodétisches For-
schungsingtitut (DGHI) aswell asBK G and GIUB maintain
IVS Analysis Centersfor various research activitiesin the
field of geodetic and astrometric VLBI. At BKG (Branch
Leipzig) one of the three globa IVS Data Centers is
responsiblefor storing al VLBI observational dataand VS
products to alow easy access by all users. Germany is
represented inthe 1V S Directing Board by three members,
James Campbell (IAG Ex officio member), Wolfgang
Schitter (Chairman) and Axel Nothnagel (IVS Analysis
Coordinator). The IVS Analysis Coordinator's office is
hosted by the Geodetic I nstitute of the University of Bonn.
Here, the officia IV S Earth orientation parameter products
are generated from arigorous combination of input series
produced by the IVS Analysis Centers (NOTHNAGEL and
STEINFORTH 2002). The results and more information are
available at the IV S home page http://ivscc.gsfc.nasa.gov
with alink to the IVS Analysis Coordinator's page.

Inaddition to the VLBI activitiesin the global framework,
aprogram of on the average six observing sessions per year
among the 10 European radio telescopes equipped for
geodetic VLBI isbeing carried out under the coordination
of the Geodetic Institute of the University of Bonn. A
comprehensive report on the results of the EU-supported
Project has been published recently (CAMPBELL, HAAS,
NOTHNAGEL 2002).

Onthetechnical side, anew MkIV correlator funded jointly
by BKG and MPIfR has been installed at the M ax-Planck-
Institute for Radio Astronomy (MPIfR) in Bonn and has
darted operationin May 2000. Presently, the tape based data
acquisition systemisbeing replaced by adisk based system
(MkV), which allows highly reliable datatransfer between
the stations and the correlator. This step will aso ease the
transition to a fully automated processing scheme. A
comparison between the old Mklll and the new MKIV
correlation results has been performed using aset of VLBI
experiments correlated on both correlators (MUSKENS et
a. 2000, NOTHNAGEL €t al. 2002).

BK G and FESG on behalf of the FGS continued their strong
support for the VLBI community by operating the20m VLB
facilities at the Fundamentalstation Wettzell, the VLBI
module of TIGO at Concepcion/Chile and the 9m VLBI
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facilities of the German Antarctic Receiving Station (GARS)
O'Higgins. All three telescopes have been heavily involved
inthe regular activities of the International VLBI Service
(IVS). Wettzdl and TIGO were employed intheweekly IVS
observing programs al over the year(s), while GARS
O’ Higginswasinvolved campaign-wise, asno continuous
tracking could beimplemented yet (SCHLUTER et al. 19993,
SCHLUTER et a. 1999Db)

In collocationto the VLBI facilitiesalarge Ringlaser ,G*
was devel oped and realized asalocal sensor for the obser-
vation of Earth rotation, in particular for the determination
of high frequency variations of the UT1-UTC parameter.
,G" isexpected to provide observations of the variations
of Earth rotation with subdaily resolution. Because the
realization of ,G" is completely unique world-wide, this
project ismentioned hereamong the VLBI activities. VLBI
isone of the major contributing techniquesfor the observa-
tion of Earth rotation and VLBI resultsare essential for the
comparison and eval uation of the results obtained with , G*
(SCHREIBER et a. 2000, SCHREIBER €t a. 2001) .

Combination of Space Geodetic Networks

Under the headline of " Combination of Space Geodetic Net-
works' two main research areas haveto be reported: observ-
ing platformsand dataanayss. The combination of different
space geodetic techniquesis only possible on the basis of
anumber of geodetic fundamental stations dedicated to more
than at | east two space geodetic observing platforms. Two
of these fundamental stations are operated by German
agencies: The Geodetic Fundamental Station Wettzell has
been operational for amost 20 years now comprising VLBI,
SLR, LLR, GPS, GLONASS, and PRARE equipment. Very
recently, in January 2003, the Transportable Integrated
Geodetic Observatory (T1GO) of BKG was declared opera-
tiona at Concepcion, Chile (HASE et al. 1999; HASE et al.
2001). Within TIGO transportable VLBI and SLR telescopes
aswell as GPS receivers, a super-conducting gravimeter,
abroad spectrum seismometer and meteorol ogical sensors
are being operated. The concept of fundamental stationsis
closely linked to the necessity of highly accurate inter-
technique vectors at these sites. At Wettzell measurements
have been carried out in regular interval swith high accuracy
to satisfy thisneed (SCHLUTER et & . 19994). At Concepcion
these measurements are currently being prepared.

It has been recognized that a combination of results from
different space techniques has many benefits for the final
products such as the International Terrestrial Reference
Frame (ITRF) and the Earth orientation parameters (EOP).
Firstly, the systematic differences of theindividual techniques
can be studied against a combined mean result from all
availabletechniques. Secondly, thereliability of the products
can beincreased if the results are derived with ahigh degree
of redundancy. This is especially important for global
monitoring of continuously varying parameters.

In Germany, the groups and institutions concerned with
observation and analysis of space geodetic networks have
formed a Government-supported research consortium within
the national contribution to IERS, i.e. the |ERS Geotech-
nology Project. Inthisframe, BKG (IERS Central Bureau),

University of Munich (FESG/IERS Analysis Coordinator),
DGFI (IERS Combination Research Center), University of
Bonn (IERS Combination Research Center and VLBI
Analysis Coordinator (1VS)) and GFZ (IERS Combination
Research Center) are cooperating to develop amore rigorous
and largely automated approach to the combination problem
(ROTHACHER, 2000).

For aspects on Earth rotation and further references see
Section V.

SAR and INSAR

Synthetic Aperture Radar (SAR) systems record both
amplitude and phase of the backscattered echoes, typically
in L-band, C- Band, X-band. If two SAR imagesfrom dightly
different viewing anglesare considered (interferometric pair)
their phase difference (interferometric fringes) can be use-
fully exploited to generate precise Digital Elevation Maps
(DEMs) to monitor terrain changesand to improvetherange
resolution (INSAR).

The highlight in the reporting period was the flight of the
Shuttle Radar Topography Mission (SRTM) payload
(AIGNER & HELLWIG, 2000) onboard the Space Shuttle
Endeavour (February 11-22, 2000). SRTM was a joint
mission by NASA, NIMA, DLR and ASI. On themission
aC-band and a X-band sysemwereflownin paralel, meking
useof tranamit/receive antennaein the cargo bay and receive
only antennae located at the end of a 60 m boom. During
itsten days of operation 12 terabytes of raw SAR datahave
been acquired which are currently processed by different
ingtitutions. In Germany digital elevation models are
generated and distributed by DFD (German Remote Sensing
Data Center) of the DLR making use of the X-SAR data.
Severa university institutes (REICH & THIEL, 2002; KOcH
& HEIPKE, 2001) were involved in the quality assessment
and validation of the derived DEMs. Work on polarimetric
SAR sgnatures, airbornedifferential INSAR and SAR tomo-
graphy was performed by TU Berlin and DLR (REIGBER,
2002; REIGBER & SCHEIBER, 2002). Applicationsresearch
was done on SAR monitoring of landuse change
(CsapLovics, 2000), landdide monitoring in the Three
Georges Areausing D-InSAR (XA et al, 2002) and SAR-
interferometry for monitoring co- and inter-seismic defor-
meation (XIA et a, 1999). Fusion of optical imagery and SAR/
INSAR datafor object extraction, especially road extraction,
is discussed in Hellwich, et al 2000.
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Atmospher e sounding using GPS radio occultation

J. WICKERT*

I ntroduction

OnJuly 17, 1995 the U.S. Air Force announced ... that today
the Global Positioning System (GPS) satellite constellation
hasmet all requirementsfor Full Operational Capability.
Apart from precise positioning GPS signalsa so can be used
to derive characteristic properties of the propagation medium
(neutral atmosphere and ionosphere).

Onboard the Low-Earth-Orbiting MICROLAB-1 satellite
(launched on April 5, 1995) GPS signals were recorded,
which weretransmitted by a setting GPS satellite and tangen-
tially travelled the Earth’s atmosphere (GPS occultation
measurements within the GPS/MET-Experiment, WARE et
a., 1996). Globally distributed vertical profiles of atmo-
spheric temperature, water vapour and electron dengity were
successfully derived, the GPS radio occultation technique
as an innovative remote sensing method became reality.

The properties of the cdibration-free atmosphere limb sound-
ing technique (e.g. all-weather-capability, high accuracy,
high vertical resolution, low cost realization) offer great
potential for atmospheric and ionospheric research, improve-
ment of numerica weather forecasts, space weather monitor-
ing and climate change detection (e.g. ANTHES et al., 2000;
Hawetal., 2000; Kuo et al., 2000; KURSINSK! et al., 1997).

M easurement principle

The GPS radio occultation technique is based on precise
dual-frequency phase measurements (L-band; 1.2 and 1.5
GHz) of a GPS receiver in a Low-Earth-Orbit tracking a
seiting or risng GPS satellite. Combining these measurements
with the satdllites position and vel ocity information, the phase
path increase dueto the atmosphere during the occultation
event can bederived. A double difference techniqueisused
to eliminate satellite clock errors: the signals from the
occulting satellite are differenced with those from areference
GPS satdllite. These satellite datathen are synchronized with
smultaneoudy recorded data, provided by afiducial ground
network. Details of the excess phase calibration are given
by HAw et al. (2002), WICKERT (2002) or WICKERT et .
(2001by).

Atmospheric bending angles are derived from the time
derivative of the calibrated atmospheric excess phase after
appropriatefiltering. Theionospheric correction is performed
by linear combination of the L1 and L2 bending angle profiles
(VoRrOB'EV and KRASILNIKOVA, 1994). Vertical profiles of
atmospheric refractivity can be retrieved from the ionosphere

corrected bending angle profilesby Abel inversion. For dry
air, thedensity profiles are obtained from the known rel ation-
ship between density and refractivity. Pressure and tempe-
rature (dry temperature) are obtained from the hydrostatic
equation and the equation of state for an ideal gas (e.g.
MELBOURNE €t a., 1994).

When water vapor is present, additional information is
required to determine the humidity and density from
refractivity profiles. Temperature profilesfrom operationa
meteorological analyses (e.g. of the European Centre for
Medium-Range Weather Forecasts, ECMWF) are used to
derive humidity profilesfromthe calculated refractivity in
an iterative procedure (sandard procedure, GORBUNOV and
SOKOLOVSKIY, 1993). This agorithm suffers from a high
sengitivity to even small errorsin the analysestemperatures,
resulting in large uncertainties of the derived water vapor
profiles(MARQUARDT &t d., 2001). Moreelaborate retrieva
methods based on optimal estimation of both temperature
and humidity including the error characteristics of the
measurement and the background information (e.g. HEALY
and EYRE, 2000) show more potential for obtaining water
vapor profiles with high accuracy. More details of the
derivation of atmospheric parametersfrom GPSradio occulta:
tion dataare given by e.g. Hocke (1997), KURSINSKI et a.
(1997), or MELBOURNE €t al. (1994)

GPSradio occultation with CHAMP

The German GPS radio occultation activities were started
within the CHAMP satellite project (CHAIlenging Mini-
satellite Payload, launch on July 15, 2000, REIGBER et dl.,
2003a) and the HGF strategy funds (German’ s Helmholtz
Association’ sinstrument of competition) project GASP (GPS
Atmosphere Sounding Project, 1999-2002, REIGBER et dl.,
2003b; 1998). GASP wasaproject of the HGF centers AWI
(Alfred Wegener Ingtitut fir Polar- und Meeresforschung),
DLR (Deutsches Zentrum fir Luft- und Raumfahrt), GKSS
(Gesdllschaft fir Kerntechnik in Schiffbau und Schifffahrt)
with GeoForschungsZentrum Potsdam (GFZ) asthe project
leading institution.

CHAMP, the German geoscience satellite, isin orbit and
excellent condition now dready for about 3 years (asof April
2003). In addition to measurements for the determination
of the Earth's gravity and magnetic field, the data from a
state-of-the-art GPS flight receiver (BlackJack, provided
by Jet Propulsion Laboratory, JPL) are used to derive precise
information about the vertical temperature, humidity and
electron density digtribution onaglobal scale using the GPS

1 Jens Wickert, GeoForschungsZentrum Potsdam, Telegrafenberg, D-14473 Potsdam, Department 1 - Geodesy & Remote Sensing, Germany; phone:
+49-331-288-1758, fax: +49-331-288-1732, e-mail wickert@gfz-potsdam.de, internet http://www.gfz-potsdam.de/pbl/staff/wickert/ and http://
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radio occultation technique (JAkowskl et d., 2002, WICKERT
et a., 2001a).

Within GASP, beside GPS radio occultation as a gpace-based
method, also the application of ground-based techniques
for GPS atmosphere sounding (estimation of vertically
integrated water vapour content with high accuracy) were
evaluated (seee.g. REIGBER et dl., 2002; DicK et al., 2001).
Theinterdisciplinary research project combined the expertise
of GPS experts, atmospheric physicists, meteorol ogistsand
climate experts. The main project goals were: installation
of aninfrastructurefor the operational provision of space-
and ground-based GPS atmospheric data and the assessment
of their valuefor various applicationsin research and practice.
For the first time continuous and rapid provision of GPS
radio occultation data products (globally distributed vertical
temperature profiles and atmospheric excess phases) with
|atencies between measurement and provision of 4-7 hours
was demondrated. Total water vapour content, derived from
ground-based measurements at ~130 locationsin Germany,
isprovided continuoudy with maximum delay of ~1.5 hours.
Extensive validation studies with independent atmospheric/-
ionogpheric data sets (meteorologica andysesfrom ECMWEF,
radio sondes, ionosondes) were performed, techniquesfor
assimilation of the GPS based atmospheric data were
developed and applied (REIGBER et a., 2002).

Herethe GPSradio occultation experiment aboard CHAMP
isbriefly focussed to. Together with the U.S. Argentinean
SAC-C satellite (launched on November 21, 2000, HAJ et
al., 2003), CHAMP succeeds GPS/IMET (1995-1997,
ROCKEN et a., 1997). The measurements of both satellites
and theimproved (inrelationto GPS/MET) infrastructure
for GPSradio occultation datareception, transfer, analysis
and provision brought significant progressfor the GPSradio
occultation technique.

CHAMP s GPS radio occultation experiment was activated
on February 11, 2001. 7 occultation measurements during
an one hour period were recorded by the GPS receiver
onboard the satellite. Temperature and water vapour profiles
werederived, the resultswere validated with meteorol ogical
analysesfrom ECMWF (WICKERT et al., 20014). Already
these early results have shown, that, in spite of the activated
Anti-Spoofing (AS) mode of the GPS, CHAMP alowsfor
precise atmospheric sounding. Thisbecamefeasible by the
use of the state-of -the-art GPS flight receiver (BlackJack,
provided by JPL), combined with favourable antenna
characterigics. The continuous availability of GPS occultation
dataisasignificant progressinrelationto GPSMET (data
analysisfocussed to periodswith de-activated AS, ROCKEN
eta., 1997) and precondition for operational dataprocessing
and provision of aimospheric data, epecidly for gpplications
within the numerica westher forecast. Further improvements
are: first successful application of a space-based single
differencing technique for precise occultation processing
(WICKERT et d., 2002) and demonstration of using reduced
ground station acquisition rates (in relation to the standard
1 Hz) for double difference occultation processing (WICKERT
et a., 2003a). These improvements became feasible after
the termination of the Selective Availability (SA) mode of
the GPS on May 2, 2000 and simplify the GPS occultation

processing. Using the radiohol ographic technique for the
data analysis characteristic frequency shifts of direct and
reflected GPS signal s have been determined inthe CHAMP
observations. It was shown that these frequency shifts can
be exploited to obtain information on ground elevation at
thereflection point and ground-level refractivity (BEYERLE
et al., 2002).

Within 578 daysin 2001 and 2002 CHAMP recorded more
than 118,000 occultations (duration >20s), about 74,000
vertical atmospheric profiles of good quality are provided
to the scientific community viaGFZ’ s Information System
and Data Center for CHAMP (1SDC, http: //isdc.gfz-potsdam.
de). Since March 10, 2002 (update of the flight receiver
software) ~260 measurements per day are performed. Since
the CHAMP mission isestimated to last at least until 2007,
an unprecedented long-term-set of GPS occultation datais
expected.

The occultation measurements of CHAMP are also used to
derivevertical profilesof electron density, akey parameter
to characterize the ionosphere. These data contribute to
operational datasets of the globa eectron dengty digtribution
for developing and improving global ionospheric models
and to provide operational space weather information (e.g.
Haxet al., 2000). Thefirgt 189 ionospheric radio occultations
were performed on April 11 and 12, 2001 (JAKOwsSKI et al.,
2001). Intotal about 77,000 measurements were recorded
during 2001 and 2002. M ore than 48,000 el ectron density
profileswere derived and are provided via GFZ’ sdata center
(1SDC, http://isdc.gfz-potsdam.de) to the scientific
community. Additional ionosphericinformationisderived
from the GPS navigation measurements. An assimilation
technique is applied to reconstruct 3D electron density
distribution of the upper ionosphere and plasmasphere near
the CHAMP orbit plane (HEISE et al., 2002).

Occultation infrastructurefor CHAMP

The main components of the operational infrastructure for
datageneration, transfer, analyssand archiving are: the GPS
receiver onboard the CHAMP satellite and the ground
segment. It consists of the near polar downlink station at
Ny Alesund, Spitsbergen (79.0/ N, 11.5/ E), the fiducial
GPSground network (*High Rateand Low Latency Network’,
Gaaset d., 2001; currently consisting of about 40 stations),
the Ultrarapid Precise Orbit Determination facility (KONIG
et al., 2002), the operationa occultation processing system
and, for archiving and distribution, the CHAMP Information
System and Data Center. A second downlink stationat DLR
Neustrelitz, Germany (53.1/ N, 13.1/ E) serves as backup.
The GPS ground network is operated in cooperation between
GFZ and JPL, the other componentsare maintained by GFZ.

Operational data analysis

At GeoForschungsZentrum Potsdam an operational data
anaysis system has been established to process satellite orbit
data(KONIG et d., 2002), GPS ground station observations
(WICKERT et al., 2001b) and radio occultation datain an
operationa manner (WICKERT et d., 20014). The operationd
analysisof theionospheric occultationsis performed by DLR
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Neustrelitz (JAkowsk et a., 2002; WEHRENPFENNIG et al.,
2001).

Validation and provision of atmospheric data

Vertical profilesof refractivity, dry temperature and water
vapour werevdidated with ECMWF meteorological anayss
and radio sonde data (BEYERLE €t al., 2003b, SCHMIDT et
a., 2003). Data, derived using earlier analysis software
version werevalidated by MARQUARDT et al. (2003). The
resultsindicate that stratospheric temperatures agree well
with the analyses and sonde data. Between the upper
troposphere and about 25 km altitude mean temperature
deviations are <1 K and rms errors fall within the 24 K
range. The biases at these heights could be either due to
ECMWEF or the CHAMP retrievals. A negativerefractivity
biasin the lower troposphere at low latitudes is observed
in the CHAMP retrievals (Ao et a., 2003). It can be
sgnificantly reduced by using amodified canonical transform
method (BEYERLE et al., 2003a; GOrRBUNOV, 2002), which
is not yet included in the operationa data analysis. The
quality of the derived water vapour profiles suffers from
the observed negative refractivity bias, dry biases up to 30%
at low latitudes were observed in relation to ECMWF.

The GPS occultation dataof CHAMP and theresults of the
operational dataanalysisare provided viathe CHAMPI1SDC
(http: //isdc.gfz-potsdam.de/champ/). Informeation about the
status of the operationa occultation processing can befound
at the homepage of the GPS Atmosphere Sounding project,
hosted by GFZ:http://www.gfz-potsdam.de/pbl/GASP/
GASP2/index_GASP2.html.

The currently available dataand analysisresults are: GPS
occultation measurementsfrom CHAMP (neutral atmosphere
and ionosphere), GPS ground station data of the fiducial
network, the GPS and CHAMP orbit ephemeris, occultation
tables, atmospheric excess phases for each occultation event,
vertical atmospheric parameters (temperature/water vapour),
vertical electron density profiles and relative TEC (Total
Electron Content) data of theionosphere occultation satellite
link.

Summary and outlook

Theinnovative GPS radio occultation technique for precise
sounding of the Earth’'s atmosphere was established in
Germany withinthe CHAMP satellite mission and the GPS
Atmosphere Sounding Project (GASP). Theradio occultation
experiment aboard CHAMP brought significant progress
for the GPS occultation technique. About 200 globally
distributed vertical profilesof temperature and water vapour
daily are provided viathe CHAM P data center in an opera-
tional manner. Since the CHAMP mission is estimated to
last at least until 2007, an unprecedented |ong-term-set of
GPS occultation data is expected. The preparation of the
future multi-satellite occultation missions profitsfrom the
CHAMP data. These missionsare: ACE+ (Atmosphereand
Climate Explorer; HOEG and KIRCHENGAST, 2002), COSMIC
(Congdlation Observing System for Meteorol ogy, |onosphere
and Climate; ANTHES et d., 2000) or METOP (METeorology
Operational; EDWARDSand PAWLAK, 2000; LOISELET et al.,

2000). These missionswill operationdly provide up to ~5,000
(for ACE+) precise and globally distributed vertical
atmospheric profilesdaily and will establish the GPS occulta-
tion technique as a standard method for remote sensing of
the Earth’ s atmosphere on a global scale.
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I ntroduction

Dueto the present and future satellite missionslike CHAMP,
GRACE, JASON-1, ENVISAT, ICESAT and GOCE, there
isaconsiderable interest in high-precision satellite orbits
these days. The remarkable contributions of German (and
European) institutions to some of these new missions
increasesthe number of groupsand their efforts put into the
processing of such data, including precise orbit determination
(POD).

These satdlite missionsrequire high-precision orbitsto reach
their scientific goals (e.g. to study the components of the
Earth's system and their interactions). In order to study, eg.,
sealevel change with altimetry, temporal variationsof the
gravity field with the gravity missions, or atmospheric
sounding, the best possible orbit models and orbit deter-
mination strategies are needed. Thisisaso truefor the orbits
of the GPS, GLONASS, and in future GALILEO.

Much progress has been achieved in the area of POD inthe
last few years, not the least because various new measure-
ment types became available like accelerometers, star
sensors, inter-satellite links, and much improved tracking
receivers for GPS and DORIS.

This contribution summarizesthe recent devel opments and
advancesin Germany inthefield of satellite orbit modelling
and orbit determination using various tracking systems.

Orbit Force Modelling Aspects

With the new satellite missions CHAMP, JASON-1,
GRACE, GOCE, €tc. theinterest in the detailed modelling
of the forces acting on LEOs (e.g. to account for the non-
gravitational and thetime-varying gravitationa forceswhen
determining the Earth's gravity field) has considerably
increased. Thiscan be seen from severa diplomathesisthat
werewrittenin thisarea. They study numerical integration
methods (ScHMID, 1999), gravitationd forces of Sun, Moon,
and planets (PFISTER, 1999), atmospheric drag effects
(KRAUS, 1998; HAHNLE, 1999), and Earth albedo (JOHANN-
SEN, 1999). Also the visualization of satellite orbits was
congdered animportant aspect (MANDEL and MULLER, 1999;
NITSCHKE, 1999).

Other important aspects of the force modelling, like, e.g.,
the use of accelerometer data (SCHWINTZER et al., 2000)
or new solar radiation pressure modelsfor GPS satellites,
will be outlined in the sections below.

Orbit Determination for GNSS

Accurate orbits (and clocks) of GPS satellite — of Global
Navigation Satellites System (GNSS) satellitesin general —
are extremely important and a pre-requisite nowadays for
alargevariety of disciplinesand GNSS applications. This
is certainly the case for all fields, where high-precision
positioning is an issue (geodynamic and geophysical studies
concerning plate tectonics, Earthquakes, vol canoes, etc.)
but also for GPS meteorology (estimation of integrated water
vapor above GPS sites for climatology and weather fore-
casts), high-precisiontime and frequency transfer with GPS,
Earth rotation studies and, not to be forgotten, kinematic
or dynamic orbit determination of LEOs carrying one or more
GPS (or GNSS) receivers.

Condderableimprovements have been achieved in thisfield
inthelast few years: GPS satellite orbitsand clocksroutingly
computed by the | GS analysis centersare now at alevel of
2-3 cmand 100-150 ps, respectively. In Germany, mainly
the GeoForschungsZentrum Potsdam (GFZ) and the
European Space Agency (ESA) in Darmstadt, both Analysis
Centers (AC) of the International GPS Service (IGS), are
heavily and successfully involved in these IGS-related
activities (GENDT et d., 2001; ZUMBERGE and GENDT, 2001;
Dow et al., 2001; ROMERO et a., 2003). To achieve this
accuracy, new solar radiation pressure models and para-
meterizations (SPRINGER et d .., 1999) have been implemented
into the software packages. That thelGSisrapidly moving
towards real-time orbitsis discussed in one of the section
below. L et usnot forget to mention in this context, that for
the computation of high-precision GPS satellite orbitsand
clocks, the phase center offsets and variations of the GPS
satellite antennae have to be carefully corrected for. Con-
tributionsto thisresearch topic aregivenin (ZHu et ., 2001;
ROTHACHER et al., 2001; SCHMID et al., 2002; SHi et al.,
2003).

Precise GLONASS orbits are also regularly computed by
the Bundesamt firr Kartographie und Geodasie (BKG) and
ESA (see, eg., (ROMERO €t d., 2002; INEICHEN €t al., 1999)).
Routinely, an orbit quality of about 10-20 cm is obtained
by these analysis centers.

It isto be expected that in the near future new challenges
inthe orbit determination of GNSS satelliteswill come up
with the new European GALILEO System, especidly in
Germany, which playsan important roleinthe GALILEO
developments.
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Kinematic and Reduced-Dynamic Or bits of
LEOs

With the new satelite missons CHAMP, SAC-C, JASON-1,
GRACE and ICESAT, all carrying well-functioning GPS
receivers, orbit determination has entered a new era. For
the first time it has become possible to compute high-
precision satellite positions for LEOsin a kinematic way,
i.e., estimating the three coordinates of the satellite position
and the correction of the LEO receiver clock epoch-by-epoch
using the GPS code and/or phase measurements (X u, 2000;
MONTENBRUCK, 2003; ROTHACHER and SVEHLA, 2002;
SVEHLA and ROTHACHER, 2002, 2003). Such a kinematic
POD approachisonly possible with GPStracking datatoday.
Comparisons with SLR data and reduced-dynamic orbits
indicate that kinematic orbitswith an accuracy of about 2-3
cm can be computed for the CHAMP satellite. Kinematic
POD should be seen asa complementary strategy to reduced-
dynamic POD, becauseit allowsto compute orbits complete-
ly independent of the satellite dynamicsand force models.
Kinematic orbits may thus hel p to validate force modelsfor
air drag, solar radiation pressure and the gravity field and
may also serve asinput datafor gravity field determination
(e.g., using the energy balance method). Werefer to Section
I1; Satellite Gravity Field Missionsand Section 111; Global
Gravity Field modelling for moreinformation on thistopic.
(MONTENBRUCK, 2001) and (MONTENBRUCK &t al., 2002)
show that even with comparably cheap single-frequency GPS
receiversaquite astonishing orbit quality can be achieved,
when carefully correcting for the ionospheric delays.

Also reduced-dynamic POD with various orbit parameteri-
zations are very successful for CHAMP (as well as for
GRACE, asfirst resultsindicate). Strategiesand resultsare
documented in (NEUMAYERE€t al., 2000, 2003; KONIGet dl.,
2002). Additional topicsrelevant in the context of POD are
treated in (KONIG et al., 2003 — CHAMP clock errors; KONIG
and NEUMAYER, 2003 —thermospheric events; SvEHLA and
ROTHACHER, 2003 —ambiguity resolution). Aninteresting
study concerning the CHAMP GPS receiver performance
may be found in (MONTENBRUCK et al., 2003).

A lot of very interesting orbit comparisonsincluding various
reduced-dynamic as well as kinematic approaches have
recently been performed in the frame work of theIGSLEO
Orbit Comparison Campaigns, which isthetopic of the next
section.

L EO Orbit Comparison Campaigns

Asaninitiative of the IGS LEO Working Group (chaired
by ESA) —later joined by the Subcommission on "Precise
Orbit Determination for Low Earth Orbiting Satellites" of
the Commission on International Coordination on Space
Techniques for Geodesy and Geodynamics (CSTG) — a
CHAMP orbit comparison campaign was set up in 2001 after
thefirse CHAMP GPS data became freely available (Boowm-
KAMP et a., 2002; see d 0 http://nng.esoc.esa.de/gps/igdeo.
html). From Germany the European Space Agency (ESA),
the GeoForschungsZentrum (GFZ) in Potsdam and the
Forschungseinrichtung Satellitengeodéasie, Technical
University of Munich (TUM), very successfully participated

inthisLEO orbit comparison campaign. Much progresswas
achieved in orbit modeling, parameterization and data
processing due to these comparisons efforts. Inthis context,
theimportance of the availability of SLR measurementsto
CHAMP for validation purposes cannot be stressed enough.

A second orbit comparison campaign is now under way for
a selected time interval of JASON-1 data (and possibly
CHAMP data, too). The JASON-1 satellite is tracked by
GPS, SLR, and DORIS and allows, therefore, various orbit
comparisons between techniques. One of the goals of the
campaignisto study the possibleimpact of LEO GPS data
on global IGS productslike Ste coordinates, GPS orbitsand
clocks, and Earth rotation parameters. These studies should
be seeninview of thefact that by 2010 20-30 LEO satellites
with GPS receivers onboard might be revolving the Earth
(ROTHACHER et &l ., 2002, 2003).

Towards Real-Time Orbit Deter mination

During the time interval covered by this report the deter-
mination of near real-time or even real-time orbitsfor various
satellite missions and satellite systems has become more and
more an issue. An ever increasing number of applications
of the GPS, for instance, require near real-time or real-time
orbitswith avery high precision. Typical examplesare GPS
meteorol ogy, where the wet troposphere estimates computed
from GPS have to be avail ablefor weather predictionswithin
1-3 hours, high-accuracy red-time positioning, and real-time
orbit determination of LEOs. A DORI Stracking system on-
board a LEO satellite can nowadays be equipped with a
real-time orbit determination softwarein order to compute
the orbit of the spacecraft in real-time with high accuracy.
Similar developments exist for GPSreceiversonboard LEO
satellites.

For the CHAMP mission, near-real time orbit determination
and orbit prediction schemesare discussed, e.g., in (KONIG
et al., 2000, 2002; MICHALAK et al., 2003; ScHMIDT et al .,
2003). Concept studiesfor rapid orbit determination of LEO
satellites to support future mission operations (e.g.,
TerraSAR-X) are also performed by the Deutschen Zentrum
far Luft- und Raumfahrt (DLR).

A similar development towardsreal-timeasfor LEO orbits
also takes place within the |GS. Besidesrapid productsfor
GPS satellite orbitsand clocks, ultra-rapid products are now
availablewith adelay of afew hoursonly, including predic-
tionsfor the next 24 hours. ESA and GFZ areinvolved in
these |GS activities (GENDT et d., 2000; FANG et al., 2001).

New M easurement Types

During the last few years the quality of the data delivered
by space-borne GPS receivers has dramatically improved
and GPS receivers onboard LEOs have become a very
powerful tool for high-precision orbit determination, allowing
an uninterrupted, continuous tracking of the satelliteinits
orbit. Also the DORI S system has been enhanced, changing
now to second generation satellite instrumentation with
improved tracking capabilities (e.g. ability to processtwo
beacon signalsat atime) and accuracy. Not only the quality
of tracking data improved, but — mainly as aresult of the
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new satellite missions—aso new measurement types became
availablethat enable, support or complement orbit determi-
nation strategies: accel erometers, gradiometers, star sensors,
K-band measurements and other inter-satellite links.

The accelerometers flying on CHAMP and GRACE now
(see, e.g. (SCHWINTZER €t d., 2000)), allow to measurethe
non-gravitetional accelerations on the satdllite. The datamay
not only be used to remove non-gravitational effectsdisturb-
ing gravity field determination, but al so to study the quality
of orbit force modelsfor air drag and solar radiation pressure
and toimprove these models. Many groupsin Germany have
started to use these accel erometer datain their gravity field
research work and orbit determination work. Gradiometry,
planned for the ESA misson GOCE, will measure the second
gpatia derivatives of the gravity field and add an additional
new datatype to study the high-order terms of the gravity
field. More details and references may be found in Section
Il "Satellite Gravity Field Missions'.

Star sensors continuoudy measure the attitude of the space-
craft with respect to the stars. Exact knowledge of theattitude
of aspacecraft isessential not only to determinethe precise
location of the onboard instruments (GPS antenna, SLR
reflector, ...) in space but also for the modeling of air drag
and solar radiation pressure. Star sensor measurementsthus
contribute important information to the orbit determination
process.

First resultsfor the GRACE satdllite pair, wherethe distance
between the two spacecraftsis measured with an accuracy
of afew ten microns using a K-band link (KONIG et al.,
2002), clearly show the enormous potential of inter-satellite
tracking (in this case to detect tempora variationsin the
Earth'sgravity field) and the concept of satellite constella-
tions. Interesting studies concerning inter-satellite linkswere
performed by (HAMMERSFAHR €t a., 1999) and (WOLF,
2001). Thefirst of these publications describe methods of
improving the satellite state vector using new kinds of links
from one satellite to other satellites or to ground stations
for determination of range (or range rate) and time
differences. Special emphasisis put on two-directional links
and the combination of thistype of linkswith conventional
ones. In the second publication thetheory of orbit determina-
tion and orbit computation for GNSS satellites (GPS,
GLONASS, GALILEOQ) isreviewed and a new approach
for precise orbit and ephemeris determination using inter-
satellite links is developed. The performance of such
a gorithmswastested using acomplex simulation software
package.

Inter-satellite linkswill become extremely important inthe
future, not only because these inter-satellite measurements
are not affected by tropospheric delays, but also because
more and more scientific missionswill make use of satellite
congtellations instead of single satellites, making inter-
satellite links between the satellites of the constellation an
interesting option.

Combination of Space-Geodetic Techniques

The simultaneous availability of various observation types
for the tracking of satellites (space-geodetic techniqueslike
SLR, GPS, and DORIS, but al so of new measurement types
like accel erometer data, star sensorsand inter-satellite links
mentioned in the previous section) immediately leadsto the
guestion of how all these measurement types can be com-
bined inan optimal and most beneficia way, when comput-
ing the orbit of satellites (and other global parameter types).
Besidesfundamental stationsat the ground, where different
geodetic observation techniques are co-located, al 0 satellites
tracked by several techniques may be used asties between
the different space-geodetic observing techniques. Typical
examplesare TOPEX/Poseidon or JASON-1, where GPS,
SLR, DORIS, and atimetry datacontain orbit information.
Comparisons between the orbits derived from different
observation types give important insights into possible
systematic biases of the techniques. Not only the CSTG Sub-
commission on "Precise Orbit Determination for Low Earth
Orbiting Satellites' of the Commission on International
Coordination on Space Techniquesfor Geodesy and Geo-
dynamics (CSTG) (ROTHACHER, 2000; ROTHACHER et al.,
2002; http://mww.igpg.bv.tum.de/cstg/index.html) but also
the |AG Specid Study Group 2.162 on " Precise Orbits Using
Multiple Space Techniques' (http://www.deos.tudelft.nl/
~remko/ssg2.162) has its research focus on these inter-
technique issues.

The combination of the different space-geodetic techniques
will become more and moreimportant, because the satellite
tracking data containsinformetion on al three pillars of space
geodesy, namely site coordinates and satellite orbits (geo-
metry), Earth rotation, and the gravity field. On thelong run,
only arigorously combined adjustment of al three types
of parametersfrom the ensemble of space-geodetic observa-
tions(GPS, SLR, VLBI, DORIS, etc.) will give highly con-
sistent and accurate results. In view of the huge amount of
global parameters and the biases between techniquesto be
expected in such combined solutions, thisisnot atrivia task
atdl. A firgt step in thisdirection consists of the combination
of GPS ground-based (stations) and space-based (LEO) data
as performed by (ROTHACHER et al., 2002 and 2003; ZHU
et a., 2003), where the LEO data should help, e.g., to get
more accurate geocenter estimates.

Interesting combinations of LEO and ground station GPS
data are also to be expected in the area of the ionosphere
and troposphere (atmospheric sounding).

Combination studies are taking place in the International
Laser Ranging Service (ILRS), too. The Deutsches Geo-
déatisches Forschungsinstitut (DGFI) in Munich and GFZ
in Potsdam are involved in these activities. Besides com-
parisonsof Lageos-1 and Lageos-2 orbitsfor benchmarking,
effortsare directed towards acombination of SLR, GPSand
other techniques.
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Future Activities

Itisto beforeseen that more and more satellitemission (e.g.
GOCE) will be equipped with a variety of instruments
(accelerometers, gradiometers, star sensors, ...) contributing
to satellite orbit determination and more and more missions
will consist of constellations of satellites most certainly with
inter-satellitelinks. These developmentswill open an entire
new field of orbit determination activities and challenges.
To correctly and optimally combine al these datatypeswill
be an issue for some time to come.

In the near future more and more LEO satellites will also
be equipped with high-precision tracking systemslike GPS
or DORIS. Therefore, basically threelayerswill be present:
(1) thetracking stations on the ground, the LEO satellites,
and the Medium and/or Geodtationary Earth Orbiters (MEO
and GEO) like GPS, GLONASS and GALILEO. The
combined analysis of the various space-geodetic data to
determine not only the satellite orbits, but also site coor-
dinates, Earth rotation parameters, and gravity field coeffi-
cients will be a challenging task. This is also one of the
principlegoasof the IAG project IGGOS (Integrated Global
Geodetic Observing System).

Thevariousinstitutionsinvolved in orbit determinationin
Germany will certainly continue to play animportant role
inthisfield and in view of the interesting present and future
missions (CHAMP, GRACE, JASON-1, ENVISAT,
ICESAT, and GOCE), requiring high-precision orbits to
fulfill their mission goals, the groups involved in these
activities might even increase.
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Themapping of the ocean surface and the monitoring of its
temporal variations by satdllite altimetry contributes essential-
ly to the solution of fundamental problems of physical
geodesy. The mean sealevel approximatesthe geoid, that
equi-potential surface of the Earth gravity field that — by
definition—should serve asagloba height reference surface.
Sealevel variations allow to estimate ocean mass redistribu-
tion, one component of the global hydrological cycle,
expected to be observed by the new dedicated gravity field
missions CHAMP and GRACE. Synergies with this new
missions and the upcoming, high resolution gravity field
mission GOCE will alow to obtain adetailed view of the
seasurface topography, the separation of sealevel and geoid.
This is equivalent to the knowledge of the ocean surface
currents and will be used together with vertical density
profilesto get areliable estimate of heat flux and deep ocean
current — processes in the system Earth with stong impact
to global change. Today, satellite atimetry is a well
established space technique. Only afew publicationsoutline
the general possibilitiesand limitations of satellite altimetry
(BRAUN et al. 2000a, SCHONE et a. 2001a) and indicate the
general impact of this space technique on physical geodesy
(BoscH et a. 2001).The majority of investigations focus
on specific aspects reviewed in the following sections.

Har monization and Data Base Developments

The need for acontinuos, consistent and long-term altimeter
time seriesisawell recognized fundamental requirement.
It can only be achieved by the combination of altimeter
missions, that are asfar as possible harmonized, carefully
calibrated and validated. Altimeter data hasto be upgraded
as soon as new ocean tidemode sare available or new orbits
can be computed on the basis of improved gravity fields.
The combination of missions with different sampling
characteridicisnecessary to improve the spatial and temporal
resolution, atask in general not performed by those space
agenciesthat operateindividual altimeter missions. It turns
out that there is a general need for an altimeter service —
similar to aready existing servicesfor precise positioning
techniqueslike GPS, laser tracking and VLBI. Asalogica
consequence, satellite altimetry was recognized by the
Commission for the Coordination of Space Techniquesfor
Geodesy and Geodynamics, CSTG (DRewWES et a. 2000,
DREWES et al. 2002a). The CSTG decided at the IUGG
General Assembly, 1999 in Birmingham to initiate a Sub-
commission on Multi-Mission Satellite Altimetry (http://
www.dgfi.badw.de/SCOMMSA). The subcommission
discussed the establishment of an international altimeter

service, |AS, as a core element of a global geodetic/geo-
physical observing system (BoscH 2000). It also worked
on agenerd concept and the requirements for amulti-mission
atimeter data base, a necessary foundation to obtain a
consistent, long-term altimeter time series. The atimeter
processing system for ERS and Envisat, developed and
operated at the German Processing and Archiving Center
(D-PAC) was further developed (BRAUN et al. 2000b,
RENTSCH et a. 2000) and now realizes to some extent the
requirements of amulti-mission altimeter database, called
ADS Central, see http://op.gfz-potsdam.de/ads. An inde-
pendent devel opment (http://mww.ddfi.badw.de/OpenADB)
focusses on a modular, open data base with public, non-
proprietary software, that allowsfast parameter updates and
user defined data base extracts. Both systemsare still under
development and compete with similar systems in other
countrieslike RADS from Delft University and value-added
products of AVISO. A MatLab toolbox for processing of
TOPEX/Poseidon data has been developed by STEIGEN-
BERGER (2002).

Calibration and Validation

The current altimeter mission scenario is characterized by
five dtimeter satellites operating simultaneously, namely
ERS-2 and Envisat, TOPEX/Poseidon and Jason-1 and GFO.
The situation requires a careful cross-calibration of all
systems in order to achieve synergies by combining the
different orbit and sampling characteristics and to continue
the successful monitoring initiated by Geosat, theten years
observation period of TOPEX/Poseidon and the ERS-1/ERS-
2 missions (BoscH 2002a). Laser dtimetry fromthe | CESat
mission, launched in Januar 2003, and the upcoming Cryosat
mission, to be launched in 2004, with a scanning altimeter
mode both set up completely different requirement for the
coss-calibration. The Cryosat project office http://www.
cryosat.de at the Alfred Wegener Institut in Bremerhaven
actsasafocal point not only for German investigations.

German groups contribute to the absolute range calibration
of atimeter systems by development, deployment and
operation of ruggedized GPS buoysin the North-Sea (SCHONE
et a., 2001b, 2002) and the western Mediterranean Sea
(ScHULER et dl., 2003). The buoysare equipped with auxillary
sensors and data communi cation systemsin order to allow
instantaneous sea surface hei ght determination in near-real
time. The calibration of altimeter systems by GPS buoys
and —more general —the use of GPS on floating platforms
for mapping river, lake and sealevelswasdiscussed in the
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IAG Specia Study Group SSG 2.194, ,,GPS Water Level
M easurement”, co-chaired by Germany.

The relative cross-calibration of Envisat and ERS-2 (in
conjunction with TOPEX/Poseidon, Jason-1 and GFO) is
under study by international expert teams. The German
contribution will analyse dual-satellite crossovers on both,
regional and global scale and perform comparison between
altimetric sealevel time seriesand tide gaugeregistrations.

Regiond unification of the Geosat, TOPEX/Poseidon, ERS-1,
ERS-2 and Envisat atimetry missions has been studied in
the Mediterranean Sea. Dual satellite crossovers were
anaysed to estimate rel ative range biases and long-term drifts
of themissions. In order to exclude sealevel variability cross-
overswith atime difference of lessthan 10 days have been
used. (FENOGLIO-MARC 2001b, FENOGLIO-MARC and GROTEN
20024). For the non-contemporaneous TOPEX/Poseidon
and Geosat missions, the sealevel variability istakeninto
account using amodel derived from sea surface temperature
data (FENOGLIO-MARC and GROTEN 2002c). Linear relative
trendsare observed in the dual satellite crossover differences
of ERSand TOPEX/Poseidon. They aresmdler inthe period
1995-1998 (ERS-2 and TOPEX/Poseidon), and negative
from 1999 on. Thesetrends may arise from|ong-term sensor
driftsor errorsin the geophysical correction. They can be
partly explained by the ionospheric correction from the Bent
modéd, applied to ERS-2 data. Tota electronic content (TEC)
estimates from GPS-based global ionospheric mapsimprove
the data. It order to avoid that resdual trendsareinterpreted
aslong-term sealevel change, tide gauge datawas used as
externd comparison. The agreement is superior with TOPEX/
Posei don than with ERS-2. Therefore ERS-2 was corrected
(FENOGLIO-MARC 20023).

LIEBSCH et a. (2002) performed an absolute comparison
of altimetric seasurface heights of Geosat, ERS-1, ERS-2
and TOPEX/Poseidon by extrapolation of two tide gauge
recordingsin the southern Baltic Sea, that got ageocentric
position by combining GPS observation, leveling dataand
regiona geoid information. The caibration of ERS dtimetry
dataisalso performed through comparison with tide gauge
datain thewestern Spitzbergen shelf (BRAUN, 1999). Another
attempt to absolutely compare satellite altimetry and tide
gauge registration at the coast of Venezuelaisreported by
AcuNA and BoscH (2003).

Beside the range calibration the wind speed estimate and
the wave height measurement were a so subject to cdibration
and validation activities. SCHONE and EICKSCHEN (2000)
performwind speed and significant wave height calibration
in the North Sea, EICKSCHEN et al. (2001) try to improve
the agorithm for estimating surface wind speed from
atimetry, and EICKSCHEN et a. (2002) compare significant
wave height estimates from altimetry and synthetic aperture
radar images.

Sea Level Variability

There are a number of investigations about sea level
variability at low and medium frequencies. Studies were
performed on regional scale (Mediterranean Sea, Baltic Sea,

North Seaand Caribbean Sea), basin scale (North Atlantic,
Pacific and Tropica Pacific) aswell ason global scale.

FENOGLIO-MARC &t d.(2000) and FENOGLIO-MARC (20014)
apply, for example, spectral analysis, Principal Component
Analysis(PCA), and Canonica Correlation Analysis(CCA)
to monitor regional sealevel variability. Thevariability is
based on single-satellite altimetry data with sea surface
temperature, sealevel pressure and surface wind speed taken
into account by the CCA. ACUNA et a. (2002) investigate
correlations between multi-mission altimeter time seriesand
tide gauge registrations at the coast of Venezuela. BoscH
et al. (20024a) used harmonic analysisand PCA to identify
the dominant modes of sealevel variability in the Caribbean
Sea.

Inthe Mediterranean long-term sealevel changesfrom multi-
mission atimetry and tide gauge data are compared by
FENOGLIO-MARC (20023). Different rate of sealevel changes
are found in the western Mediterranean (almost zero) and
the eastern Mediterranean ( 9 mm/yr). The negative rate of
change (-11 mm/yr in mean), observed in the lonian Sea,
isalso present in the sea surface temperature change. Since
the 1990s, al monthly tide gauge datafrom the Permanent
Servicefor Mean SeaLevel (PSMSL) show anincreasein
sea level rate change (FENOGLIO-MARC and MARTINEZ-
GARCIA, 2001). Inthe lonian Seatide gauge datafromlocal
organisation and altimetry data show, however, adecrease
in the sea level rate change (FENOGLIO-MARC 2002c).

Sealevel variability (SLV) models are constructed in the
Mediterranean Seafrom monthly averaged seasurface heights
(SSH) using PCA and CCA analysis. The model based on
CCA with seasurface temperature as predictor givesagood
representation of the variability for theanalysed timeinterval
(FENOGLIO-MARC 2001a). Temperature changes explain
agreat part of the observed sealevel changesboth at annual
that at interannual time scal es (FENOGLIO-MARC, 2002c).
The long term sea level height change due to thermal
expansion, evaluated from annual temperature anomaly data
of the World Ocean Atlas 1998 (WOAZ98) in the interval
1993-1998, in agreement with the observed long-term sea
level changes. However, as in WOA98 the temperature
anomalies are available only up to 500 meter depth, the
observed change could not be fully explained. The SLV
modelsare applied to correct the altimetry datafor the sea
level variability sgna and to compute amean sealevel model
(FENOGLIO-MARC and GROTEN 2002b).

The North Atlantic was subject to severa investigations:
ESSELBORN et . (1999, 20018,2001b) use altimeter data
to describe how changes of the geogtrophic surface circulation
are related to the North Atlantic Oscillation, NAO, and
consider atimetry based estimates of heat sorageinthe North
Atlantic for the period 1992-1998. The thesis of ESSELBORN
(2001) elaborates in detail the relationship between sea
surface heights and ocean circulation in the North Atlantic.
BoscH et a. (2002b), DREWES et a (2002b), KUHN et al.
(2002) and KUHN et a. (2003) report about a two years
project in the North Atlantic performed to identify and
monitor anomalous sealevel evolution by analysis of tide
gauge data and an eight years batch of TOPEX/Poseidon
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atimetry data. Heights and vertical velocities of the tide
gauges are estimated from dedicated GPS campaigns and
continuously operating GPS receivers. After removal of
seasonal and other periodic effects a PCA of residual sea
level anomdiesidentifiesindeed asignificant sealevel change
inwinter 1996 coinciding with aremarkablefall of the NAO
index.

For the period 1992-1999 TOPEX/Poseidon data were
analysed inthe Tropical Atlantic Ocean by spectra anadysis,
PCA, and CCA (GROTEN et a. 2000, FENOGLIO-MARC
2002b). With the CCA 10-day averageson 1.0 degree grid
mesheswere analysed in two sub-regions, Nino-3 and Nino-4,
representing the eastern and the western part of the equatoria
Pacific Ocean. The CCA was applied for the prediction of
inter-annual climate fluctuations. BoscH (2001) performed
EOF-analysis of eight years sea level anomalies from
TOPEX/Poseidon in the Pacific and elaborated the dominant
modes of the strong El Nifio and La Nifia-events 1997/1998

Sea L evel, Geoid and Ocean Dynamics

Of particular interest isthe closure between atimetric derived
sea level, the geoid and the ocean circulation as obtained
by independent numerical models. Therelationship can be
used either to improvethegeoid (whichisstill justified by
the deficiencies of current gravity filed models), or to obtain
an estimate of the dynami ¢ ocean topography, independent
of ocean hydrodynamics.

In histhesisLubwiG (1999) reviewsthe sealevel determina
tion from numerical solutionsof the Navier-Stokes differentia
equations. Thelong-term determination of the seasurface
topography isconsidered in BoscH (1999). BoscH (2002b)
indicates the impact of the sea surface topography to the
definition of aunique global height system. BLINKEN (1999)
and BLINKEN and KocH (2001) investigate the simultaneous
improvement of both, the geoid and the sea surface topo-
graphy by applying the adjoint method to assimilate altimeter
data. The assimilation of dtimeter datainto numerica models
issubject of several investigation. VOGELER and SCHROTER
(1999) show how TOPEX/Possidon dataisfitted to aregiond
ocean model with adjustable boundaries. SCHROTER and
WENZEL (2001) indicate the prospectsto estimate the ocean
circulation from Jason dtimeter data. WENZEL and SCHROTER
(2002) consider the assmilation of atimeter datausing global
ocean modelsand LOsCH et a.(2002) estimate amean ocean
state combining sea surface heights and hydrographic data
within a non-linear inverse section models. A few
investigations (HELM et a. 2001 and HELM et al. 2002)
synthetise dtimeter datain order to provide an instantaneous
sealeve for the calibration of the Shuttle X-SAR topography
mission.

Altimetry, Earth Rotation and Earth Gravity
Field

Inthelast decades dtimetry has substantially improved the
gtatic modelling of the Earth gravity field. The most recent
multi-mission estimates of the mean sea surface provide a
nearly global resolution of 2'x2' and the altimeter time series
isnow long enough to study gravity field variations. There-

fore, eveninthe presence of dedicated gravity field missions,
atimetry will remain an important source for the deter-
mination of the high resolution and time variable gravity
field.

BoscH et d. (2000) have shown that on thebasisof Kaula's
first-order theory dual satellite crossover data can be used
to estimate correction for the harmonic coefficients of the
Earth gravity field. They al so estimate datum offsets (equi-
valent to degree one coefficients) of Geosat and ERS-1
relativeto TOPEX/Poseidon. BAUMGARTNER (2001) inves-
tigatesin detail the simultaneous estimation of gravity field
correction and thelarge scale variations of sealevel. Satdlite
Crossover dataisalso used by KLOKOFNIK et a. (2002) to
evaluate the quality of the Pre-CHAMP gravity field models
GRIM5-S1 and GRIM5-C1. GRUBER et a. (2000) estimate
ocean mass redistribution from altimetry and circulation
models and indicate the impact of the mass redistribution
on the Earth gravity field. The ocean mass redistribution
also influences the Earth rotation. JOCHMANN (2002)
demonstrates that altimetry can be used to estimate ocean
angular momentum functions. KuHN (2002) considersthe
mean rate of sealevel change for the period 1992-2000,
subtracts an estimate of the steric effect and computesthe
corresponding geoid changes.
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Deter mination of the Gravity Field
— Overview and highlights—

G. BOEDECKER!

Thisoverviewisbased on some260 publicationson various
aspectsof thegravity field produced since 1999 with contri-
butions of German authors from geodetic and some geo-
physical ingtitutionsand collected for the subsegquent specia
reports. The number of papersis much the sameasfor the
preceding period preparedin 1999. Neverthel ess, speaking
of numberswe haveto be awarethat someof the publications
are collections of individual contributions which fact not
always has been taken into account, and that the statistical
basis tapped is not exactly identical; insofar, quantitative
statementscan beapproximateonly. Thepapersareauthored
by about 80 residentsin Germany and about the same number
fromoutside, demongtrating thestronginternational coopera-
tion. Itisalso remarkable, that seven namesonly contribute
to fifty percent of the publications. No general judgement
is possible on the recycling rate of contents: in some cases
the creation of ideas and results is overwhelmingly high;
inother casesshort papersappear indifferent journalsunder
dightly variabletitles.

The current state of the art of gravimetry isalso published
in textbooks and extended overviews: W. TORGE's book
‘Geodesy’ appeared as2™ editionin German and Greek and
as 3 edition in English; ‘Gravimetry’ appeared also in
Russian. S. HEITz prepared a second edition of his report
ongravity metersand gradiometers(* Gravimeter und Gradio-
meter’), M. SCHNEIDER prepared areport on themethodol ogy
of gravitational field determination with satellites (*Zur
Methodik der Gravitationsfeldbestimmung mit Erd-
satelliten’). W. FREEDEN published abook on *Multiscale
Modelling of Spaceborne Datal.

If we try to infer from the topics of publications on the
current trends of the science of theterrestrial gravity field,
the following statements are suggested:

— The scientific interest in observation techniques was
clearly dominated by spaceborne methods:

— One hundred of the publications are dealing with
various aspects of the recent geodetic satellite
missions: more than fifty with CHAMP, launched
2000, and GRACE, flying since 2002, and a handful
with GOCE scheduled for 2006. | mmediate observa-
tiontypesare satellite-to-satellite ranges and gravity
gradients. Many simulations and fundamental treat-
ments demonstrated the gain for global gravity field
and the complementary character of the missions.

— Classicdl satellite (e.g. aser) tracking was continued
and complemented by GPS-tracking.

— Satellitealtimetry wasfurther advanced e.g. by multi-
satellite crossovers.

Airbornegravimetrywill fill inhigher spatial resolution
not accessi bl eto spaceborne methods. Observed aircraft
(total) accel eration dataand GNSS-derivedinertia accele-
rationsresultinvector or scalar gravity values. Largedata
sets were collected with scalar platform instruments.
Advanced conceptssuch asstrapdown/vector instruments
are tested.

Classical terrestrial observation techniquessuch as with
relativeand absoluteinstrumentsarediscussed inspecial
aspectslikeabsolute meter intercomparisonsand details
of evaluation, high precision networks for regional
reference and for local gravity changes monitoring and
thedirect and indirect effects of atmospheric variations
on gravity observations. Astronomic deflections of the
vertical, e.g. from CCD-zenith cameras, torsionbalance
observationsand GPSlevellingintegrationarea sobeing
used. Bulk dataacquisition hasbeen carried out primarily
with relative meters for interpretation, see below.

Modelling the gravity field is based on the physics of
potential field and on mathematics for representation.
Theaimistofind aset of numbersand rules(algorithm)
to represent thecontinuousgravity field, usually approxi-
mating discrete observations of various functionals.

Fundamental gravity potential field problems area
continuous matter of discussion. The boundary value
problemwasdiscussedin connection with geoid compu-
tationfromairbornegravimetry; upward and downward
continuationwasstudied. Also, Helmert’ ssecond method
of condensation, anéllipsoidal Brunsformula, aminimum
distance Somigliana-Pizetti minimumdistancetelluroid
mapping and a new norma gravity formula were
published.

The toolbox to map the elementary observations to a
global or regional model representation includes the
energy integral or the differential equation of motions
integral employing time-wise or space-wise techniques
numerically or (semi-) analytically.

For gravity potential field representation, the classical
spherical harmonicswith frequency localizing property
arewell suited particularly for global modelswith even
observation data coverage. In case of uneven coverage,
spacelocalisingkernd functions can better accommodate
the datawith finer or coarser (multi-) grids. Multiscale

1 Gerd Boedecker, Bayerische Kommission fiir die Internationale Erdmessung, Marstallplatz 8, D - 80539 Miinchen, Tel.: +49 - 89 - 23 031 212, Fax:

+49 - 89 - 23 031 100, E-mail: Boe@bek.badw-muenchen.de
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methodsenabl e space-time analyses. Specificfocuswas
on wavelet applications. Also, point mass models,
geostatistical methodsand Fourier seriesarebeing used.
STRAKHOV proposes the SNAP model for regional and
global application.

Theenormousinformationgainfor theglobal gravity field
fromthe new satellite missions enabl e higher resolution
modd sand hencerequiresadvanced algorithmsincluding
the need for regularization.

Many global gravity modelsincluding GRIM sare based
onvariouscombinationsof datasetsfromthe observation
methods listed above and demonstrate significant
improvementsinlow and higher degreesupto 360; ultra-
highdegree modelsupto1=1800 areuseful for local and
regiona investigations. Somemodel sincludelow order
spherical harmonicsfor gravity changeswithtime. Models
aso permitted to compute gradients for the validation
of GOCE observations.

A new World Geodetic Datum 2000 was proposed by
GRAFAREND & ARDALAN using the fundamental para-
meters W,, GM, J,, S and their variation with time.

Regional gravity models presented as geoids were
computed around Japan, for Northern Germany, East
Germany, Baden-Wurttemberg as tests for various
approaches. The existing European geoid EGG97 has
been improved.

Error analyses such astheimpact of datum inconsisten-
cies supplement the geoid computations.

Special models are required to describe variable Earth
rotation and tidal effects.

Interpretation may be understood as the attempt to the
(geo-) physical reality from the models or immediately
fromgravity observationsby solvingtheinverseproblem,
i.e. to infer on gravitating masses and their geometric
distribution.

Someglobal gravity fieldmodelsal soincluded isostatic/
topographic coefficients. The Earthstensor of inertiais
extracted.

— Extendedterrestria observation campaignswere carried

outinGermany and abroad, e.g. withrelativeland gravi-
meters, marine gravimeters or airborne gravimeters,
respectively, in South America, Jordan, South Africa,
Skagerak, AtlanticandintheEuropean Alps. They offered
the basisfor structural geophysical investigationssuch
as sat dome or maar identification, valley sediment
fillingswith ground water depositsdetermination, density
structures, crustal structureincluding rift and platemargin
modelling; these studies also covered areaslike Egypt,
Red Sea, North Atlantic, Arcticaand Antarctica etc.

Changes of the gravity field with time were studied at
different scales: At various volcanoes in Philippines,
Colombia and Indonesia, microgravity networks were
observedtoinfer ongravity changescaused by volcanic
activities. |ceload changes cause geoid changes which
werestudied using viscoel astic Earthmodel s. A network
inan earthquakeareain Chinawasobserved with absol ute
andrelativemeters. For global changes, parameterswere
included in global gravity field models, changes of W,
werestudied. Ocean currentsareal so asourceof gravity
field changes.

The geoid is a particularly useful representation of the
gravity fieldinthatitisthegeometriclevel surfaceclose
to the seasurface. The sea surfacetopography hasbeen
studied in relation to atmospheric changes and geoid
changes. High precision geoid onland areas playsakey
role for GNSS height determination. Height reference
system problems are discussed.

The interpretation of gravity field observablesis
facilitated if known sourcesof gravitation aretakeninto
account beforehand by forward modelling. For this
purpose, digital terrain models(DTM) arecompiled e.g.
by using the space shuttle SRTM (Shuttle Radar Topo-
graphy Mission) data. Advancing al gorithmsfor comput-
ing the terrain effect are arewarding subject even after
severa decadesof research. Also, e.g. atmospheric masses
are taken into account.

Combinationwith other parametersor observables such
as seismic data further restricts the solution of inverse
modelling.
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Terrestrial and airborne gravimetry

E. GROTEN?Y, B. RICHTER? H. WILMES?

G. BOEDECKER (Bayerische Kommission fir
dielnternationale Erdmessung (BEK), M tinchen

Gravity reference networks:

BEK contributes through the adjustment to ajoint project
for a‘ Unified European Gravity Network 2002 (UEGN2002)
that will provide aunification of the absolute and relative
gravity reference network observationsin some 25 European
countries. Thisis a mgjor step forward compared to the
preceding UEGN94 because of theincrease of countriesand
the incorporation of the UNIGRACE absolute gravity
observations carried out in the (former) East European
countries (BOEDECKERET AL. 2002b). The experience from
severa gravity reference network projects demonstratesthe
increasing role of absolute observationsand leadsto the con-
clusonthat instead of *old’ genera purpose gravity reference
network it is necessary to establish reference station sets
dedicated to specific tasks such as ground truth for satellite
gravity missions or referencing airborne gravity missions
etc. (BOEDECKER 2002).

Airbornegravimetry:

Inthe framework of developing strapdown airborne gravi-
metry methodol ogy and prototype hardware, BEK hasstudied
the kinematic airborne GPS-positioning. It is found from
test flightsthat regional ionospheric delay variations cause
positioning error variations of up to 0.5 min afrequency
band very dangerousfor the kinemétic accel erations derived
for high resolution airborne gravimetry. Exploiting reference
network stationsinformation, the positioning error may be
reduced to afew centimetres and the kinematic acceleration
errorsaccordingly (BOEDECKERET AL. 20023). The SAGS
(Strapdown Airborne Gravimetry System) sensor for 3D
total acceleration isan assembly of 3 (to 4) high resolution
accel erometers and angular rate sensors backed by multi-
antennae GPS attitude receiver (BOEDECKER 2001).

M. BECKER, Universitat der Bundeswehr
M Ginchen:

The sixth Intercomparison of Absolute GravimetersICAG
2001 was conducted in July 2001, (VITUSHKIN et &, 20023).
Inaclose cooperation with the Bureau des Poids et Measures
in Paris-Sevresthe Institute of Geodesy, University of the
Bundeswvehr Munich, organized the reletive gravimeter obser-
vations. For thefirst timein these comparisons acombined
adjustment of absoluteand relative gravimeter observations

was enabled. Results are published in (VITUSHKINE et dl.,
2002b, and BECKER et al., 2003)

H.-J. GOTZE, Freie Universitat Berlin
(1) Gravity Data Acquisition
General

Four field campaigns have been carried out during the 1999
—2002 working period of the SFB 267 (Collaboretive Center
267 entitled " Deformation processesin the Central Andes’,
supported by Deutsche Forschungsgemeinschaft, Bonn, Freie
and Technische Universitét Berlin and GFZ Potsdam): two
in Northern Chile and Southern Boliviaand one along the
SALT- traverse which combinesthe active continental margin
of the Pacific Ocean and the passive continental margin of
the Atlantic. SAL T standsfor " South American Lithosphere
Transect". Our partnersin Chile, Boliviaand Argentinaare
organized inthe MIGRA group (M ediciones| nternacionales
de Gravedad in los Andes).

Station spacing amounts to approximately 5 km along all
passable tracks aside from some local areas with ahigher
dation dengty. Extremeroad conditionsdid not always allow
usto determine the drift of the gravity metersby repeating
the measurements at each station. However, evenif we used
bad tracks by car, the drift of the three LaCoste & Romberg
instruments (models G) rarely exceeded 0.05 10° m/s? per
day.

Thebasisof the calculation of gravity anomaliesarethetwo
following equations:

BA =FA + *gg,, (station complete) Bouguer anomaly
FA = G- (Oh + *Giop + *Oniv) (Station complete) Free-air
anomaly

with:

O 8DSOlute gravity at station, tied to the IGSN71 datum,

g,: nhormal gravity at station level h; normal gravity
formula of 1967,

*Qhop - terrain correction,

*gy - freeair correction, and

*Owou - (SPherical) Bouguer slab correction.

For topographic corrections, a true 3D-method including
calculations of the Earth scurvature hasbeen applied. The

corrections were calculated within a radius of 167 km;
correction densities of 2670 kg/m?® and 1 640 kg/m? for areas

1 Erwin Groten: Ingtitut fir Physikalische Geodasie, Technische Hochschule Darmstadit, Petersenstralie 13, D - 64287 Darmstadt, Germany; Fax: +49 - 6151 -
164 512, Tel.: +49 - 6151 - 63 109, e-mail: groten@ipgs.ipg.verm.th-darmstadt.de

2 Bernd Richter / Herbert Wilmes: Bundesamt fiir Kartographie und Geodasie (BKG), Richard-Strauss-Allee 11, D - 60598 Frankfurt a.M., Germany;
Tel. +49 - 69 - 6333 273, Fax: +49 - 69 - 6 333 425, e-mail bernd.richter@bkg.bund.de / herbert.wilmes@bkg.bund.de
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above and below sealevel, were used respectively. Typica
valuesfor the topographic correction in the Southern Alti-
plano vary between 0.4 H 10 ° m/s* (flat areas) and 1.2 H
10°° m/s*(in the Cordillerade Lipez and the recent volcanic
arc of the Western Cordillera). Along the southern SALT
traverse (38/ —42°S; 72 / —62/ W) topographic corrections
were necessary only for stations which lay in the Andean
region of the traverse.

Observations of station elevations

For safety reasonswe measured with both differential GPS
and barometers due to sudden cutsof eectrical current which
could cause the power supply of the permanent GPS station
at the base camps in Uyuni (e.g. Bolivia, MIGRA 1999
campaign) and General Roccas (Argentina, MIGRA 2000
campaign) respectively. Toimprovethe quality of our baro-
metric measurements, we cal culated time-dependent drift
correctionsasitisusually donefor gravity measurements,
using as many benchmarks and repeated measurements as
possible. Moreover, the profiles of several daysweretied
together in order to eliminate systematic errors. The baro-
meter scales have been calibrated on leveling lines (H =
2000 m) and error estimations showed that evenintheworst
case the accuracy was better than 20 m, giving an error in
the Bouguer anomaly of about 2 H 10° m/s?, whichisless
than 1% of the overall magnitude of more than 450 H 10°®
m/s? (in the north).

Altiplano field campaigns M IGRA 1999 and 2002

The new gravity data base which is now available in the
remote regions of western and southwestern Boliviacovers
the high Western Cordillera, the Cordillera de Lipez, and
the Southern Altiplano. The gravity field was observed in
a campaign which was actively supported by the Servicio
Nacional de Geologiay Mineria, LaPaz. Gravity measure-
ments were planned and conducted closely to members of
the SFB 267 for ajoint interpretation of tectonics in the
southern Altiplano, in particular along the Kenyani —Linea-
ment. Theinterpretation shedslight not only onlocd tectonics
but on the structure of huge vol canic calderacomplexesin
the Lipez areaa ong the Bolivian — Argentinean — Chilean
border.

The Central Cordilleraof the Andesis characterized by its
enormoustopography and remoteness, its extreme climatic
conditions, low population density and limited infrastructure.
Other difficulties limiting our field work were the lack of
modern topographic maps and geodetic networks in the
region. Theinvestigated areabe ongsto theintramountainous
Altiplano-Puna Plateau with an average height of 4300 m.

Repeated measurementswere carried out at 77 Sationswith
amean error of 0.18 10° m/<?, in theworst case we observed
0.94 10° m/s’. To give an impression of the received
accuracies, two examples are presented here:

Length of loop (1): 593 km

Observationsbetween:  Difference (10°m/sy) & -
meter
Uyuni — ColchaK +9.37 411
ColchaK — Laguna Colorada -103.76 592
Laguna Colorada— Soniquera 71,24 592
Soniquera— Uyuni +2298 998
resulting error in loop (1): -0.17 * 10° m/s®
Length of loop (2): 512 km
. ) . " gravity-
Observations between: Difference (10° m/s?)
meter
Uyuni — Laguna Colorada -9451 592
Laguna Colorada — Uyuni 9453 592

resulting error in loop (2): +0.02 * 10° m/s®

With the exception of some inaccessible regions in the
southeast of the Bolivian Altiplano the obtained coverage
of theentireregionisfairly uniform. All measurementsare
tied tothe IGSN71 gravity datum at base stationsin Oran/
Argentina, Tucumén/Argentinaand Calama (Chile) viaour
own observational points at the Bolivian borders with
Argentina (La Quiaca — Villazon) and Chile (Ollagle —
Avaroa). A rather small error of only 1.17H10° m/s* were
obtained. At 40 reference stationswe observed an average
error of 0.28H10° m/s>.

The MIGRA 1999 and 2002 gravity campaigns complete
the data base in the Central Andes. Based on an earlier
contract between the former Bolivian State Oil Company
(YPFB) and the gravity research group at FU Berlininthis
particular southern Altiplano region 10 000 gravity stations
were reprocessed, tied to the IGSN71 gravity datum and
connected to the gravity network of the MIGRA group and
the Universidad de Chile (airport Calama, N. Chile).

Gravity observationsalongthe SALT traverse(MIGRA
2000 campaign)

Recently (2000 and 2002) more than 2000 new gravity data
were observed dongthe SALT (South American Lithosphere
Transect) and tied to the IGSN 71 (IGM base station,
Neuquen) and to IGSN stationsin Chile (Temuco, Puerto
Montt and the new TIGO station in Concepcién). The
campaign was supported by Repsol-Y PF based at Neuquén
and the research groups at the Universidad de Buenos Aires
and Concepcién. Together with the reprocessed older 50
000 gravity datain the province of Neuquen and Rio Negro
which were released to us under a contract with YPF. All
datawere reprocessed and we ca culated for more than 55.000
gravity sites "station complete” Bouguer anomalies.

At present (January/February 2003) we are engaged in a
precise error analysis, datare-check of industry datawhich
werereleased by severd Chileaningtitutionsfor the western
part of the transect. In close cooperation with theseinstitu-
tions(eg. Geological Surveysof Chileand Argentina, Uni-
versidad de Chile, research project of V olkswagenstiftung
Hannover and oil industry (ENAP, EmpresaNacional del
Petroleo) these activities will result in the compilation of
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ahomogeneous gravity database of the southern-central zone
of Chile and central-west zone of Argentina (38/ —42°9)
by reprocessed existing gravity dataand observed new data
sets.

Latitude
41°259 S

Station Gravity (mGal)
47612] 980282.26

Intotal there are some 80.000 gravity measurements (at the
continent) available which are supplemented by free-air
gravity (SANDWELL and SMITH data set or KM S, Copen-
hagen/Denmark altimeter data) in the offshore area of the
Pacific and Atlantic Oceans. The gravity research group
participated in the German research vessel SONNE cruise
(SO 141 1 & 4) to observe new ship borne gravity data
together with the colleaguesfrom BGR (Hannover, Germany
and GEOMAR, Kiel, Germany)

Field campaign in the Jordan (DESERT 2002)

Under the umbrellaof the DESERT project (Dead Sea Rift
Transect) some 800 new Stationswere observed in the Dead
SeaVadley (Jordan) together and with thelogigtical assistance
of the Jordan Geological Survey. The 2002 field measure-
mentswill beinterpreted in aninterdisciplinary model which
will shed light on the complicated structure of the Dead Sea
Transform. The project brings scientists from Germany,
Israel, Jordan and Pd estinetogether and isfinanced by the
Deutsche Forschungsgemeinschaft (DFG, Bonn, Germany).

Participation in theinternational TRANSALP proj ect

Recently the Eastern Alpswere subject to seismic research
which was conducted in the context of the German, Austrian
and Italian TRANSALP project. Our 3D modelling of the
density structure belonged to aseries of piggy-back projects
which were closely accomplished to the seismic reflexion
dudies. We conducted acombined gravity-seismic interpreta:
tion which based on the results of both older deep seismic
profiling, and the new TRANSAL P profile. Specid emphasize
was put on geol ogy and tectoni ¢ information which served
asmodel constraintsfor near-surface structures. 3D forward
modéelling (by Dr. J. EBBING, PhD thesis) of both the Bouguer
gravity field and geoidal undulations providesin-depthinsght
into the lithogphere and considers the constraining conditions.
Dueto the uncertainties of used constraints, particularly in
depthsof the Eastern Alpine Moho, aninversion technique
complemented thisstudy and provided insight into the shape
and density contrast at the crust-mantleinterface. Partners
in this project were Dr. C. BRAITENBERG (University of
Trieste, Italy and Prof. Dr. B. MEURERS, ViennaUniversity,
Austria and the TRANSALP Research Group).

(2) Softwarefor data processing and inter pretation

For processing purposes we used self written computer
software (DbGrav, JAV A) which storesreference numbers,
coordinates and heights for each new gravity station and
calculatestidal corrections, terrain corrections on the base
of the 1 km H 1 km digital elevation grid released by the

Longitude
73°05 W 81

ENAP (8 000 stations),
US National Imagery Agency (NIMA) (180 stations) and

Moreno Project (1996) (283 gations). All the measurements
are linked to IGSN 71 gravity datum via the base station
at Puerto Montt:

Location
BM Field El Tepua

Height (m)

USGS. Drift corrections of both, gravity and barometric
readingsand thefina station complete Bouguer- and free-air
anomaliesand evenisostatic residual fieldswere calculated
immediately. A plot program contoured the new anomaly
mapsimmediately after new datawere processed. Therefore,
we always were able to check and test the new field data
across the old data base and recognize inconsistencies
immediately.

For 3D forward modelling of geoidal undulations, gravity
and itsderivativesthe software IGMAS (interactive gravity
and magnetic application system) was completed and
expanded by a visualization package (http://userpage.fu-
berlin.de/~sschmidt/ Sabine IGMAS.html).

U.F.MEYER, GeoFor schungsZentrum Potsdam

The project CHICAGO (Chilean Coastal Aero-Geophysical
Observations)was initiated and performed by the GFZ
Potsdam, Section 1.3 "Gravitational Field und EarthModéels'.
The project and survey was supported in finances and
personne by the SFB-267, herein epecialy by the FU Berlin.
The BEK Munich contributed to the project with it's
strap-down gravity meter system. Project partners on the
Chilean side were the Instituto Geografico Militar (IGM)
and the Fuerza Areade Chile, Servicio Aerofotogrametrico
(SAF). The observation platform of the aerogravimetry system
wasaTwin Otter of the SAF which was normally used only
for photogrammetry.

The project CHICAGOQO isclosely connected to ongoing and
future scientific investigationsin Chile, that are performed
by the GFZ Potsdam and partner institutions. Herein,
expecidly the SFB-267 " Deformition Processesin the Andes'
and the planned TIPTEQ project "From The Incoming Plate
to Mega-Thrust Earthquakes' are the main links of
CHICAGO.

The aero-profiles of the CHICAGO survey areain 2002
concentrated in the area between 37 and 39 degrees south.
Theline spacing offshorewas 12 km. In total, 20 east-west
trending profileswere flown in aflight atitude of 300 meters
above water. Onshore, 8 north-south profiles were flown
with aline spacing of 10 to 20 kilometers, here the flight
altitudes varied between 2000 and 2700 metersdepending
on topography. One of the core issues of the project was
to chart the changing character of the subduction zone around
40 degrees south. Along the central Andean mountain belt
a deep oceanic trench, a narrow shelf and high plateaus
dominate. South of 40 degrees south, the depth of thetrench
decreases, the shelf getsbroader and the mountain fade out.
Moreover, at about 40 degrees south only wesk gravimetric
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anomalies are observed along the coast. North and south
of it, strong positive Bouguer anomalies strike along the
coagtline. In 2002 the northern part of thisstructural change
was mapped by means of aerogravity. In 2003 or 2004 the
southern part is planned to flown to map the full extend of
the geologic and tectonic pattern.

G.JENTZSCH, Ingtitutefir Geowissenschaften
der Univergtét Jena, Lehrstuhl fir Angewandte
Geophysik

Micro-gravimetry at volcanoes — measur ements and
inter pretation:

Since 1992 we carry out repegted micro-gravity measurements
at different volcanoes. Up to now we have completed the
work at Mayon V olcano / Philippines, whereasthe data of
Merapi Volcano/ Indonesiaisstill under consideration. The
work at Galeras Volcano/ Colombiahad to be stopped due
to the political situation; but we hopethat dueto improve-
ments we will be able to resume the measurements soon.
Our interpretation of the gravity differences observed con-
centrates on the derivation of internal processes under the
boundary conditions of elevation changes (determined by
GPS) and findings from geology and geochemistry, e.g. the
composition and viscosity of the vol canoes.

Numerical interpretation of gravity data:

Starting in 1990 our group has a good record of research
projects regarding the evaluation of the gravity field with
respect to underground structure of the geology and the
tectonic devel opment. Recent works emphasized ontheMain
Ethiopian Rift, the Vogtland / NW-Bohemia area famous
for its swarm earthquakes, and the Red Sea Rift / Egypt. Our
concernisto combinethegeological structure derived from
the gravity field modelling with dynamic modelling of the
tectonic development of the area under study.

Marine gravimetry:

During the voyages of the polar research vessel " Polarstern”
amarine gravimeter of thetype KSS31— 1725 (Bodensee-
werk Uberlingen) isin operation. | summer 1998, Gerhard
Jentzsch participated the expedition ARK XIV/1a from
Bremerhaven to the Alpha Ridge close to the North Pole
until Tixi / Russia. During thistrip he was responsible for
the marine gravimeter, to keep it running and to check the
settings.

J. MULLER, IfE, Uni Hannover

In ANDERSEN et al. (1999), severa aspects are discussed
how the formulas and quantities givenin the sections’ The
solid Earth pole tide effect on the geopotential” and ' The
site displacement caused by rotational deformation dueto
polar motion’ of the |IERS Conventions (1996) should be
applied.

MULLER et a. (2002) give an overview whichtidal models
are used worldwide in the various computer programs for
theanalysisof Lunar Laser Ranging (LLR) dataand which
tidal parametersare determined by LLR, e.g. thelunar tidal

acceleration or Love numbers of the Moon. MULLER and
TESMER (2002) continue these investigations and discuss
aso how well terrestria Love numbers (h2, 12) or amplitudes
of typical diurnal and semi-diurnal periods can be derived
from LLR data.
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Global Gravity Field Modelling

T. GRUBER!

I ntroduction

During thelast four yearsthe global gravity field modelling
work in Germany was mainly driven by the preparation for
the satdllite missons CHAMP, GRACE and GOCE. Several
general studiesand reportsfor theindividua missionsand
for mission intercomparisons were performed during this
period (BALMINO et a, 1999a, 1999b; I LK, 2000; REIGBER
et al, 1999b, 2000, 2002b; RUMMEL and REIGBER, 1999;
RUMMEL, 2000, 2003; RUMMEL et a, 2002; SCHAFER, 2001,
SCHAFER and GRAFAREND, 2002; TAPLEY and REIGBER,
1999; VISSER et al, 2002). In summary the result of these
reportswas, that all three missions have their own justifice
tion and that they provide aunique opportunity to dramatical-
ly improve our knowledge of the system Earth.

Because CHAMP waslaunched asthefirst satellitein July
2000, most of the gravity field work concentrated on this
mission. Several studies investigated the potentia of the
mission and the performance of the instruments (OBERN-
DORFER et al, 2002a; SCHWINTZER et al, 2000). Results of
data analysis show, that CHAMP provides a unique data
set for improvement of the gravity field. In March 2002 the
GRACE satelliteswerelaunched. Because the data process-
ing system is still in the commissioning phase no red
GRACE datawere availablefor analysis. The major mile-
stonefor the GOCE mission wasthe approval of themission
ain1999. Sincethen alot of effort went into the simulation
of gradiometer data and devel opment of processing algo-
rithms. It is planned that GOCE will belaunched in spring
2006. This means, that we will have a unique sequence of
missions, which are complementary in many aspects (e.g.
sequence of launch, measurements system, orbit).

Global modelling techniques

From the mathematical point of view one can distinguish
globa modelling technique based on the classical approach
using spherical harmonics as mathematical base functions
and newer devel opments using multiscale modelling tech-
niques. From ageodetic point of view, apart thewell known
direct approach based on classical orbit perturbation theory,
which was used for al actual gravity field models, new
techniques for setting up the observation equations and
estimation of the gravity field parameters were devel oped
in context of the preparation of the dataanalysisfor the new
satellite missions (SCHNEIDER, 2002).

Geodetic Techniques

CHAMP and GRACE provide satellite-to-satellite range
observationsin the high-low or low-low mode, while GOCE
will observe gravity gradients directly from space. This
implies different analysis methods. On the one hand the
gradiometer observesdirectly the gravity field at aspecific
timefor aspecific place. Theinstrument providesthe second
derivativesof the gravity potential in their different combina-
tions, which then can be further analysed in atime-wise or
space-wise sense (seelater). On the other hand satellite-to-
satellite tracking data are always indirect observations of
gravity field perturbations, which arereflected in the relative
motion between two satellites. During the orbit determination
processthese observations are trandated into satellite posi-
tionsand vel ocities either by adynamic, reduced dynamic
or kinematic gpproach (thelater one does not provide satellite
velocities). Now these perturbed orbit positions can be
differentiated numerically to get satellite velocities (1%
derivative) or satellite accelerations (2™ derivative). (For
dynamic and reduced dynamic precise orbit determination
thevelocitiesareintegral part of the estimation scheme and
must not be derived by differentiation). The different obser-
vation types enable different analysis techniques. While
positions require the solution of the differential equation
of motion (numerical or semi-anaytical) (SCHWINTZER, 2000,
SCHWINTZER and REIGBER, 2002a), velocities can be used
for solving the energy integral, which relates potential and
kinetic energy (GERLACH et al, 2003a, 2003b; ILK, 2002,
2003; SNEEUw et al, 2003; VIsSER et al, 2003), and accelera-
tionstogether with velocities can be used for computation
of the gravity gradients along the orbit (AusTeN and
REUBELT, 2000; AUSTEN €t al 2002; HEss and KELLER,
1999). The later two are mathematically much more essier,
because no numerical integration of the equation of motion
and the variational equations hasto be done.

For the analysis of the observations we can distinguish
between so-called time-wise techniques, which analysethe
dataaong the orbit in terms of orbit elements, and space-
wise techniques, which expressthe observablesin spherical
(ellipsoidal) coordinates. Theclassical direct approach by
integrating the equation of motion numerically can also be
regarded, in a more general sense, as time-wise method,
because the tracking data are analysed along the orbit. In
thissenseanalyticd (Cul and LELGEMANN, 2000; STRAKHOV
et al, 2000) and semi-analytical approaches introducing
anaytica orbit theory (KAuLA, HiLL) and FFT methodsfor
integration are regarded as time-wise methods (SNEEUW,
2000, 2002). Time-wise methods also play aprominent role

* Thomas Gruber, Ingtitut fiir Astronomische und Physikalische Geodésie, Technische Universitét Miinchen, D-80290 Miinchen, Tel: +49 - 89 - 289-23192,
Fax: +49 - 89 - 289-23178, e-mail: Thomas.Gruber@bv.tu-muenchen.de, internet: http://step.iapg.verm.tu-muenchen.de/users/gruber



82 SECTION I1l: DETERMINATION OF THE GRAVITY FIELD

for analysing future GOCE gradiometer observations (KLEES
et al, 2000). In this case the integration can be avoided,
because onedirectly observesthe gravity field. On the other
hand, al so space-wise methods could becomeimportant for
analysisof gradiometer data (ILk et a, 2002). Inasimilar
way surface and altimeter data are handled for combined
gravity field model s (GRUBER, 2000). For the combination
of the different data typesthe atimetry-gravimetry boundary-
value-problem plays an additional role. A new numerical
solution gpproach wasinvestigated by LEHMANN and KLEES,
(1999) and LEHMANN, (2000).

Several of the above data analysis methods produce large
normal equation systems, which can not be solved easily.
With GRACE and especidly GOCE the problemwill become
much more dramatic, because gravity field models up to
much higher degrees will be computed. Apart from the
classical least squares sol ution methods (GRUBER, 20014),
iterative sol ution techniques based on conjugate gradients
and other methodswere developed (ScHUH, 2003). For this,
regularisation techniques were applied to improve the
performance of the algorithms (KocH and KuscHE, 2002;
KuscHE and KLEES, 2001b, 2002b, 2002c; KuscHE, 2002b).
These a gorithms already show now, that the GOCE gravity
field (e.g. up to degree 300) can be solved with reasonable
effort.

Mathematical Techniques

As mentioned above, al classical and newly developed
methods are aiming in the determination of spherical
harmonic seriesrepresenting the Earth’ sgravity potential.
This implies, because one is working in the frequency
domain, that theoretically global data sets have to be used
to derivethe series. Quasi global data setsare availablefrom
the CHAMP and GRACE missions and they are therefore
perfectly suited for this purpose. For GOCE the situation
will bedightly different. Due to the sun-synchronous orhit,
therewill be polar data gaps with an opening angle of about
6.5 degrees. Similar, surface data sets (gravity anomalies,
atimeter data) to be used for combined gravity field models,
have significant areaswith either bad dataor no dataat all.
Thishasto betaken into consideration during gravity field
andysisby spherical harmonics, which arefrequency locdis-
ing functions. Other mathematical methods using space
localising functions or multiscale expansions (space and
frequency localisation) can be applied for such problems.
Multi-grid methods, which are using spacelocalising kernel
functions, are able to solve very efficiently large normal
equation systemshy aniterative method and are additionally
ableto generate awel I-defined sequence of coarser approxi-
mations of the gravity field solution (KuscHE et al, 1999,
2001a; KuscHE and RuboLPH 2000b, 2002; KuscHE, 2001,
20023, 2002b; RuboLPH, 2000, RUDOLPH et a, 2002; THAL-
HAMMER et a, 1999). Multisca e methods based on wavel ets
as kernel functions are able to analyse the gravity field in
a combined space-time domain (FREeDEN, 1999, 2001;
FREEDEN et al, 19993, 1999b, 2001; FREEDEN and MICHEL,
2000, 2001; FReeDEN and PEREVERZEY , 2001; GLOCKNER,
2002, MICHEL, 1999, NuTz, 2002). By thismethod, regional

aswell astime variable aspects of the gravity field can be
investigated more deeply and efficiently.

Earth gravity field models

Severd new globa Earth gravity field modelswere published
during the reporting period. They were computed in prepara-
tion of the CHAM P mission and the most recent modelsare
aready based to alarge extent on CHAMP observations.
First experiences to use low Earth orbiting satellites for
gravity field restitution were gained with the GFZ-1 canon-
ball satellite. The analysis of laser tracking data to this
satellite enabled for thefirst time the determination of some
higher degree zonal and resonant order spherical harmonic
coefficients up to a maximum degree of 100 (KONIG et al,
1999). Aspreparatory work for CHAMP dataanalysis new
multi-satellite and combined gravity field solutions were
determined. The GRIM5-S1 and —S2 satellite-only models
are based on various types of tracking data to about 20
satellites. Spherical harmonic coefficients up to degree 99
and order 95 for the static gravity field together with some
low degree zonal s for secular changes of the gravity field
were estimated in a rigorous least squares adjustment
(BIANCALE et al, 2000, BIANCALE and SCHWINTZER 2000).
The models show a significant improvement with respect
to previous solutions and could be regarded as the state of
the art prior to the CHAMP mission. A combined gravity
field model was computed based on the GRIM5-S1 normal
equations, surface gravity dataand atimetric derived gravity
anomalies. ThisGRIM5-C1 model, completeto degree and
order 120, represents for this frequency range, one of the
best available global gravity field modelstoday (GRUBER
et a, 2000a). Several high resolution models (up to degree
360) combining full normal equation systemsfor the long
wavelengths (e.g. up to degree 120) and reduced block
diagond systemsfor the higher degreetermswere computed
additionally (GRUBER 2000; GRUBER ¢t a, 2000b). Starting
with thelaunch of CHAMP in July 2000 and the availability
of GPS satellite-to-satellite tracking datathe first CHAMP
based gravity field model swere computed. The EIGEN-1S
model (REIGBER et al, 20023, 2003) combines 3 months of
GPStracking datawith the GRIM5-S1 multi-satellite solution
(degree and order 119). The model shows significant
improvements with respect to all previous solutionsfor the
long wavelengths. As follow-on a CHAMP only model
(EIGEN-2) based on 6 months of reprocessed GPStracking
datawas computed (up to degree and order 140) (REIGBER
et a, 2002c). Againthe model shows strongimprovements
for the long wavel engths (up to degree 40) compared to any
previous gravity field modd and representsfor thisfrequency
range the state of the art. Further significant improvements
can be expected as soon as the first GRACE gravity field
models will be released.

Apart from the purely numerical satellite dataanalysisalso
somework on global isostatic gravity field modelling was
performed. Some specific investigations about the influence
of different models of the earth’ s crust on the gravity field
(KUHN, 1999) and about different isostatic models (TsouLls,
19993, 1999b, 2001) was done. A purely isostatic gravity
field model of the Earth was developed by KABAN et a,
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(1999). For thismodel new dataon the density and structure
of the Earth’ scrugt, together with dataon the age of thelitho-
sphere were used. In another approach it was attempted to
compute geopotential correction coefficients from multi-
satellite atimeter crossover data(BoscH et al, 2000) or, the
other way around, to use this information for testing the
quality of a gravity field model (KLokocNIK et a 2000,
2002). These methods are of interest for future gravity field
modelling activities (e.g. validation).

The determination of the stationary part of the seasurface
topography using new representations of the oceanic geoid
derived from the new gravity field model swas another work-
ing areain the last 4 years. Specifically the impact of the
new gravity missions for future sea surface topography
modelswasinvestigated. It was found that the EIGEN-1S
model already showssignificant improvementsfor aderived
sea surface topography (GRUBER and STEIGENBERGER, 2003).
SCHROTER d d, (2002) investigated theimpact of the future
GOCE mission on the determination of the sea surface topo-
graphy (seealso BoscH, 2002). Generaly it isexpected that
the new missionswill revolutionise the quality of geodetic
and oceanographically derived seasurface topography solu-
tions. Also anew method for ajoint estimation of the geoid
and the sea surface topography wasinvestigated (BLINKEN,
1999; BLINKEN and KocH, 1999, 2001; LoscH et a, 2002).

Future prospects

During the next coupl e of yearsthe analysis of the CHAMP
and GRACE mission data will be one of the focal points.
Besidesthe static part of the global gravity field the determi-
nation of thetime variable gravity field and itsinterpretation
will be one of the mainworking aress. Severa investigations
about theimpact of mass redistributionswithin, on and above
the Earth on the gravity field were performed (REIGBER et
al, 1999a; JOCHMANN et al, 2001). Atmospheric and oceanic
mass variations are one of the major sourcesto betakeninto
consideration (FOLDVARY and FUKUDA, 2002; GRUBER et
al, 2000c; KUHN, 2002; PETERS, 2001; PETERS €t al, 2002;
WUNSsCH et d, 2001, 2002). Short term massvariationshave
to be corrected during data analysisin order to overcome
the unequal space-time sampling of the satellite tracks
projected on the Earth’s surface.

Another foca point isthe preparation of the GOCE mission.
Considerablework has already been performed during the
last yearsin order to investigate the mission and instrument
performance (MULLER and OBERNDORFER, 19994, 19998;
MULLER, 2001; OBERNDORFER €t al, 1999, 2000, 2002b;
OBERNDORFER and MULLER, 2002; RUMMEL et al, 2000;
SMIT et al, 2000; SNEeuw et al, 2001, 2002), the data
processing algorithms, the impact to science applications
(RUMMEL, 2002a, 2002b; SNEeUw et al, 2000), the calibra
tion/validation of the products (DENKER, 2002; M{iller et
al, 2002) and the combination with terrestrial data (KUSCHE
et al, 2000). Future work will focus on the preparation and
development of efficient algorithmsin order to be able to
process GOCE high resolution gravity field models with
the required accuracy and with reasonable computational
efforts. Specid emphasis during these developments should

be given to possible synergieswith the CHAMP and GRACE
missions (GRUBER, 2001b).
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Regional and local gravity field modelling

H. DENKER*

1. Modelling techniques

The theory of geodetic boundary value problems is of
fundamental importance for gravity field modelling. Novak
et d. (2001) and Novak and HEck (2002) discuss boundary
value problemsfor the computation of the geoid from air-
borne gravity data by introducing the concept of a band
limited geoid; the studiesinclude the mathematical formula-
tion, computer redlization and testing by actua airborne data.
A special topic of thiswork isthe use of Helmert’ s second
method of condensation, which isdiscussed in more detail
inHECk (2002). The spheroidal fixed-free two-boundary-
value problem for geoid determination is studied in
GRAFAREND et a. (1999). Anellipsoidal Brunsformulais
derived in ARDALAN and GRAFAREND (2001a), and anormal
gravity formula, accurate to the sub-nanoGal level, isderived
in ARDALAN and GRAFAREND (2001b). The Somigliana-
Pizetti minimum distance telluroid mapping is evaluated
in ARDALAN (1999) and ARDALAN et al. (2002), using the
date of Baden-Wrttemberg (Germany) and East Germany
astedt areas. A new analytical approximation method, that
issuitableto represent the Earth’ sgravity field on aregional
aswell ason aglobal scale, isdescribed in STRAKHOV et
al. (1999a, 1999b, 1999c, 2000, 2001) and SCHAFER et al.
(2001). The method isapplied for the modelling of the height
reference surface of East Germany in SCHAFER (2001).
Temporal variations of the deformable Earth are investigated
in GRAFAREND (2000) and GRAFAREND €t a. (2000).

Theuse of geodtatistical methodsfor gravity field modelling
and geophysical interpretation of terrestria torsion balance
measurementsin northern Germany isinvestigated in MENZ
(2000), MENZ and KNOSPE (2001 and 2002), and KNOSPE
(2002). Asone gravity field quantity, the geoid is derived
from the torsion balance data, and the result is compared
with gravimetric modelling. Furthermore, problemsrelated
to therelative and absolute orientation, model deformations,
and smoothing properties are discussed.

Significant progresswas also madein the theory and appli-
cation of wavelets. Thisisdocumented in severa dissertation
theses (BAYER, 2000; BETH, 2000; GLOCKNER, 2002; LITZEN-
BERGER, 2002; MAIER, 2002; MICHEL, 1999; NuTz, 2002),
the textbook from FREeDEN (1999), and special publications
in journals (FREEDEN, 2001a and 2001b; FREEDEN et al.,
1999a and 1999b; FREeDEN and HESSE, 2002; FREEDEN and
MAIER, 2002; FReeDEN and MICHEL, 1999, 2000 and 2001,
FREEDEN et d., 2001 and 2002, FREEDEN and PEREVERZEV,
2001; MAIER and MAYER, 2003).

The textbooks on geodesy and gravimetry, published by
TORGE (1999, 2000, 2001, and 2002), cover also many topics
related to local and regional gravity field modelling. More-
over, the FESTSCHRIFT TORGE (2001) contains contributions
to geoid determination after thefirst satellite gravity field
missions, tidal effects, the height datum problem, and air-
borne gravimetry.

2. Digital terrain models

Digital terrain models play an important role for the
modelling of short wavelength components of the gravity
field. Of specia importance aretheresultsfromthe SRTM
(Shuttle Radar Topography Mission). The terrain models
derived from this mission will cover a large part of the
Earth’s surface and are expected to be of high and homo-
geneous quality. An evaluation of first SRTM results in
several test areasin Lower Saxony is presented in HEIPKE
and KocH (2002), HelPKE et a. (2002), and KocH et al.
(20023, 2002b).

A thorough study of terrain effect computations by anaytical
and numerical methodsis provided in TsouLIs (1999a). The
study proposesto combine numerical integrationin aninner
zone with Fourier expansions in the outer zone. Further
detailson terrain effect computationsand practical testsin
the Bavarian Alps can be found in TsouLis (1999b, 2000,
and 2001), and TsouLIs and PETRovIC (2001). The compu-
tation of terrain correctionsin amoving tangent space and
the effect of planar approximationsis studied in GRAFAREND
and HANKE (2001). The generation of digital terrain models
by triangular Bezier patchesisinvestigated in HAHNLE and
GRAFAREND (2002).

3. Geophysical investigations

Gravity dataacquisition projectsand geophysical interpre-
tationswere completed in the central Andes (Chile, Bolivia,
Argenting), Jordan, severd areasin Germany, and the Eagtern
Alps. The data processing with station separations down
to about 5 km, the computation of terrain reductions, and
the geophysical interpretation by means of 3D forward
modelling of geoidal undulations, gravity, and itsderivatives
by the software IGMAS are documented in BRAITENBERG
et a. (2000 and 2002), CHol (2000), EBBING (2002), EBBING
and GOTZzE (2001), EBBING €t . (2001aand 2001b), GIESE
et al. (2000), GoLTz (2001), GOTzE and KRAUSE (2002),
GOTzE and SCcHMIDT (2002), KrRAWCZYK et a. (2000),
KUDER (2002), L1 and GOTZzE (2001), OMARINI €t a. (2001),
OTT et al. (2002), and WITTKOPF (2002).
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Further geophysical gravity field interpretations based on
gravity observationsare presented for the salt dome Arendsee
(GABRIEL and RAPPSILBER, 1999), an area south of the Harz
mountains (GABRIEL et d., 2001), atertiary maar near Baruth
(GABRIEL €t a., 2000), and for Pleistocene valleys in
northern Germany with emphasis on ground water deposits
(WIEDERHOLD et al., 2001, 20024, and 2002b).

The preparation and homogenization of seismic datafor a
fjord region in East Greenland is described in SCHMIDT-
AURSCH (2002). There-processed seismic datais combined
with Bouguer anomaly datafor ageophysical interpretation
of the upper crust. The crusta structurefor theareaiscom-
pared with other regions of similar age.

Sea-level changesin Southeast Alaskaup to 4 cm/year and
corresponding geoid changes are modelled by viscoelastic
Earth modelsin BOLLING et al. (2001). The comparison of
the calculated with the observed sea-level changes shows
that the observations can be explained by isostasy only to
a small part of a few mm/year. The total atmospheric
influence with eastic Earth modd s on high-accuracy gravity
measurementsis studied in HAGEDOORN et d. (2001), aiming
at the reduction of superconducting gravity meter records.

4. Projectsand results

Theintroduction of anew World Geodetic Datum 2000is
suggested in GRAFAREND and ARDALAN (1999), using the
fundamental parameters W,, GM, J,, W, for the system
definition. Thiswork is extended to time variations of the
fundamental parameters (especially W,) in ARDALAN and
GRAFAREND (1999), and GRAFAREND and ARDALAN (2002).

The application of the gradiometry concept to the GRACE
satdllite mission isevaluated in two contributionsfrom HESS
and KELLER (1999a and 1999b), considering the GRACE
satellite pair asaone-axis gradiometer with alarge baseline.
ScHAFER and GRAFAREND (2002) elaborate on the determi-
nation of gravitational information from GPS-tracked satellite
missions. New ultra-high degree global spherical harmonic
models (l,,,=1800) are presented in WENZEL (1999). These
models are valuable for local and regiona gravity field
computations and can serve asabasisfor synthetic gravity
field models to be used, e.g., for software testing, etc.

The Indtitut fUr Erdmessung, University of Hannover, con-
tinued its work as the computing center for the European
geoid. Preparationswere donefor an update of the existing
solution EGG97, considering improved global gravity field
models, improved or new digital terrain and gravity data
sets, GPS/levelling data, and refined computing techniques.
The use of the existing model EGG97 for GPS heighting
applicationsis discussed in DENKER (2002b) and TORGE
and DENKER (1999). An evaluation of the EGG97 in
Lithuaniaisreported in DENKER and PARSELIUNAS (1999).
Theeffect of datuminconsistenciesin position, gravity and
height on European geoid computations is discussed in
DENKER (2001 and 2002a). At present, long wavelength
errorsat thelevel of 0.1t0 1.0 ppm exist in most gravimetric
geoid models due to corresponding errors in the global
models and the terrestrial data, which, hopefully, can be
reduced by the new satellite gravity field missions. At

present, however, the combination of the gravimetric models
with GPS/levelling dataisthe only practical and powerful
solution. Two different combination techniques, namely
collocation and point mass modelling, weretested for this
purposein East Germany (DENKER et al., 2000). Theresults
show that the computed combined height reference surface
has an accuracy of about 1 cm. Furthermore, the gravity and
terrain data sets, collected within the framework of the Euro-
pean geoid project, were used for upward continuation to
derive radia gravity gradients at satellite altitude for the
calibration/validation of GOCE data (DENKER, 2002c).

A detailed study on local gravity field modelling in a
mountainous area of the Bavarian Alpsisgivenin FLURY
(1999 and 2002). Furthermore, atechniquefor high resolu-
tion regional geoid computation is evaluated for the state
of Baden-Wirttemberg (Germany) in ARDALAN and
GRAFAREND (2001c).

The processing of marine gravity observations (around Chile,
Argentina, Namibia, and South Africa), the eval uation and
geophysca interpretation of theresults, and theimprovement
of a sea gravity meter system KSS31M for car-based and
airborne gravimetry is discussed in BGR (2003). The
merging and crossover adjustment of marine gravity observa
tionsfrom different sourcesisaso studied in the dissertation
thesis of BEHREND (1999); the adjusted ship data are then
combined with altimetric results for the computation of
precise marine geoid models. Similar studies around Japan
can be found in Kuroishi and Denker (2001a and 2001by);
here the situation is more difficult due to the complicated
tectonic setting and strong ocean currents. Airborne gravity
datain the Skagerrak are used together with terrestrial gravity
dataand different computation techniquesfor precise geoid
determination in MARCHENKO et a. (2001 and 2002).

Several publications are related to the determination of
vertical deflectionsusing CCD technology. A digital zenith
camera, in combination with a GPSreceiver for timing and
positioning, and an automated real-time processing strategy
isdiscussed in HIRT (2001), HIRT and SEEBER (2002), HIRT
and BURKI (2002), HIRT (2002), and SCHOBEL et al. (2000).
Themain applications of the CCD camerasystemsarelocal
geoid determination and local geodetic network computa-
tions. Moreover, GRAFAREND and AWANGE (2000) derive
vertical deflections by acombination of GPS/LPS measure-
ments.
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General Theory and M ethodology
— Overview and highlights—

B. HECK*

According to the IAG by-laws and the terms of reference,
section 1V inthe hitherto existing structure of the IAG covers
genera aspects of geodetic theory and methodology. Itsscope
has not been confined to a specific topic like in the other
sections, but rather all topics have been shared more or less
with other |AG sections, with the accent pointing towards
a systematic treatment of the respective problems on a
mathematical and physical basis. The basic structure of
Section |V, consisting of Special Commission SC 1 and the
Specia Study Groups, has been retained in the period 1991
—2003. Inthe past period, the scientific work in Section IV
mainly has been performed in the following sub-structure
bodies:

SC 1: Mathematical and Physical Foundations of Geodesy
(President: P. HoLoTA, Czech Rep.)

Subcomm. 1: Satisticsand Optimization (Chair: PEILIANG
Xu, Japan)

Working group: Spatial Statistics for geodetic Science
(Chair: B. SCHAFFRIN, USA)

Subcomm. 2: Numerical and Approximation Methods (Chair:
W. FREEDEN, Germany)

Subcomm. 3: Boundary Value Problems (Chair: R. LEH-
MANN, Germany)

Subcomm. 4: Georetry, Relativity, Cartography, GIS(Chair:
V. SCHWARZE, Germany)

Subcomm. 5: Hydrogtatic/isodtatic Earth Reference Models
(Chair: A. N. MARCHENKO, Ukraine)

SSG 4.187: Waveletsin Geodesy and Geodynamics (Chair:
W. KELLER, Germany)

SSG 4.188: Mass Density from Joint Inverse Gravity
Modelling (Chair: G. STRYKowsKI, Denmark)

SSG 4.189: Dynamic Theories of Deformation and Gravity
Field (Chair: D. WOLF, Germany)

SSG 4.190: Non-Probabilistic Assessment in Geodetic Data
Analysis (Chair: H. J. KUTTERER, Germany)

SSG 4.191: Theory of Fundamental Height Systems (Chair:
C. JEKELI, USA)

SSG 4.195: Fractal Geometry in Geodesy (Chair: E.
GRAFAREND, Germany)

The strong representation of German scientistsin thework
of IAG Section |V can easily berecognized fromthe origin
of the chair persons of these sub-entities.

The scientific work has been documented by publications
in peer-reviewed international journals such as Journal of
Geodesy, Geophysical Journd International, Journal of Geo-
physical Research, and others, aswell asin national journals
and publication series, in particular ZfV (Zeitschrift fr Ver-
messungswesen), AVN (Allgemeine Vermessungs-Nach-
richten) and the series published by the German Geodetic
Commission. Many results have also been presented in inter-
national symposia, national meetings and SSG workshops.
For IAG Section IV thel AG Scientific Assembly which took
placeon Sept. 3-7, 2001 in Budgpest/Hungary had an eminent
importance, together with the 5" Hotine-Maruss Symposium
(July 10-14, 2002 in Mater&g/ltaly) in the series of the
traditional Section IV Symposia. Furthermore, the Inter-
national Symposium on Gravity, Geoid and Geodynamics
(July 31-Aug. 4, 2000 in Banff/Canada), the |AG Symposium
on Vertical Reference Systems (Feb. 21-23 in Cartagena/
Columbia), the 1% International Symposium on Robust
Statisticsand Fuzzy Techniquesin Geodesy and GIS (March
12-16, 2001 in Zurich/Switzerland, organized by SSG 4.190),
and theW. A. Hel skanen Symposiumin Geodesy (Oct. 1-5,
2002 in Columbug/Ohio, USA) haveto be mentioned, where
significant contributions by German geodesists have been
madeinthefield of IAG Section IV. Onthenationa basis,
the series of annua meetings Geodétische Woche (Geodetic
Week) has been continued (1999 Hannover, 2000 Berlin,
2001 Cologne, 2002 Frankfurt); these workshops, organized
asapart of theannual INTERGEO, in particular addressed
young researchers in Geodesy.

Geodetic theory and methodology is also reflected in a
number of textbooks published in the past 4-years period
by German authors: In 1999 W. FReeDEN published the text
book Multiscale Moddlling of Spaceborne Geodata (Teubner,
Stuttgart/Leipzig). K. R. KocH presented the 2™ edition of
Parameter estimation and Hypothesis Testing in Linear
Models (Springer, 1999) aswell as Einfuhrung in die Bayes-
Satigtik (Introduction to Bayesian Statistics, Springer, 2000).
Thetheory and applications of adjustment computation has
been treated by W. NIEMEIER in the textbook on Aus-
gleichungsrechnung (Least Squares Adjustment, W. de
Gruyter, Berlin/New Y ork, 2002), while the theory of geo-
detic reference frames has been presented by A. SCHODL-
BAUER in Geodatische Astronomie (Geodetic Astronomy,
W. de Gruyter, Berlin/New Y ork, 2000). Furthermore, W.
TORGE has completely revised and extended hiswide-spread
textbook Geodesy (3" edition in English, 2001; 2™ edition
in German, 2003, both W. de Gruyter, Berlin/New Y ork),
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and G. SEEBER has completed the 2™ ediition of Satelliten-
geodasie (Satellite Geodesy, W. de Gruyter, Berlin/New
Y ork, 2003). Finally the volume of review papers edited
by E. GRAFAREND, W. KRUMM, V. S. SCHWARZE Geodesy
—The Challenge of the 3" Millenium (Springer 2002) should
be mentioned.

Thefollowing contributions on Physical Aspects of Geodetic
Modelling, Mathematical Aspectsof Geodetic Modelling,
Stochastic Methods of Data Evaluation, and Non-Stochastic
Methods of Data Evaluation provide details on the work
related to |AG Section IV which was carried out in Germany
in the period 1999-2003.

The physical aspects of modelling in Geodesy are related
to the basic theories of Physcs (Newtonian mechanics, theory
of relativity, quantum theory) forming in someway the back-
ground of any moddling of geodetic observations. Significant
advancesin the past four-year period are visbleinthe theory
of fundamental reference frames and height systems, in
methods for the description of the Earth’ s space-and time-
variable gravity field and deformation, and in modelling the
propagation of electromagnetic signalsin refractive media;
advanced modelsin these field have become necessary due
to the rapid development in the quality and availability of
pace geodetic observations. Another challenging task related
to physical modelling isinduced by the fact that Geodesy
hasto provide a consistent set of fundamental parameters
and constants which aso fits the demands of Geophysics
and Astronomy. With respect to the structure of |AG Section
IV referenceis made to sub-commissions4 and 5 of Specia
Commission 1, to Speciad Commission 3 (Fundamentd Para-
meters), and to Specid Study Groups4.189, 4.191, and 4.195.

The mathematical aspects of geodetic modelling refer to
new developments in numerical mathematics and digital
signal processing, including advanced tools such aswavel et

analysisin one and two dimensions; applicationsin Geodesy
range fromtime seriesanaysis(e.g. polar motion) to feature
extraction and data compression. Special emphasishasalso
been put into the formulation and solution of boundary value
problemsaswell asinverse and improperly posed problems,
related e.g. to downward continuation. Furthermore, applica-
tions of differential geometry to different fields of Geodesy
have to be mentioned. Mathematical aspects of modelling
have been studied by sub-commissions 2, 3 and 4 of Specid
Commission 1 aswell ashby the Specia Study Groups4.187
and 4.188.

Since the foundations of |east squares adjustment by C. F.
Gauld stochastic methods of data evaluation have played a
dominant role in Geodesy, in particular in the framework
of quality analysis. Strong progress has been made in the
adaption of datidticd inference—including Bayesian Setigtics
— to the fields of Geodesy and Surveying, digital Photo-
grammetry and image processing, and digital topography
and cartography. Other topics belonging to this subject are
stochagtic Signal anadysisand geodtatistics. Thesetopicshave
been addressed to by the subcommission 1 of Specid
Commission 1.

Traditionally and methodologically, adistinction is made
between deterministic and stochastic signals in geodetic
observations. More and more, deterministic signal analysis
makes use of wavelet transforms instead of the classical
Fourier techniques. Recently, the spectrum of uncertainty
in geodetic data and models has been extended from the
purely random status; non-random uncertainty of the data
can betaken into account using interval mathematics, fuzzy
dataanalysisand artificia neural networks. Studiesinthis
respect have been embedded in sub-commission 2 of Special
Commission 1 and in Specia Study Group 4.190.
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With referenceto the International Association of Geodesy
(IAG) bodieslet usreport on National Activitiesintherange
of
— Special Cojmmission #1
Mathematical and Physical Foundations of Geodesy
(Chairman: P. Holota, Czech Republic)

— Special Commission #3
Fundamental Constants
(Chairman: E. Groten, Germany)

— Specia Study Group 4.189
Dynamic Theories of Deformation and Gravity Field
(Chairman: D. Wolf, Germany)

— Specia Study Group 4.191
Theory of Fundamental Height Systems
(Chairman: C. Jekeli, USA)

— Specia Study Group 4.195
Fractal Geometry in Geodesy
(Chairman: E. Grafarend, Germany)

Fundamental reference frames

The papersby MULLER (1999, 2000, 2001), MULLER et &.
(19994, 1999b, 2000, 2002) and MULLER and TESMER (2002)
work on varying objectives of analyses of LLR datain order
to provide sets of station coordinates and Earth Orientation
parameters for the annual realizations of the IERS2000.
Included is an overview over the prospects of LLR today
and itsimpact for Geodesy and Relativity.

Theory of the Earth's gravity field and
deformation

IN ALBERTELLA et a. (1999) the Slepian problemis extended
to and solved for the sphere; band-limited functions on a
bounded spherical domain are developed in order to derive
a natural solution for the polar gap problem in satellite
geodesy and to extract the maximum amount of information
from non-polar gravity field missons. BIANCALE et al. (2000)
present a new model of the Earth's gravity field, called
GRIM5-S1, whichisaresult of ajoint German-French co-
operation. The solutionisbased on satdllite orbit perturbation
andysisand exploitstracking datafrom 21 satellitesto solve
simultaneoudy for the gravitational and oceantide potential
and tracking ation positions. REIGBER et a. (2002) compute
a new long-wavelength global gravity field model, called
EIGEN-1S, using three months of GPS satellite-to-satellite
tracking and accelerometer data of the CHAMP satellite
mission. The solution is derived solely from analysis of
satellite orbit perturbations, i.e. it isindependent of oceanic

and continental surface gravity data. The publication by
HEck (2002) generdizes Helmert's methods of condensation,
congdering avariable depth of the condensation layer below
the geoid. Expressing the respective formulae for the com-
bined topographi c-condensation reduction both in space and
frequency domain for aspherica approximetion of the Earth,
some drawbacks of Helmert's second method of condensation
become visible. KABAN and SCHWINTZER (2001) useiso-
tropic shear-wave velocities from the Ekstronm/Dzi ewinski
S20 globa tomographic model and residual ‘crustfree gravity
to determine by inversion density-velocity relations for
different mantle layers. KABAN et a. (1999) derive aglobal
isostatic gravity model of the Earth. MARCHENKO et al.
(2002) perform astudy on how to compute efficiently stable
regional geoidsfrom airborne and surface gravimetry data
NovAK et d. (2001) modify the theory for the determination
of the gravimetric geoid for the application of airborne
gravimetry, i.e. for gravity observed from alow altitude-
flying aircraft. The downward continuation of the harmonic
disturbing gravity potential, derived at flight level from
discrete observations of airborne gravity by the spherical
Hotineintegrd, to the geoid isdiscussed in NovAk and HECK
(2002). SNEEUW (2000) presentsasemi-analytica approach
to gravity field determination from space-borne observations
onthe basis of thelumped coefficient formulation, linking
gravity field functionals to the unknown gravity field.
MARCHENKO and SCHWINTZER (2002) estimate the dynamic
figure of the Earth as characterized by the principal axes
and principal moments of inertia from satellite-derived
gravitationa harmonic coefficients of second degreein recent
global Earth gravity models and from the dynamical
ellipticity resulting from the precession constant observed
by VLBI. ScHMIDT and SHum (2003) treat the multi-resolu-
tion representation of the gravity field using spherical wave-
lets. SCHMIDT et a. (2002) describe a general scheme for
the calculation of both the spherical wavelet coefficients
for a space- and frequency-dependent representation of
gravity dataand the computation of loca geoid undulations
by means of the inverse spherical wavelet transform. The
processes of sealevel changes and i sostatic compensation
are the subject of the paper by BOLLING et a. (2001) who
examine and verify the processes using iceload induced
vertical movements and geoid changes under the assumption
of viscoelagtic Earth models. BURGER et al. (2002) describe
temporal gravity changesand glacia-isostatic compensation
movements near the shrinking VVatna okull ice shield in SE
Iceland. GOBELL et al. (1999) work on load-induced
disturbancesfor amaximum of three-layered, self-gravitating,
spherica Earth modelsand different rheol ogies. HAGEDOORN
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et al. (2001a,b) model and calculate the total contribution
of theatmosphereto incremental gravity with theintention
to perform reductions on high precision gravity measure-
ments being registered with a super-conducting gravimeter
located at GFZ Potsdam. KAUFMANN and WOLF (1999) con-
sider load-induced viscoel astic and viscous perturbations
of incompressible and vertically homogeneous flat Earth
models with lateral variations of the shear modulus and
viscosty. KLEMANN and WOLF (1999) investigate the impli-
cations of a ductile crustal layer for the interpretation of
glacial-isogtatic adjustment using alayered, incompressible
Maxwell viscod astic Earth model and asimplified represen-
tation of the Fennoscandian glaciation. MARTINEC (2002)
computes asemi-anaytical solution for 2D forward model -
ling of viscoelastic relaxation in a spherical Earth model
with a nested axisymmetric craton and MARTINEC et a.
(20014a) test theimpact of lateral viscosity variationsinthe
top 200 km of the mantle on the interpretation of Fenno-
scandian postglacial uplift data in terms of 1D viscosity
models. In MARTINEC et al. (2001b) an analytical form of
the layer propagator matrix for the response of alocally
incompressible, layered, linear-viscoelastic sphere to an
external load under the assumption that theinitial density
stratification within each layer is parametrized by Darwin's
law, is presented. The contribution by MARTINEC and WOLF
(1999) describes a semi-analytical solution to the 2-D
forward modelling of viscoelastic relaxation in a hetero-
geneous model consisting of eccentrically nested spheres.
THOMA and WoOLF (1999) simulate the effects of Fenno-
scandian postglacia rebound, temporal gravity change and
isostatic compensation using a combination of a planar,
incompressible, viscodadtic and lateral homogeneous Earth
model with aload model consisting of circular shaped discs.
THoMA and WoLF (2001) use a compressible, self-
gravitating, spherical Earth model with Maxwell visco-
elasticity and aload model parabolic in cross section and
dlipticin plan view to interpret the observations performed
near the Vatngjokull ice cap in SE Iceland in terms of
viscosity stratification. The study by WoLF and KAUFMANN
(2000) isconcerned with load-induced Maxwel | viscoelastic
perturbations of a half-space with a compressional and
compositional initia density gradient. Analytic solutions
to this problem are deduced for the limiting cases of purely
compressiona and purely compositiona stratification. WOLF
(2002) considers a compositionally and entropically
stratified, compressible, rotating fluid Earth and studies
gravitational-viscoel astic perturbations of its hydrostatic
initial state. WoLF and L1 (2002) give an analytical solution
for load-induced perturbations of aspherical, compressible
Earth model consisting of a viscoelastic mantle and an
inviscid core. Density stratification in the mantleis assumed
to conformto Darwin'slaw. WIECZERKOWSKI et al. (1999)
outline a new method for estimating a relaxation-time
spectrum from a set of strandline data, which is based on
a damped least-squares solution for spherical harmonic
coefficients associated with the strandline heights. In order
to analyse the geometry of a geodetic network and its
variation in time MUsoYKA (1999) extends the model of
three-dimensional integrated geodesy to four-dimensional

geodesy by considering the temporal variation of the network
points both in space and time.

Fundamental height systems

The paper by RUMMEL (2002) dedlswith the problem of the
global unification of height systems and GOCE, and
discusses dlternative methods for the unification. In RUMMEL
and Heck (2001) some critical remarks on the definition
and realization of the EVRS are formul ated.

Fundamental constants

InBURsA et ad. (2001) TOPEX/POSEIDON satellite alti-
meter dataare used for investigating the long-term variations
of the geoidal geopotential W, and the geopotential scale
factor R,=GM/W,,., with GM being the adopted geocentric
gravitational constant. The paper by GROTEN (2003)
summarizestheimplication and importance of fundamental
constants and attempts to describe their role in future
systems.
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I ntroduction

Due to the technological progress in space- and commu-
nication technique anumber of new observation methods,
generating new data types came into the view of geodetic
applications. In order to exploit al information contained
inthisdatait is necessary to refine the mathematical models,
connecting the observationswith the processesto be studied.
Here geodesy took advantage from new developmentsin
numerical mathematics and digital signal processing. One
of these devel opmentsisthe wavel et transformation, which
enhancesthe classical Fourier transformation by the ability
to locate signal parts not only in the frequency but simul-
taneously in the time domain.

But besides these new techniques more traditional methods
like differential geometry found new applicationsin thefield
of geodesy and cartography.

In the period of 1999 to the beginning of 2003 considerable
theoretical and practical work has been done by different
researchers. This contribution isto summarize the German
advances and developments made during this period.

Differential geometry /math. cartography

Theuseof differential geometric techniquesfor the solution
of geodetic and cartographic problems has alongstanding
tradition. While this topic flourished in the seventieth,
presently other subjects came into the focus of interest.

Nevertheless, there is still a continuous progress in the
application of differential geometric methodsto geodesy.
Inthe period, whichiscovered in thisreport, German con-
tributionsto the application of differential geometry solely
came fromthe University Stuttgart. These contributions deal
with the construction of Gaussian surface normal coordinates
on different surfaces (GRAFAREND 2000, GRAFAREND 2001).
The congtruction principleisthe minimum distance mapping
which leadsto closed formulaefor the conversion of Cartesian
and surface normal coordinatesinto each other. These closed
formulae take advantage of the Buchberger algorithm for
the solution of polynomial eguations.

Another differential geometric applicationisthedirect trans-
formation of loca conformal coordinatesto globa conformal
coordinateswithout the need of additiona height information
(GRAFAREND &t al. 2000).

Besidesthe application of the differential geometric descrip-
tion of surfaces al so the differential geometric description

of curvesisexploited. In (GRAFAREND 2002a) anew series
expansion of the Fresnel integral for the construction of a
clothoid is presented. (GRAFAREND 2202b) dealswith the
minimal-distance mapping of a point outside the clothoid
to this specia curve.

Besdestheseterrestrid applications of differential geometry
the paper (AUSTEN and GRAFAREND 2001) isacontribution
of differential geometry to orbital dynamics. In the context
of orbit analysis of GPS-tracked Low Earth Orbiters geo-
centric Cartesian coordinates have to be transformed into
instantaneous K epl erian elements. The paper presentsafast
agorithm for the solution of this problem. For satellite motion
congdered in areativistic framework the paper (SCHWARZE
1999) gives an excellent overview.

Numerical approximation methods

The numerical approximation aims at the development of
efficient a gorithmsfor the approximate sol ution of geodetic
tasks. These tasks can be the approximate representation
of asurface, of an integral operator or many other mathe-
matical objects occurring in geodesy.

For geodetic computations on the surface of an ellipsoid of
revolution or for the determination of the gravity field of
the Earth from terrestria gravity datathe solution of certain
integralsisanecessary intermediate step. In (ROSCH, KERN
2000) three different techniquesfor the eva uation of eliptica
integralsare compared. These methods are: series Expansion,
numerical quadrature and Landen transformation. Interms
of accuracy and numerical costs the Landen transforms
outperformsthe other two techniques. Similar investigations
are made in (ScHMIDT H 2000). The paper (HECK 2002)
gives areview over the different possibilities to represent
the Earth'sgravitationa potential by variouskindsof integral
equations. The combination of all theseintegral equations
approaches in a consistent and unified Meissl schemeis
discussed in (KELLER 2002).

Advanced mathematical tools

Wavelet analysisasatool for theanalysisand interpretation
of dataand for the enhancement of numerical procedures
has fully emerged in Geodesy only in the last few years.
Several groups devote their work to the use of wavelet
analysisfor different purposes. The corresponding papers
cover wavelet analysisboth in the one-dimensional aswell
asin the two dimensional case, both for the Euclidean as
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104 SECTION IV: GENERAL THEORY AND METHODOLOGY

well as for the spherical case. The purpose of the studies
areabetter interpretation of the corresponding data, the data
compression or theimprovement of the performance of well
known numerical procedures.

Polar motion

Oneimportant area of wavel et applicationsistheimproved
analysis of polar motion.

The time series of the coordinates of the instantaneous
position of the Earth's rotation axisis frequently analyzed
by different kinds of wavelets. Such studies aim at the
detection of time varying features of the polar motion.

Contributions, which belong to this group of investigations
are (SCHMIDT, SCHUH 1999, 2000, 2001) and (SCHMIDT
2002). A special emphasison the analysis of short-periodic
variationsin the Earth's polar motionis put onin the papers
(ScHMITz-HUBSCH 2002) and (SCHMITZ-HUBSCH, SCHUH
2002).

Inamore generd setting the time series of the polar motion
can be considered asrealizations of stochastical processes.
A systematic extension of the theory of stochadtical processes
to wavelet bases can be found in (ScHmMIDT 2000) and
(ScHMIDT 20014, b). Thelocalization properties of wavelets
enablethe extension of the Wiener-K olmogorov prediction
to caseswith astationary signal but an in-stationary noise.
These developments are reported in (KELLER 2000) and
(KELLER 2001).

Wavelet analysis on the sphere

A vast amount of contributions about the wavelet analysis
comesfrom the Geomathematica Group of the Kaiserdautern
University. For years this group, led and inspired by W.
FREEDEN, devel opsthetheory and application of harmonic
wavel ets on the sphere. In the period from 1999 to 2003 the
application of the now mature theory to the analysis of the
Earth's gravitational and magnetical field wasin the focus
of the activities of this group.

Papers dealing with the spherical wavelet analysis of the
Earth'smagnetic field are (BAYER et a. 2001), (BAYER et
al. 1999) and (BAYER 2000). General questionsrelated to
the representation of scalar and vectoria functionsonasphere
by spherical wavelets are discussed in (BETH 2000),
(FREEDEN et al. 19993, b), (FREEDEN et al. 20014). and
(FREEDEN, MICHEL 1999).

Since practically, no datais noise free al so the question of
the de-noising of the given signal using spherical wavelets
is discussed in the papers (FREEDEN et a. 2001b, c),
(FREEDEN, MAIER 20028, b), (FREEDEN, MICHEL 1999, 2000).

A great impact on geodetic research was made by the launches
of thededicated gravity field satellite missons CHAMP and
GRACE. Naturdly, these new data sources also are reflected
in techniques for the analysis of these data.

Papers which are related to data collected from CHAMP
or GRACE are (FReeDEN et a. 1999c), (FREEDEN, HESSE
2002), (FREEDEN et d. 20024, b), (FREEDEN, MAIER 2002c),

(FREEDEN 1999, 2001), (MAIER 2002), (MAIER, MAYER 2002)
and (MAYER, MAIER 2002).

Featur e extraction and data compression

Many wavelet applications are based on the properties of
waveletsto reflect local changesin theregularities of signals.
Frequently, theseloca irregularitiesarerelated to features
which haveto be extracted fromthe signal. In the opposite
way, in order to represent the main features of a signal it
is sufficient to store those wavel et-coefficients, which are
related to the main features and neglect all the others —
leading to considerabl e data compression rates. In (MEIER
2003) wavelet compression for digital terrain models is
studied. The degree of regularity of asigna can beread from
itswavel et spectrum. Thistechnique can be applied to the
study of atmospheric turbulences, asit hasbeen doneinthe
papers (BETH et a. 1999) and (BETH et a. 2000).

I mprovement of Numerical Techniques

Operatorsoccurring in the formulation of geodetic problems
are usually discretized with respect to some system of base
functions. The discretized operator leadsto alinear system
of equations, which isusually large and fully occupied. If
wavelets are used as base functionsthe resulting system will
have alarge number of very small entriesand only few large
entries. Neglecting the small entriesleadsto asparse system,
which can be used for pre-conditioning. Thisline hasbeen
followed in (KELLER 2002b). Due to the multi-resolution
propertiesof wavel ets, different components of the solution
are associated to different scales of the base functions. In
thisway anatural connection between wavelet discretization
and multi-grid iteration is established as it is reported in
(KELLER 2002a). If even more for the representation of the
given dataand the unknowns sol ution different wavel et base
systemsare used, these systems can be chosen in such away
that the resulting matrix becomes diagonal. Thisisdemon-
strated in (GILBERT, KELLER 2000).

Geodetic boundary value problems

Theworld of geodetic measurementsis much more complex
than it used to be when geodetic boundary value problems
(GBVPs) became the pivotal problems of geodesy. Con-
sequently, the variety of GBVPs to be solved in geodesy
has increased as well. A general overview was given by
(LEHMANN 19993) characterizing where we stand at the end
of the 20th century.

Thisvariety isreflected a so by the contributions of German
geodesists. We observe that in recent years Meiss-type
diagramsor Meiss schemes became very popular. Severa
authors contributed to the completion and extension of such
schemes organizing the spectral relationships of different
geodetic observables at the geoid, at the surface of the Earth,
and at satellite orbits (GRAFAREND 2001, KELLER 1999).

A beautiful overview of the solution of the Dirichlet, Neu-
mann and Stokes problem for the Laplace equation on a
sphere, cylinder and plane is due to RUMMEL and VAN
GELDEREN (1999). The authors also discuss uniquely and
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overdetermined GBVPs by |east squares (VAN GELDEREN
and RumMEL 2000, 2001).

Overdetermined GBV Ps arise when more functionals are
measured than necessary and sufficient for aunique solution,
an assumption more and more met in modern geodesy. In
aspherical and constant-radius approximation, theanaytical
solution can be derived for a large class of geodetic
observables.

Many contributions discuss how to make use of specia
geodetic observables like torsion balance measurements
(LEHMANN 20008, MENZ and KNOPSE 2002). Also two-
boundary value problems prescribing observed data at the
surface of the Earth and constant gravity potential (WO) at
the geoid, are continuously discussed (GRAFAREND €t al.
1999).

LEHMANN (1999b) undertakes various studies on mixed
GBVPs, in geodesy aso known as atimetry-gravimetry
boundary value problems. This takes care of the fact that
the situation of data coverage is not the same al over the
world, but is different e.g. on land and sea. The related
problemsare sudied both analytically aswel asnumericaly.
Oneimportant problem, which has been posed in the geodetic
literature before, isthat in mixed GBVPswe do not know
how to handle the vertical datum parameter. It was solved
by LEHMANN (20008), showing that with free vertical datum
only two of thethree classical dtimetry-gravimetry problems
are always uniquely solvable.

Besidesthese advanced and non-standard formulations, also
classical geodetic BV Ps deserve attention because we often
have only the classical dataavailable or the more complex
world of geodetic measurements mentioned aboveisfinally
reduced to asequence of theoretically well understood and
numerically manageable classical cases. Contributions came
from SeiTz (1999) investigating the stlandard approximation
procedure adopted for the scalar free GBVP. A further con-
tribution by ARDALAN and GRAFAREND (2001) treats the
problem of élipsoida correctionsfor Brunsformula, which
initsclassical form is derived in spherical approximation
only. LEHMANN (2001) proved that in itsgravitationa veriant
the scalar free GBV P exhibits much more features of ill-
posednessthan were known previoudly. Fortunately, when
including the rotational part of the gravity potentia the
problem is mostly well-posed (apart from the well known
three-dimensional nullspace).

A further focal point is the introduction of advanced
numerical methodslike boundary €l ement method (BEM),
so successfully applied in other engineering sciences. How-
ever, itisdifficult to adapt the method to the special needs
of geodesy. Oneimportant point isthat the long wavelength
part of the gravity field of the Earth is aways determined
from satellite data and not from boundary data. LEHMANN
and KLEES (1999) addressed this problem by investigating
various options, how to introduce aglobal referencefield
into BEM, but none of them seemed to suit all purposes.
So the problemisleft open. Inthe scalar free GBV P arises
the ill-posedness (nullspace), which makes the BEM not
immediately applicable. The problemwas solved in (KLEES
et al. 2001).

The mathematical theory of boundary value problems does
not play theimportant rolein geodesy which it used to play
in the 2nd half of the previous century. This is because
GBVPsare partly unableto reflect all aspects of the complex
world of geodetic measurements. But still they deserve
attention because they provide some deeper insght into some
limiting cases of the situation wefind in practical geodesy.

I nverse and improperly posed problems

Recently, German contributionsto inverse and improperly
posed problemsin geodesy seem to focus on asmall number
of aspectsonly. The mgjority of these aspectsisintroduced
by new geodetic satellite missionslike CHAMP, GRACE
or GOCE, providing gravity field related data of un-
precedented resol ution, accuracy and homogeneity.

One such aspect is certainly the use of multigrid methods
for gravity field recovery. This allows the construction of
fast solvers of the large and non-sparse systems of linear
equations. The speed of convergence of iterative solvers
becomesindependent of the discretization level. First steps
are made by KuscHE and RuboLPH (20003, b).

A PhD thesis (RubpoLpPH 2000) is devoted to multigrid
methodsfor gravity field recovery inaregional and global
scale. For thispurpose ahierarchical parametrization with
gpace- ocalizing base functions on an equi-angular spherical
grid areintroduced and the corresponding multigrid algorithm
isformulated. Computations with simulated data sets prove
that the implementation is workable and successful.

Moreover, the multigrid methods yield as a by-product a
well-defined sequence of coarser approximations of the
gravity field. Thisisfurther investigated in (KuscHe 2001,
2002), whereit isshown that for two regional gravity inver-
sions from simulated data the multigrid solvers run much
faster than conjugate gradient solvers with conventional
preconditioners.

A further aspect isregularization of the problem of gravity
field recovery from satellite data, which isnaturally unstable
and leadstoill-conditioned normal equations. Regularization
isaready touched in several of the papers mentioned above,
butismoreintensely studied in (KuscHE and KLEES 20023,
b). The method of Tikhonov regularizationisapplied, and
the regul arization parameter is chosen both according to the
L-curvecriterion aswell asby generalized crossvalidation
(GCV). Itisfound that randomized GCV performsoptimally
while the numerical cost is limited. All these results are
derived by numerical experiments with GOCE data.

KuscHE and MAYER-GURR (2002) modify the procedure
by introducing Lanczos method for the iterative solution
of the problem. Thedgorithmisinfact LSQR, where Lanszos
method is only used to bi-diagonalize matrices. It is
demonstrated by numerical experimentson aregiond gravity
recovery from simulated GOCE datathat it performswell
in combination with Tikhonov regularization and randomized
GCV.

KocH and KuscHE (2002) addressthe problem of regulari-
zationinthe framework of Bayesian inference on variance
components. In thisway we obtain also weighting factors
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for different data typesin a natural manner, and not only
the estimates themsel ves but al so confidenceintervals. Test
computations with GOCE and GRACE demonstrate the
validity of this approach. KocH (2002) introduces the
interesting method of applying a Monte Carlo simulation
for the determination of the confidence interval of the
regularization parameter found by GCV. This is recom-
mendable becausethe CGV isiterative by nature and does
not allow the explicit computation of posterior density
functions for the regularization parameter.

A final aspect isanalyzed in (ILK et a. 2000, KUSCHE et
al. 2000): the combination of datafrom different originslike
space-borne and terrestrial datain the presence of ill-posed-
ness. Some open questions exist when detecting the contri-
butions of the different data sets and merging to the final
solution. The paperstry to clarify these questions again based
on empirical investigations by numerical tests.

The subject is treated at length in a habilitation thesis
(KuscHE 2002).

One contribution by (LEHMANN 1999c) is alittle bit out-
standing when compared to the contributions above: The
maximum entropy method is applied to the inverse problem
of dengity determination for the Earth and terrestrial planets
from various sources of data (geodetic, geophysical). As
asample problem, an ellipsoida density model for the Mars
is generated from the best available data.
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S. MEIER!

I ntroduction

In this part of the report, works on the evaluation and
processing of geodetic data, more generally, geo-data, and
on the assessment of their safety, reliability and accuracy
—inaword, their quality — are listed. Processing of mass
data, which are obtained through current terrestrial, and more
and more, outer-terrestrial measuring and sampling methods,
requires advanced procedureswell adapted to the actual data
structure of adjustment (over-determined problems) and
prediction (under-determined problems). Thefirst-mentioned
procedures are based on statistical estimation theory: para-
meter and interval estimation aswell as hypothesistesting
(preferably, but not exclusively by linear models). Here,
Bayesian statistics with its known advantages over con-
ventional statisticsisgaining ground. Therefore, workson
Bayes statisticsin geodesy and image processing are worthy
of particular note. The second-mentioned procedures rest
on stochastic process and signal theory. If the sampled data
are relevant for geosciences, these procedures can also be
summed up as geostatistics. Worksfocus, inaway, on the
integral transformations, more recently the wavelet trans-
formation—acongderable progressin anaysing and process-
ing of signals with complex structures.

Not quite hdf of the worksdeal with the fundamentals. These
worksarelisted inthefirst two sections, separated into two
subject fields, despite of many links or equivalenciesasto
prior information of second order such as covariance
functions and matrices, regions of significance or test
strategies. Threefurther sectionslist applicationsin all geo-
detic sciencesfrom satellite geodesy to digital cartography.
Only paperswereincluded that substantially contribute to
the adaption of the proceduresto problems of current interest
or to methodol ogy, surpassing pureroutineworks. Finally,
the textbooks published in the period under review are
presented.

Parameter estimation and statistical inference

It iswell known that different adjustment models can be
transformed into each other. KAMPMANN and RENNER (1999)
say something about this‘ old, new’ topic. Also, the adjust-
ment principle is equivalent, as C. F. GAUsS had aready
brought out, to certain principles of mechanics. KAMPMANN
and KRAUSE (2000) anayse the equivaency of the so-called
balanced adjustment and the law of universal gravitation.
Itisinteresting that equivalenciesto the extremal principles
of physics exist even in digita cartography (see below).

Geodetic observations frequently have to meet geometrical
restrictions, the classification and consideration of which
in adjustment problemsisdealt with by JURISCH et d. (1999,
2000), especialy for multiple observations by KAMPMANN
and RENNER (2000). Geometry analyses can a so contribute
to outlier testing or redundance testing (JURISCH and KAMP-
MANN 2001, 2002). The parametersto be estimated can more
or less sensibly react to the stochastic model chosen
(KUTTERER 1999, KUTTERER and SCHON 1999) or the auto-
correlationsintroduced (KUHLMANN 2001). In additionto
conventional statistics, Bayesian statisticsisbecoming more
and moreimportant. In asurvey, KocH (1999b) illustrates
the basic principles and in another report (KocH 2000c),
some numerical procedures of Bayesian statistics.

Whilethe parameter estimation, stochastical inference and
quality assessment (MEIER 1999) are dominantly performed
inlinear model s (collection of examples by KocH 2000b),
non-linear procedures are also have the right to exist.
HETTNER and BENNING (2001) succeeded in expanding the
convergence region of the non-linear adjustment procedures.
LENK (2001) deaswith thefast multiplication of big matrices
in adjustment calculations and SCHMIDT (1999) presents
an approximative solution of normal equationsby eigenvaue
decomposition.

Stochastic signal analysis and geostatistics

Theandydsof stochagtic signd's, or redlizations of stochestic
processes, respectively, hasaso been known (inthe narrower
sense) asanalysing of time series. CASPARY (2000) surveys
the analysis of geodetic time series. Their variation and
correlation qualities are described by functions of moments
of second order. BIAN and MENz (1999), MeENz and
KOLESNIKOw (2002) deal with the estimation of covariance
functions, SCHWIEGER (2001), GRAFAREND and MARINKOVIC
(2002) with the construction of synthetic covariance matrices,
FORSTNER and MOONEN (1999) with their metric. The
analysisof two-dimensiona processesisalso important for
digital image processing (see below) and in geophysics,
geology and mining industries aswell. In thesefieldsitis
presented as geo-modelling (MENZz 1999) or geostatistics
(MENZz 2000, MeNz and KNOsSPE 2002). Toolsoriginating
from stochastic geometry are also used, such as Voronoi
diagramsfor classification and interpol ation (ROSCHLAUB
1999).

In recent years, the wavelet transformation has been used
as alocally analysing and approximating as well as data
compressing integral transformation to process signals of
complex structure (SCHMIDT 2000, 2001c), above al to
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analyse Earth’s rotation variations (SCHMIDT and SCHUH
2000, ScHmIDT 2001a). Not only the signals themselves,
but also their moments of second (or higher, if applying)
order can be transformed into the wavelet domain via
convolution. Therefore statistical analysing along with
hypothesis testing is aso possible in the wavelet domain
(ScHMIDT 2001b, 2002). The datacompression of the wave-
let transformation is based on thresholding. For that reason
also compression rates can be estimated in advance using
statistical aids (MEIER 2003).

Geodesy and surveying

In operationd geodesy space methods are dominant, especid-
ly for the solution of global and regional problems. Attention
focuses on the Global Positioning System (GPS) including
efforts towards increasing the system’'s accuracy and
reliability: ANGERMANN and BECKER (2000) investigate the
accuracy and systematic effectsin extended GPS networks,
SCHWIEGER (1999) presents an error mode of repeated GPS
observations cons dering correlaions, AWANGE (2002) treats
the adjustment of non-linear GPS/L PS observations. Resolu-
tion of ambiguities is of paramount significance. New
methodsfor the validation of ambiguitiesin the acceptance
and discrimination tests were devel oped using methods of
conventional and Bayesian statistics as well (GUNDLICH
2002, GuNDLICH and KocH 2002). Current and future
satellitemissions require preliminary investigations on the
error budget, e.g. concerning gradiometry (HEss and KELLER
1999), further methodical investigations, e.g., into the geo-
detic boundary vaue problem (VAN GELDEREN and RUMMEL
2001), spectral methods (CHUI and LELGEMANN 2003), and
regul arization techniques, e.g. by means of variance com-
ponents (KocH and KuscHE 2002).

Coordinate systems, coordinate transformations, datum trans-
formations of geodetic networks are part of the standard
repertoire of geodesy: KocH (2002) works on the three-
dimensional Hel mert transformation of variable coordinates
in both the Gauss-Helmert- and Gauss-Markov models,
presumably in reaction to previous works by LENZMANN
(2001), LENZMANN and LENZMANN (2001), thelatter includ-
ing critical comments by J. REINKING and by K.-R. KocH.
Other paperson the optima three-dimensional transformation
werewritten by FROHLICH and SPATA (2002), and AWANGE
and GRAFAREND (2002).

Eveninlocal surveying GPS dominates the conventional
methods generally well-investigated, while exceptions prove
therule. SO SCHLICHTING (1999) analysesthe accuracy and
optimization of intersection in deformation measurements,
STEGELMANN (2000) therdliability of surveying for cadastral
purposes. HEISTER (2002) concerns oneself with precision
standards of geodetic instruments, NITSCHKE (2002) with
robotics, and HEISTER and STAIGER (2001) present quality
management strategies.

Digital photogrammetry and image processing

Processing of all kinds of images also requires adjustment
techniques and error estimation to be used: ZEITLER (1999)
describes the simultaneous adj ustment of the global three-

dimensiona network of the planet Mars, MULLER and
BENNING (1999) work on the homogenization of three-
dimensional scenarios by the method of least squares. To
estimate model parameters in digital image analysis,
HELLWICH (1999) usesthe simulated annealing—amethod
with aphysica anaogy, namely the step-by-step change of
asystem’s energy level. Accuracy investigations into the
GPS/INS integration in airborne photogrammetry were
carried out by CRAMER (2001), into correlation procedures
indigita image processing by CAsOTT and PRENTING (1999).
Compression of digital image data to be stored is usual:
KIEFNER (2001) analysestheinfluence of different compres-
sion procedures upon the quality of digital point transition.

In recent years, modelling and acquisition of semantic
information from images were speeded up, e.g. by means
of stochastic models and statistical analysing procedures:
recognition and reconstruction of buildingsusing Bayesian
networks by KuLscHwESKI (1999), using combined
Markovian random fields by BRUNN (2001). In order to
segment and interpol ate digital images, KLoNOwsKI (1999)
also uses Markovian random fields.

Digital topography and cartography

The terrestrial topographic sampling methods have been
replaced almost completely by space methods culminating
in The Shuttle Radar Topography Mission. Several authors
work onthe validation and quality assessment of the digital
terrain models derived from the SRTM data: KLEUSBERG
and KLAEDTKE (19993, b), ReicH (2001), KocH and HEIPKE
(2001), KocH et d. (2002). Apart fromthe radar techniques,
laser scanning has been further devel oped concerning spacing
and accuracy: MAAS (2001) assessesthe quality of theair-
borne laser scanning using matching techniques by least
squares, MEIER (2000) the quality of snakes-approximated
terrain profileswith point breaks. While, on the one hand,
different methods can be used for areliable decomposition
of signals (STuBenvoLL 2000), the possibility is seen to
emerge that, on the other hand, the approximation of the
relief can beimproved by the combination of space methods
with different sampling and error characteristics (WENDT
2002).

For cartographic purposes, adjustment procedureswere used
directed at two kinds of objectives. for the homogenization
of digitized datafrom maps of different sourcesand precison
(HETTWER and BENNING 2000, KAMPSHOFF and BENNING
2002) and for the computer-aided generdization (SEESTER
2000), particularly to displace point, line and area objects
in scale-dependent presentations (SEESTER 20014, b). In
addition to L,-norm and L ,-norm solutions, also solutions
exist based on the universal energy minimum principle
(BURGHARDT 2001). Precision and reliability of historical
maps were analysed by BEINEKE (2001) and PENZKOFER
et al. (2001).

Textbooks

The well-known textbook by K.-R. KocH on Parameter
Estimation and Hypothesis Testing in Linear Models was
published in the 2™ updated and enlarged English edition
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(KocH 1999a; 3 German edition 1997 already). Among
others, asection on robust estimates contributesto actuali-
zation. The same author published an introduction into
Bayesian atigticsin German (KocH 2000a, after the English
book on Bayesian | nference with Geodetic Applications of
1990).

The adjustment book by NIEMEIER (2002) is directed, as
abasic courseg, at students and engineers of surveying and
geoinformatics. In addition to common fundamental s also
advanced methods, such asrobust estimates, datum trans-
formations, Kalman filters, are presented in adidactically
attractive manner. Then, the coursein surveying by WITTE
and ScHMIDT (2000) was published in the 4" edition. This
course presents not only surveying, but also basic methods
of statistics in civil engineering. The book by BENNING
(2002) is directed at the same people: It teaches statistics
in geodesy, geoinformatics and civil engineering.

Beside the pure textbooks we advise to an extended report
on data analysis methods in geodesy by DERMANIS and
RuMMEL (2000).
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Non-stochastic methods of data evaluation

H. KUTTERER, M. SCHMIDT*

I ntroduction

Theeva uation and analysis of geodetic dataactsasaninter-
face between the observation techniques and the respective
mathematical -physical models. Although the requirements
from the applicational side are manifold, the data analysis
techniques can be classified from a methodol ogical point
of view. Classicdly, it isdistinguished between deterministic
and stochastic signals. Deterministic signal s can be repre-
sented by completely specified mathematical functions. Here,
uncertainty either playsnorole or remainsasnoise. Stochastic
signals are defined as random variables depending on one
or more variables. They refer to thelaws of probability and
are not exactly predictable.

Typicaly, there are more types of uncertainty in geodetic
data and models than just randomness. In these cases
dedicated data analysi s techniques have to be considered
since deterministic approaches are incapable to qualify
uncertainty and the use of stochastic methods is too
restrictive. Thiscontribution isbased on the assumption that
the dataare not stochastic, at least not at first glance. It has
two parts. Thefirg part is concerned with deterministic signal
analysis as defined above. In the second part non-random
uncertainty of the data or of the model is explicitly taken
into account using interval mathematics, fuzzy theory and
artificial neura networks.

Deterministic signal analysis

The application of Fourier techniquesisthe classical way
to analyse deterministic signals. However, if thesignalsare
characterized by time-varying amplitudes and/or frequencies,
the Fourier transform is inappropriate, since exponential
basi sfunctions cannot detect loca signa structures. Recently
thewavel et transform has become avery promising tool for
investigating geodetic observation series. Dueto thelocaliz-
ing feature of a wavelet function the wavelet transform
analysesasignal namely inalocal areaof variablesizein
the so-called phase space spanned by time and frequency.
Thus, the most important property of the wavel et transform
isthe detection of time-variable signal featuresby adapting
an appropriate wavel et function to the signal to be analysed.
The habilitation thesi's of SCHMIDT (2001a) presentsadetailed
overview about the basic principles of wavel et theory in one
and more dimensions. The theoretical considerations are
supported by numerous geodetic applications.

Ingeneral, awavelet functionisdefined asafunction with
zero mean either compactly supported or quasi-compactly
supported with respect to thetime domain. The quasi-com-

pactly supported Morlet wavelet is characterized by the
smallest possible time-frequency window in the phase space,
i.e. the highest possible resolution in both time and
frequency. This gives reason why thiswavelet functionis
often used in geodetic and geophysica applications. SCHMIDT
(2001b) usesthe Morlet wavelet transform to study variations
of Earthrotation data, e.g. to analyse the Chandler wobble
and theannual signal part. ScHMIDT and SCHUH (1999) apply
this technique to detect the Free Core Nutation from Very
Long Baseline Interferometry results. SCHMIDT and SCHUH
(2000) usethe Morlet wavelet transform to compare polar
motion and length-of-day time series with atmospheric
angular momentum time seriesfor the short-period range.
ARFA-KABOODVAND et al. (1999) apply wavelet analysis
to GPS observationsin order to study the variability of Earth
rotation data sets in the subdiurnal period range.

Basically the wavel et transform can be used for both signal
analysis and signal representation (synthesis). In physical
geodesy thelatter isvery important in the context of gravity
field representation. Dueto itslocalizing property in both
the space and the frequency domain, the spherical wavel et
transform can be used to model regional or even local
geodata. FREEDEN (1999) presents a detailed description
of spherical wavelet theory for modelling space borne geo-
data. Thereisalarge number of contributions concerning
many different agpects of spherical wavel et theory published
by the members of the geomathematics group of the Univer-
sity of Kaiserlautern. Some of these publicationsarelisted
in the subsection "Mathematical aspects of geodetic
modelling” of section IV of thisnational report and will not
be repeated here. A more general construction principle of
waveletsis presented by FREEDEN (2001). In this paper the
theory and algorithmic aspects of wavelets are studied in
agenerd separable Hilbert space framework. Asan example
Legendre wavelets are presented.

BEYER (1999) also treats the aspect of signal representation
by means of the wavel et transform in the context of relief-
related space curvesin hybrid digital terrain models. After
finding a suitable parameterization of the space curvesdata
compression methods can be applied to the corresponding
wavelet coefficients. Besidesthe aspect of datacompression
the wavelet transform can aso be used in approximation
problems, i.e. the derivativesof thesigna can begained from
the wavel et transform in the phase space. BEYER und MEIER
(2001) computetheterrain gradient and curvature directly
from the coefficients of the wavelet transformed digital
terrain model. One-dimensional approximation formulae
for terrain profiles are presented consdering undesired phase
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shifts aswell as examples using the Haar wavelet and the
Daubechies-4 wavelet.

The Haar wavelet can be used for edge and line detection
indigital image analysisas mentioned by ScHMIDT (2001a).
BuscH (2001) presentstwo methodsfor both edge and line
detection aswell astexturerecognition in satelliteimages.
A threshold that isrequired for edge and line extractionis
estimated robustly from the image data.

Theprincipa component anaysis (PCA) isamathematical
tool to expand a multivariate data set into a seriesin basis
vectorsderived directly from thedata. The purpose of this
method isthe extraction of the main part of thetota variance
to separate the dominant signal components from the non-
dominant. Whereas the Fourier series for example is
restricted to sinusoidal processes, PCA can be applied to
extract arbitrarily shaped deterministic model parts from
the data set. In geodesy PCA is usually applied to space-
and time-dependent data sets. Whereasthe basisvectorsare
space-dependent the corresponding series coefficients are
purely time-dependent. BoscH (2001) uses PCA to andyse
sea level variations in the pacific derived from satellite
atimetry. Thisway seasonal variationsaswell asaperiodic
processeslike El NiZo and LaNiZaareidentified. GROTEN
et al. (2000) apply PCA to El NiZo and LaNiZa data sets
and compare the resultswith the main characterigtics of Earth
rotation, namely polar motion and length-of-day variations.
SCHMIDT (1999) uses PCA to derive an gpproximate solution
of normal equations. The approximation method is based
on the decomposition of the covariance matrix of the
observations, calculated in a pre-processing step, into a
system of elgenvalues and eigenvectors. The consideration
of merely the dominant eigenvalues yields the desired
approximation.

Finaly, two rather new mathematical methods for deter-
minigtic Sgnal analysisare presented: first the global optimi-
zation method and then the maximum correl ation adj ustment.
If theidentification of deterministic periodic Signasintime
series is treated as an adjustment problem the solution
strategy depends on the available prior information on the
signal frequency. In case of unknown frequencies, the
functional model isinevitably nonlinear in the parameters.
Hence, the sum of squared residualswhichisminimisedin
L SE may have a multitude of local minimain addition to
the global minimum. Astypical solversfor nonlinear equa-
tionswork locally, the correctness of the obtained solution
dependson particular initia values. MAuTz (2001) proposed
agtrategy which allowsto overcome this problem. It isbased
on heuristic global optimization techniquesusing varying
initial values. Maximum correlation adjustment (MCA) is
based on the quantitative comparison of dataand model by
means of their correlation coefficient (NEITzeL, 2001). A
set of solutionsis obtained by maximizing the correlation
coefficient. In geometric deformation anaysi sthe Helmert
transformation is one of the MCA solutions.

I nterval mathematicsand fuzzy data analysis

In geodetic practice typically both the data and the model
areuncertain up to certain degree dueto several causes. In

this section, random variability (stochasticity) and impreci-
son are consdered asdata uncertainty components. Stochas
ticity is caused by uncontrollable effects during the obser-
vation process. Imprecision expresses remaining systematic
deviations between the observations and the model dueto
imperfect knowledge or just for practical reasons. Thetheory
of stochastics offersavariety of mathematical methods to
deal with stochasticity whereas interval mathematics and
fuzzy theory supply adequate mathematical approachesto
handleimprecision (KUTTERER, 2001a, 2002a). Imprecision
can be considered in data analysis in various ways. First,
it hasto be modelled observation by observation in mathe-
matical terms. Then, the imprecise observations haveto be
composed to an impreci se observation vector. Afterwards,
the output datais derived by some calculus. Eventualy in
this step, the imprecision of the input data has to be taken
into account for the derivation of the output data. Finally,
the imprecision of the output data has to be quantified.

Imprecision can be taken into account either by intervals
or fuzzy numbers. Aninterval is defined by its lower and
its upper bound or, equivalently, by its mean point and its
radius. Theradiusof theinterval isaproper measure of im-
precision. A fuzzy number istypicaly defined by its member-
ship function which iscontrolled by amean point parameter
and aspread parameter. Fuzzy numbers can be understood
as generalized intervals. Imprecision measures based on
fuzzy numbersare proportional to the spreads (KUTTERER,
20024). Thedefinition of vectorsisuniquein case of inter-
vaswhereasin fuzzy theory there are severa wayslike, e.g.,
according to the minimum rule or based on quadratic forms
(KUTTERER, 2001c, 20023a).

Least-sguares (LS) adjustment is a typical technique in
geodetic dataanalysis. The case of observationintervalsand
their impact on the LS estimator (L SE) was aready discussed
by KUTTERER (1994). This work has been continued by
SCHON and KUTTERER (20014, b, 2002) in order to solve
two problems. First, in geodetic practice imprecision needs
to be quantified by numbers. Second, theimpact of observa-
tion imprecision on the estimated parameters can be
minimized usng mathematica optimization techniques. Both
aspects are studied in detail by SCHON (2003).

KUTTERER (2001c¢) discussestwo different waysto introduce
imprecisionto the LSE in aGauss-Markov model based on
fuzzy theory. Thefirst oneisthe fuzzy-extended LSE where
theimprecise observationsvector isinserted into a consistent
extension of the LSE. The mean point of the fuzzy-extended
LSE isequivalent to the classical LSE. Its spreads quantify
theimprecision in addition to the variance-covariance matrix
which represents stochastic dispersion. The second oneis
based on the maximum similarity principle and leadsto the
fuzzy LSE in the strict sense and to the hybrid fuzzy LS
approximation.

I n geodetic practice neither the stochasti c approach nor the
interval or fuzzy approach are adequate to jointly handle
stochasticity and imprecision. For thisreason the discussion
of thefuzzy L SE has been extended to confidence regions
and hypothesis tests for stochastic and imprecise data.
KUTTERER (2002a) outlinesthe conceptsfor both problems
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and derives some general results. Themainideaisto apply
the extension principle of fuzzy theory to the respective
mathematical relations. The derivation of fuzzy-extended
confidence regionsto the resolution of GPS phase ambiguity
parameters was studied in KUTTERER (2001b, 2002b).
Statistical hypothesis tests for imprecise data are derived
in KUTTERER (2003). A particular kind of model imprecision
was congdered by KUTTERER (1999) who derived theimpact
of interval weight matrices on the results of |east-squares
adjustments.

Fuzzy systemsand artificial neural networks

Inmany applicationsof control theory and of decision theory
itiseither expensiveor justimpossibleto acquire complete
and preciseinformation on al relevant parametersand rela-
tions. Hence, the need for moderate complex but adegquate
models leads to the development of fuzzy systems which
are based on fuzzy logic. Fuzzy systemsconsig of four com-
ponents: an input component, an inference component, an
output component and afeedback connection from the output
to the input. The input component comprises an interface
which allowsto fuzzify real input databy meansof linguistic
variables such as “length” with the fuzzy states “short”,
“medium*, “long”. Theinference component consistsof a
fuzzy rule base and a method for the aggregation of the
resulting fuzzy set. The output component yieldsred para-
meterswhich are derived fromthe fuzzy result by adefuzzifi-
cation method.

Fuzzy modd swere used successfully by HEINE (1999, 20014,
b) for themodelling of deformetion processes. LEINEN (2001)
studied the On-The-Hy resolution of GPS phase ambiguities
asamulti-attribute decision making processin order to assess
theimportance of some evidence pro or contraaparticular
candidate solution. Joos (2001) presented the “egg-yolk*
approach which allows to model fuzzy transition zones
between spatia objectsin GI S such asmeadows and forests.
An adaptive network fuzzy inference system (ANFIS) was
studied by AKYILMAZ and KUTTERER (2003) for the short-
term prediction of Earth orientation parameters.

Theartificial neural networks (ANN) represent anindepen-
dent methodology to handle various types of uncertainty.
They have been devel oped in order to imitate human think-
ing. They are composed of alarge number of simple pro-
cessors (neurons) that are massively connected and operate
simultaneously. ANN are trained based on examples what
is called machine learning. During the training process
individual weights are assigned to the neurons. Somework
has been done on the application of ANN to geodetic
problems. SCHUH et a. (2002) sudied the prediction of Earth
orientation parameters. HEINE (1999) and NIEMEIER and
MiimA (2001) considered the modelling of deformation
processes. Notethat both fuzzy systemsand ANN are solely
mathematical representations of the underlying physical
processes. They offer easy-to-handle best-fit solutions but
they are inadequate for physical interpretation.
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Geodynamics
— Overview and highlights—

H. DREWES'

Overview

The report on the activities of German scientists and
institutionsin geodynamics research during the time period
1999 to 2003 shall be divided according to the structure of
IAG Section V:

— Crustal deformation (Commission X1V),

— Tidal and non-tidal gravity field variations (Commission
V Earth Tidesand | AG/IAPSO Joint Working Group on
Geodetic Effects of Non-Tidal Oceanic Processes),

— Sealevel and ice sheets (Special Commission 8),

— Earth rotation (International Earth Rotation Service,
IERS).

German scientist were strongly involved in all of these com-
ponents of Section V. They contributed to the observation
of geodynamic phenomena, performed data analyses and
interpretations, and participated in the organization of sym-
posia, workshops and meetings on these topics. They
accepted several positions in the scientific bodies of
section V.

In Commission XIV, BERND RICHTER acted as a Vice-
president. The Symposium on Recent Crustal Deformations
in South America and Surrounding Areas was organized
with assistance of several German co-conveners. Projects
were performed in the Sub-commissions for Antarctica,
Centra- and South America, Europe (CEl and WEGENER),
and Asia (APSG).

In Commission V, German scientistswere activein all the
present Working Groups (WG): WG4 " Cdlibration of Gravi-
meters', WG5 " Global Gravity Monitoring Network" (Chair
BERND RICHTER), WG6 "Earth Tides in Geodetic Space
Techniques (Chair HARALD ScHUH), WG7 "Analysis of
Environmental Data’ (Chair GERHARD JENTSCH).

The Special Commission 8 is co-chaired by REINHARD
DieTRrICH. The Institute of Planetary Geodesy, Dresden, is
maintaining the Data Base of the Epoch GPS Campaigns
of ICSU's Scientific Committee on Antarctic Research
(SCAR).

The Centrd Bureau of the |[ERS isdriven since January 2001
by BKG, Frankfurt/Main, its Director is BERND RICHTER.
Several German individualsand groupsareinvolved inthe
specific components of the |ERS, in particular in the Combi-
nation Research Centers with the Analysis Coordinator

MARKUS ROTHACHER, and as | TRF Combination Centre
at DGFI.

Highlights

The most important results with respect to crustal
deformation research were theimproved global plate kine-
metics and inter-plate deformation modd s (APKIM) aswell
as the regional observation and modelling in Europe
(CERGOP, WEGENER), Asia (CATS, GEODY SSEA),
South America (CASA, SAGA) and Antarctica (SCAR).
Detailed features of continuous surface deformation and
earthquake induced abrupt displacements have been
monitored. The geodetic space techniques used for monitor-
ing the position changes have intensively been analysed in
order to improve the accuracy and reliability. Parameter
estimation approaches and models have been studied for
optimum adaption to the specific problems.

Investigationsontidal and non-tidal gravity field variations
concentrated on records with tidal and superconducting
gravimeters as well as their modelling and interpretation.
Theingrumentswereingtdled in Germany and South Africa.
Themoddling included improved tidal models, oceanic load-
ing and locd effect. Environmental parameters (atmospheric,
hydrologic) and geophysical processes (tectonics, earth-
guakes) were subject of detailed interpretation.

Investigations on sea level and ice sheetsmay be highlighted
by the activities on monitoring secular and periodic sea-level
changes using tide gauge records and satellite altimetry, as
well as the determination of ice sheet topography and its
variationsincluding theice-ocean-atmosphere-solid Earth
mass balance. Great efforts have been made to reduce the
tide gaugerecords by vertical crustal movements obtained
from GPS observations. Altimeter data were intensively
analysed for calibrating and combining them with different
missions and with other techniques. Satellite altimetry and
SAR interferometry data were used for monitoring ice
dynamicsin various regions in Antarctica.

Earth rotation has been investigated in theory, by data
analysis and for interpretation. Nutation models were set
up and analysed using Newtonian mechanicsand Einstein's
theory of relativity. The mgjor dynamic processes in the
Earth's system (atmosphere, hydrosphere, solid Earth) were
included. Processing of VLBI, GPSand SLR dataprovided
improved and regular time series of Earth rotation para-

1 Hermann Drewes, Deutsches Geodétisches Forschungsinstitut, Marstallplatz 8, D - 80539 M iinchen, fax +49 - 89 - 23 031 240, tel. +49 - 89 - 23031 106,

e-mail drewes@dgfi.badw.de
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meters. Severa laser gyroscopeswereinvestigated to obtain
a new quality of datain local inertial systems, the most
precise one beinginstalled at Wettzell fundamental station.
Theinterpretation of time seriesof Earth rotation parameters
included the excitation of Chandler and annua periodsdown
to diurnal effects.

Conclusion

The geodynamics research has been continued in Germany
by theoretical, experimenta and interpretation studies. Some
fundamental achievementshave been gained. Thefinancial
support of the German federal and states' governmental
agenciesand ministriesaswell asthe Deutsche Forschungs-
gemeinschaft (DFG) is gratefully acknowledged.
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General trend

Thedetermination of crustal deformation takes profit from
the general progressin the field of reference systems and
their redlisation. Dueto the fact that modern reference systems
arerealised on akinematic basiswith the parametersx,y,z
and the corresponding velocities, these results can also be
used for the determination of crustal deformation.

In the last period 1999-2003 further progress have been
reached in:

— developing global geodetic models of kinematics (e.g.
APKIM-model of DREWES (1999) and ANGERMANN,
DREWES, 2000) including the border zones (HEIDBACH
(2000), KLoTtz, 2000),

— measurements, especially with global space techniques
like SLR, VLBI and GPS (see section | or e.g. ANGER-
MANN et al., 2002, CAMPELL et a., 2002, TESMER, 2000),
SEEMULLER €t al., 2002),

— geodetic infrastructure realised with fundamental stations,
the |GS and his continental and national densifications.

Classic methods of measurement have mostly been replaced
by space-based techniques and are only used today onalocal
basisor in areaswhere satellite techniques are not available.
In the field of vertical deformation the precise levelling
remainsimportant but mainly as precise representation of
the geometry 50..100 years ago (e.9. SACHER et al., 2000).
Onthe other hand repeated absol ute gravity measurements
areincreasingly in usefor the determination of height changes
(e.9. TORGE et al., 1999).

Meanwhile the high density of permanent geodetic infra-
structure allows the connection of all regional and local
projectsand campaignsto the ITRS/ ITRF. Thisleads not
only to ahigher qudity of the resultswithout additional costs.
The possibility of the determination of deformationson a
local, regional as well as on a global level with the same
data set leads to advantages in the methodol ogy, too (e.g.
the local NNSAT-project, AUGATH et al., 2001).

Thelevel of communication also allows the monitoring of
relevant points up to real time. Last but not least the level
of interpretation of geodetic results takes profit from the
higher quality of theresultsin general and especially from
longer time series.

Projects and campaigns

The projects and campaigns in the last period are spread
over the whole world and continue former activities. Due
to thetechnicd progress and the additiona observation period

of four years, the results are more reliable so that their
interpretation come to the fore.

On the global level e.g. GRAFAREND, ARDALAN (2001)
determine significant changes of fundamental geodetic
parameters of the World Geodetic Datum 2000. KRUMM,
GRAFAREND (2002) define datum-free deformation measures
and analyse the co-ordinates of ITRF networks. Fennoscandia
(GOBELL et al., 1999) and Southeast Alaska (BOLLING et
a., 2001) are used as test areas with post glacial rebound
effectsand actual geodetic measurementsfor the explanation
of measured land uplift rates with geophysical models.

The stability of the European plate |eadsto aconcentration
of the activities on border zones and areas outside the so-
caled“stablepart” of Europe. In Germany two areasremain,
the North Sea Coast where the height component is of specia
interest (AUGATH et al., 2001) with special investigations
including GPS signal validation and the integration of Water
Vapour Radiometer measurements. Horizontal movements
are being investigated in the Rheingraben (Heck, 2000)
including theintegration of classical and GPS-observations.
The determination of height changes also isthe mainfocus
of the Alp-traverse (e.g. SCHMITT, LEMP, 2001) and
MARCHESINI, SCHMITT, 1999). The interesting areas of
Eastern Europe are being investigated within the CERGOP-
activities. This project combines permanent and epoch-based
GPS observations in order to determine the velocity field
and present day tectonic deformationsin the Central European
area. A uniform solution combining al previous solutions
wasderived (BECKER et d., 2002aand BECKER et d., 2002D).
Studies on GPS dataandysisand theintegration of additional
sensors both for the CERGOP and the WEGENER project
were analysed in (BECKER, BRUYINX, FRENANDEZ, 2002)
and BECKER, HAFELE, PeSeC, 2002).

A specia focuson Romaniaisgiven by (DINTER, SCHMITT,
2000 and DINTER et al., 2001).

Themain activities around Europe are concentrated on border
zones. e.g. Idand (VOLKSEN, 2000), Adriatic Sea (ALTINER
eta., 1999), theWes Hellenic and Calabrian Arc (KANIUTH
et a., 1999) and various areasin Turkey (ALTINER et al.
(1999).

Asiaconstitutes an important area of investigationswith the
projects CATS and GEODY SSEA.

New results from the CATS (Central Asian Tectonic
Sciences) project confirm the current high rates of tectonic
deformation far north of the India-Eurasiasuture zone and
quantify the partitioning of deformation withinthe seismicaly
active Tien Shan and Northern Pamirs (REIGBER et al., 2001).

1 Wolfgang Augath, Geodétisches Ingtitut, Technische Universitét Dresden, Mommsenstralie 13, D - 01062 Dresden, Germany, Fax ++ 49 - 351 - 463 7201,
Tel. ++ 49 - 351 - 4 63 - 42 49, e-mail wolfgang.augath@mailbox.tu-dresden.de
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Regional deformation rates have increased considerably
within the study area since the onset of shortening 20-25
million years ago. The virtually undeformed Tarim block
rotates with respect to stable Eurasia. There are plansto
extend the exigting network to other tectonically active areas
of the Eurasian plate.

GPS-observed displacement vectorsderived in the framework
of the GEODY SSEA network confirmed that Sundabl ock
constitutes a stabl e tectonic block moving approximately
east with respect to Eurasiaat avelocity of 12 +/- 3 mm/yr
(MICHEL et al., 2001). No significant motion has been
detected along the northern boundary to South China.

In Thailand and Maaysiaacombined network for national
control network purposes as well as for kinematics was
realized as densification of GEODY SSEA (BECKER et dl.,
2000).

South Americais another important area of investigations
due to the activities of DGFI and GFZ.

Theinternational Central and South America Geodynamics
project CASA supervises the border zones between the
Caribbean and South American plate with GPS (Drewes,
2002). Within this areathe behaviour of selected reference
stations are investigated, too (KANIUTH et al., 2002).

The results of the SAGA (South American Geodynamic
Activities) network contributeto abetter understanding of
the earthquake deformation cycle aswell asto a better under-
standing of mountain building processes (KLoTz et d., 2001).
The present-day deformation of this areais dominated by
transient effects related to subduction earthquakes. Most
of thetrangient deformation can be explained by inter-seismic,
co-seismic, and post-seismic phases of interplate thrust
earthquakes. The areaof thegreat 1960 Mw 9.5 Chile earth-
guakes shows a pronounced post-seismic deformation 40
years after the event and asignificant changein the displace-
ment field with time.

An additional area of scientific research is Antarctica.
DIETRICH et al. (2001) report about the realisation of the
ITRF co-ordinates and velocities from repeated GPS-
campaigns (SCAR project 1995-1998).

Most of the reports are based on GPS-measurementswhich
meanwhile have reached an excellent performance epecially
with permanent observations.

The activities for modern kinematic height networks, as
proposed in the European EV S 2000-project (AUGATH et
al., 2002), include not only repeated national levellingsand
the results of GPS-permanent stations. In addition precise
gravity measurements and extractionsfrom tide gauge obser-
vationsareincluded, too, with the goal of ahigher religbility
of the results.
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Tidal and non-tidal gravity field variations

B. RICHTER!

Instrumentation, tidal recording and tidal
models

Superconducting gravimetry:
G. JENTZSCH, C. KRONER, University Jena:

Since Eastern 1999 the dual -sphere superconducting gravi-
meter CD 034 isoperating in our Geodynamica Observatory
Moxa close to Jena. Thus, Moxais one station within the
Globa Geodynamics Project. Both sensors show only minor
differencesand therecord isvery stable. The polar motion
signd isclearly observed and after all corrections (including
ocean loading) the observed phase shifts of the main tidal
waves correspond to the theoretical expected values. Our
research concentrates on environmental effectson gravity
and the study of geodynamical signalsin the gravity record.

J.NEUMAIER €t al., GFZ :

In February 2000 the reconstructed Dual Sphere Supercon-
ducting Gravimeter (SG) with two gravity sensorshasbeen
ingalled at the newly congtructed South African Geodynamic
Observatory Sutherland (SAGOS). Additionally meteorol ogi-
cal sensorsand aground water table sensor areinstalled for
estimation of gravity changes induced by the atmosphere
and hydrosphere. The quality of the Siteis discussed accord-
ing to the requirementsfor aSG site. The difference of the
tilt minimafor both sensorsis adjusted to about 4.5 nm/s>.
For both gravity sensors the calibration factors have been
determined by comparison with awell calibrated LaCoste
& Romberg Gravimeter which recordsto the SGinparalld.
With arecently developed low frequency sine and square
wave generator based on a PC a step response experiment
has been carried out to determine the transfer function and
to calculate theinstrumental timelag. The stationisremote
controlled by a"Multi MediaMonitoring Controlling and
Information System" (M3CIS) which operatesin real time
vialnternet. The preliminary short period tidal parameters
have been determined for both sensors which are in good
agreement. An amplitude spectrum presents the gravity
residuals. The single atmospheric pressure admittance is
determined for both sensors.

G.HARNISCH €t al., BKG:

In the last years the superconducting gravimeters of the
Bundesamt fur Kartographie und Geodéasie (BK G) have been
calibrated severa times by comparison with absolute gravity
measurements. Averaging over all measuring campaigns,
stable results with errors in the order of 1 nm s%V are
reached. Three of the instruments were also calibrated by

the platform method. Theinternal accuracy of thismethod
ishigher by about one order of magnitude. However, there
are discrepancies between the results of the two different
calibration methods, the origin of which is till not clear.

G.HARNISCH et al., BKG:

Gravity data recorded by superconducting gravimeters at
different stationsaround the world are used to estimate the
gravity effect of polar motion. All data were uniformly
reprocessed. After drift elimination the annual and the
Chandler wobble were separated by fitting a combination
of two sinusoidal functionswith periods of 365.25 and 432
daysto theresidua gravity variations. The majority of the
6-factors of both congtituents vary between 1.0 and 1.5 with
a tendency to 1.2. Because of diverse uncertainties and
disturbances, which could not be completely eliminated, a
detailed eval uation of the 6-factors and of the phase values
K is not possible as yet.

Other gravimeters.
H.-J. DITTFELD, GFZ:

On the 10" Earth Tide Symposium in Madrid 1985 an
investigation wasreferred concerning — among other tasks
—tidal gravity results of two similar stationsin Berlin and
in Potsdam/Germany. There have been compared theresults
of contemporary time series of two different tidal gravimeters
(LaCoste& Romberg ET18 and ASKANIA GS15 No, 222).
Deviations of the amplitude factors at both stations were
observed with a mean value in the order of 0.7 percent.

Nowadaysit became possible to perform such measurements
with a more up-to-date equipment and to evaluate it with
improved methods. So wasinstalled aL aCoste& Romberg
(TypeG) gravimeter between 1997 and 1999 inturnsat both
the stations and the time series were analysed using the
ETERNA 3.3 analysis program. Deviations of the tidal
amplitudesare nearly of the same amount asin the 1978/1980
measurements but with an opposite sign. Therefore possible
reasons are discussed with regard to the quality of the error
estimations. Furthermore alower noise level was observed
inboth periodsat Insulaner stationintheinner city of Berlin.

Tiltmeter, Seismometer:
G. JENTZSCH, University Jena:

Since 1997 the seismological station, Moxa, has been
reconstructed and extended to become ageodynamic broad-
band observatory. Seismological observations are carried
out with a seismometer STS-2 (3-component) how supple-
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mented with athree component STS-1, along period seismo-
meter, which usually operates at up to 360 seconds but is
aso sendtivetotidal signal. The origind east-west and north-
south quartz strainmeterswere reconstructed and equipped
with new inductive sensor systems. A laser strainmeter,
orientated from north-west to south-east, has aso been newly
ingtalled. The beam runsthrough ahorizontal borehole. All
three components show clearly the expected tidal strain
variations. Cavity effects seem to be small. In front of the
observatory buildings three boreholes, two 50 meter and
one 100 meter, were drilled and first test recordings with
the ASKANIA borehole tiltmeter were carried out. Asan
optica estimation of the pendulum azimuth was not possible,
a new method was developed by use of seismological
observations from well-known | ocations. Signalsand noise
recorded by the different sensor systemswere investigated
in particular not only for seismological frequencies, but also
for very long period.

Tidal models
J. MULLER, IfE, University Hannover:

Miller et al. (2002) give an overview which tidal models
are used worldwide in the various computer programs for
theanalysisof Lunar Laser Ranging (LLR) dataand which
tidal parametersare determined by LLR, e.g. thelunar tidal
acceleration or Love numbers of the Moon. Miller and
Tesmer (2002) continue these investigations and discuss
aso how well terrestria Love numbers (h2, 12) or amplitudes
of typical diurnal and semi-diurnal periods can be derived
from LLR data.

Solid earth, ocean and loading tides

G. JENTZSCH, University Jena:

Ocean tidal loading is a cause for crustal deformation,
especially closeto the coast. In Greenland, fiducia sitesare
located just near the coast and are affected by deformation
which cannot be corrected sufficiently by current oceantidal
models. Therefore, using local gravity tidal measurements
over one year at each of the four stations, the ocean tidal
mode!s could be checked and the differences quantified. They
amount to up to some centimeters over the whol e spectrum
whichisintheorder of theresolution of air borne and satellite
based monitoring of the changes of the Greenland ice cover.

Gravity field variations of tectonic origin

G. JENTZSCH, University Jena:

Tilt, especidly tidal tilt measurements monitor the variaions
of the direction of the gravity vector. The signals are
extremely affected by local disturbances, e.g. local loads.
In spite of thisit could be shown that in the case of suitable
coupling of thetiltmeter to the ground and deep installation
the dataisrepresentative for deformation and gravity changes
(horizontal gradient). Thus, also tectonic signals can be
separated.

Environmental parameters and geophysical
inter pretation

G. JENTZSCH et al., University Jena:

In additionto effects due to variationsin barometric pressure
changes in hydrological quantities can be sources for
dgnificant effectsin gravity. At the Geodynamic Observetory
Moxa (Germany) the influence of fluctuationsin groundweter
table and soil moisture on gravity data recorded with the
dual sphere superconducting gravimeter CD 034 isstudied.
Up to now effects caused by variationsin soil moistureffissure
water and water level could be detected. Dueto thelocation
of the observatory inasmall valley and thefact that sections
of it are built into a hill amgjor part of the hydrological
changes occurs above the gravimeter level. Therefore, an
increase in the amount of water in the observatory area
generally leadsto adecreasein gravity and vice versa. Since
the hydrological effectsarein the range of someto severa
10 nnv/s? they must be removed from the gravity data. Initial
attempts to develop a correction method are made.

Crustal deformation monitoring combined with seismic
observations can be used in areas of high earthquake hazard
inajoint interpretation for progressin earthquake research.
Therefore, the 'Earthquake Research Institute’ of Tokyo
University runs the Nokogiriyama Observatory at the bay
of Tokyo complementary to the seismological array. In April
1997 an Askaniatiltmeter was deployed in a10 m deep bore-
holein the observation gallery supplementary to the aready
installed water tubetiltmeters. It operated with only asmall
drift until June 1999. Recordings of the Askaniaand thewater
tube tiltmeters are compared with each other regarding signal/
noiseratios, tida residuas, oceanloading and meteorological
effectsto eval uate advantages and limitations of both instru-
ments concerning future usein earthquake aress. First results
of this comparison indicate generally good correspondence
between the signals of the two instruments. Similaritiesand
differencesin thelong-term drift, thetidal parametersand
hydrologically and air pressure induced signalsare discussed.

B.RICHTER €t al., BKG:

In the framework of the European Union SELF 1 project,
astudy was developed in order to assessthe accuracy with
which vertical crustal movements could be determined by
means of continuous GPS and gravity observationsin a
relatively short time-span of afew years. Thereliable know-
ledge of vertical ratesat tide gauge stationsis necessary to
properly interpret sealevel variations. For height determi-
nations, continuous GPS and gravity measurements started
inmid-1996 at Medicina, in the southern Po Plain. Thetime
variability of gravity and GPSheightsin relation to variations
of several environmental parameters was investigated.

A marked seasonal signal has been identified in both data
series. It hasbeeninterpreted asthe sum of different loading
and Newtonian attraction effects modelled on the basis of
the relevant environmental data series. At Medicina, the
comparison between height and gravity series has shown
that the seasonal variations are quite comparable both in
amplitude and phase. A seasonal oscillation in the order of
18 mm (peak-to-pesk amplitude) is present inthe height data.
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This crustal deformation has been modelled by including
variationsin the atmospheric, oceanic and hydrol ogic mass.
Thevertical positions can a so be affected significantly by
s0il consolidation. Geotechnical parametersderived by in-situ
testsand laboratory analyses of the clayey soil collected at
Medicinaallowed the estimate of the soil settlement relevant
to the seasond oscillation of the surficia water table. Thermdl
expansion of the geodetic monument has to be taken into
account in the case of high-precision vertical positioning.
Modelshoth for the soil consolidation and the thermal expan-
sion effects have been derived. The continuous gravity obser-
vations collected at Medicinaby means of asuperconducting
gravimeter aso exhibit amarked seasond oscillation, which
has been interpreted as the sum of loading and Newtonian
attraction effects, aswell as of the contribution dueto soil
consolidation. Especially the study concerning the soil con-
solidation effect has all owed abetter insight on the seasonal
vertical movements occurring at the Medicina station by
providing quantitative information on soil behaviour due
to change of effective pressures. The resultscan be applied
to those stations characterized by similar fine-grained soils
and surficial hydrogeology.

H.-J. DITTFELD, GFZ:

While the significance of air pressure coefficientsin tidal
andysisresultsisunquestionable, and their gpplication clearly
improvesthe results, the correlation with other environmental
parametersis often weak and improvements are rather small
if they areintroduced. In spite of the progressin modelling
in recent years, there seemsto be alimit to the accuracy that
can be achieved, and one hasrather to look for possibilities
of avoiding some environmental influences from the
beginning.

Some reasonsfor the disappointing success of thiscorrdation
are here discussed for a6-year recording of asuperconducting
gravimeter operating in Potsdam. We are particularly
concerned with ground water level, room temperature, and
rainfall. Even though the residual noise is more or less
decreased, the results are practically independent of the
influence of the additional parameters. It is shown that the
correlation is not persistent enough through the data to
achieve the expected improvement, or perhaps on the other
hand the actual influences are partly screened. For example,
the effect of rainfall isdifficult to estimate if the water flows
superficialy away from the station and the soil moisture does
not correspond to the precipitation at the point of therain
gauge.

M. WESTERHAUS et al., Observatory Schiltach:

During the IDNDR decade geodynamic monitoring stations
have been installed in many tectonically active areas. The
improvement of sensor- and data acquisition techniques
considerably broadened the observation of strain induced
(tidal) signals, including an increasing number of ‘non-
classical' quantities like physico-chemical parameters of
ground water or electrical resistivity. Asacontinuous and
well known source of deformation acting on the earth at any
place and any time, earth tides provide a unique possibility
to vdidate the coupling of the sensorsto the ground, to carry

out in situ calibrations and to check the temporal stability
of the response characteristics. Theresponseto animposed
tidal strain may provide insight into the physics and the
linearity/non-linearity of the strain coupling mechanisms
whichisimportant especialy for 'natural’ strain sensorslike
wellsand thermal/mineral springs. If the recording system
provides calibration facilities, the local tidal response
functions may be investigated with respect to changes of
mechanical properties of the crust during the preparation
of earthquakes and volcanic eruptions.

Since 1985, Earth tidal signalsin boreholetilt- and well level
dataareinvestigated with respect to changesin the state of
deformation along a 60 km long segment of the North-
Anatolian Fault, about 200 km east of Istanbul, Turkey.
M odifications of up to 100% in amplitude and 80/ in phase
(with respect to the response on alaterally homogeneous
earth) of the gatictidal tilt responsefunctionsare essentially
explained by the presence of the fault zone. The strong
influence of the shear zone varies over time by not morethan
4% in amplitude and 3/ in phase. Despitethe short distance
of the 6 stations to the epicenters of the 1999 catastrophic
earthquakes of 1zmit and Diizce (60 km-110 kmand 17 km
—44 km, respectively) no significant pre-, co- or postseismic
variations of the local tidal tilt response functions were
detected.
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1. Monitoring of Long-Term Sea-L evel Changes
and GPS Tide Gauge Benchmark Monitoring

Theglobal sealevel isakey quantity in the Earth's climate
system. Tide gauge data provide long-term information on
relative sea-level changes, whereas a GPS monitoring of
tide gauge benchmarks allows the separation of vertical
crustal movementsand sea-level changein the global geo-
centric coordinate frame.

In the southern Baltic Sea, long-term sea-level data were
reduced in order to provide homogeneoustime series, and
theregiona pattern of sea-level risewasdetermined (LIEBSCH
et a. 2000; DIETRICH and LI1EBSCH 2000). The analysis of
sea-level changes in the Mediterranean showed regional
differences in the sea-level rate, but since the 1990's an
increase of thisrate can be observed at all of the analyzed
PSM SL stations (FENOGLIO-MARC and MARTINEZ-GARCIA
2001; FENOGLIO-MARC 2002a; FENOGLIO-MARC 2002b).

The GPSmonitoring of tide gauge benchmarksisakey issue
of thel AG Special Commission 8 and of the IGS TIGA pilot
project. The SEAL project intends an integrated approach
of different research centres and contributes substantially
to thisimportant task (REIGBER et a. 2001). Within the scope
of the EVAMARIA project, several Atlantic tide gauge
benchmarks are monitored by GPS (BoscH et a. 2002;
HAFELE et a. 2002). Antarctic tide gaugeswere also linked
to the ITRF by GPS observations (SCHONE et al. 1999).

2. Sea-Surface Changesfrom Altimetry, and
Its Consequencesfor Oceanogr aphy, Gravity
Field Determination, and Earth Rotation

For the study of the sea surface and itsvariability, satellite
altimetry isapowerful tool which provides datawith almost
global coveragein high temporal resolution. The global sea
surface from atimetry has been used to estimate ocean mass
redistribution (GRUBER &t d. 2000), and to discussitsimpact
on the global height system definition (BoscH 2002b). In
order to investigate the sea-level variability and its causes,
regional studieswere carried out in the North Atlantic Ocean
(ESSELBORN et a. 2001; Esselborn and Eden 2001), inthe
Mediterranean (FENOGLIO-MARC et a. 2000; FENOGLIO-
MARC and GROTEN 2003), and in the Carribean Sea(BoscH
et al. 2002).

Theroleof sea-surface changesin gravity field determination
is discussed (REIGBER et a. 1999), and effects of the sea
level on earth rotation and length-of-day are investigated

by several authors (HOPFNER 2001b; JOoCHMANN 2002;
WUNSCcH 2002b).

3. Altimeter Calibration/Validation and Inter -
comparison of Techniques

For consistent sea-level observations, unbiased altimeter
dataarerequired (see e.g. BoscH 2002a). Thisinvolvesthe
determination of relative mission biasesaswell asabsolute
offsets and drift rates for single altimeter missions.

Within the calibration/validation activitiesfor recent satellite
altimeter missions, GPS buoys in the North Sea (SCHONE
et a. 2000) were operated. The regional unification of
different altimeter missionswas performed using crossover
differencesin the Mediterranean (FENOGLIO-MARC 2001b;
FENOGLIO-MARC and GROTEN 2002b). For the Baltic Sea,
absolute atimeter bias and drift rates for several missions
were determined by comparison with tide gauges (LIEBSCH
et al. 2002).

Another source for information about sea-surface heights
are oceanographic modds. Theintercomparison of tide gauge,
atimetry and oceanographic modelling in the Baltic Sea
showed a consistency of the different height observations
and informetion of afew centimetres (NOVOTNY et a. 2002).

4. 1ce Sheet Topography, Dynamics, and Mass
Balance

Precise surface elevations of the Antarctic ice sheet were
determined from ERS radar altimetry on continental -wide
scale(IHDE et a. 2002). In Antarctica, regiona investigations
to study theiceflow of outlet glaciersby SAR interferometry
werefocussed on Mertz Glacier (POTzscH et al. 2000) and
the region of Schirmacher Oasis (DIETRICH et al. 1999).
Further, the mass balance of polar ice sheetswasinvestigated
based on model computations (HUYBRECHTS 2001).

5. lce—Ocean — Solid Earth Interactions

The dynamics of the ice sheets due to climatic and other
influences causes complex interactionswith the ocean and
with the solid earth. Theimpact of ice mass changes on sea
level for glacia cycleswasinvestigated (HuYBRECHTS 2002).
Further, theimpact of ice mass changeson gravity and geoid
was discussed (LE MEUR and HUYBRECHTS 2001).

The dynamics of ice shelves, especially of the grounding
zone due to tidal motions was studied in detail (RIEDEL et
al. 1999; RIEDEL 2002a; RIEDEL 2002b). The migration of
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the grounding line due to tides can amount to several kilo-
metres as was observed by SAR interferometry (METZIG
et al. 2000). Tida signalsat the subglacial LakeVostok in
Antarcticawere discovered (DIETRICH et al. 2001). Tidal
loading effects at the Antarctic Peninsulawere andyzed usng
GPS data (DAcH and DIETRICH 2001).

The solid Earth response to ice mass changes based on a
viscoelastic Earth model was investigated for Alaska
(BOLLING et al. 2001), and its consequencesfor tide gauge
observations at Svalbard (HAGEDOORN and WoLF 2003).
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1. National cooperation under theumbrella
of DFG

German geodesists and other geoscientists have a fruitful
cooperation in the field of earth rotation studies. A lot of
coordinated research projects have been supported by the
German research funding organization DFG (Deutsche
Forschungsgemeinschaft) for more than twelve years. The
participating scientists met for round table discussions near
thefundamenta station at Wettzell every two or three years,
thelast timesin March 2001 and April 2003. The scientific
papers presented at the meetings were regularly published
(for example SCHUH, SOFFEL, HORNIK, 2002).

At the end of thefirst phase of cooperationin 2001, it was
clear that there is still a great need for further research,
especially concerning the interaction of earth rotation and
other geodynamic processesin the earth system. Therefore
aworking group has composed a hundred-page conception
paper "Earth rotation and global dynamic processes’ (in
German; SCHUH, DILL et al., 2003), which givesadetailed
overview of the theoretical and observational foundations
of earth rotation studies, a review of the present state of
modelling and observation and a specification of theresearch
work which shall be doneinthe next few years. This paper
will serve asaframework for future research projectsto be
funded by the DFG.

2. Theory of earth rotation

2.1 Fundamentals and general studies

An outline of the variety of open questions and unsolved
problemsin thetheory of earth rotation on the threshold of
the new millennium was given by GROTEN (1999).

Different approachesfor modelling therotation of theearth
within the framework of Newtonian mechanicsand Eingtein's
gravitation theory were discussed by SOFFEL et al. (2002).
BRUMBERG and GROTEN (2001) desalt with the earth rotation
vector in the geocentric celestial reference system. The
connection of the observed rotation vector and itstheoretical
counterpart from adynamic-earth rotation theory isderived
by transformations between different reference systemsin
the framework of general relativity.

Therigid earth nutation model HO96NUT was presented by
HARTMANN et a. (1999). Containing 699 terms, it isbased
onthetidal potential developed by HARTMANN and WENZEL
and takesinto account thetorques exerted by the moon, the

sun and the planetson thetriaxial earth with third and fourth
order zona gravity coefficients. The anaytical computation
method, which wasindependently established, yieldsagood
agreement with the nutation series by Roosbeek and Dehant.

The problem of nutation and its transfer function in the
framework of relativity was discussed by SorreL and
KLIONER (1999). They showed that, according to the current
way to derivetransfer functions, the correction for geodetic
precession has to be applied before that for the geodetic
nutation.

A gyroscopic model of the earth was set up by SeiTz (and
KUTTERER) (2002). They numerically solved the non-linear
Liouville equation based on atriaxia inertiatensor of the
solid earth and using model data.of atmospheric and oceanic
motionsaswell aslunisolar torques. The comparison of the
resultsyields a good coincidence with |ERS data. For the
length of day, the correlation is 99% during atime span of
four years.

The implementation of the IAU 2000 resolutions has an
impact on products of the |ERS. ROTHACHER (2000)
reviewed which products are affected by which resol ution.
Mostly affected are the earth rotation parameters by the new
precession/nutation model and by the new parametrization
of the earth rotation matrix involving the celestial and the
terrestrial ephemeris origin. ROTHACHER made therefore
suggestions which parameters could in future be provided
by the |IERS.

2.2 Atmospheric, oceanic and other geophysical
influences

A comparison of angular momentum functions of the atmo-
sphere, ocean and ocean tides with observed series of the
length of day and polar motion was given by ScHMmITz-
HUBscH and DiLL (2001). Their wavel et scal ograms suggest
that the amplitude of annual polar motion reacts on mass
redistributionsin the atmosphere and the ocean with adelay
of up to one year. In addition, certain hydrological mass
redistributionswere investigated. Ground water variations
cause a polar motion component with an amplitude of 30
— 70 mas and a length of day variation of up to 0.1 ms,
whereas the influence of snow covering and of artificial
alterations of the continental water distribution are much
smaller.

HOPFNER (2000 a) presented a detailed comparison of
seasonal length-of-day changes and the atmospherical axia
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angular momentum. Heanalysed LOD time seriesfromthree
institutions and atmospheric angular momentum time series
from four meteorological centres, both filtered for annual
and semi-annua frequencies. The atmospherical angular
momentum series differ in the order of 0.03 ms for both
frequencies. The differences between thevarious LOD series
on one sde and the various atmospheric angular momentum
serieson the other side arein the same order of magnitude
for the annual frequency and approximately twice aslarge
(and therefore very significant) for the semi-annual
frequency, both with and without consideration of the
inverted barometer effect. In afollowing study, HOPFNER
(2000 b, 2001 b) compared these discrepancies with other
contributionsto seasonal length-of-day changes, namely that
of the high atmospherewind term (which was not included
in the previous analysis) and that of the ocean matter and
motion terms. Thetime serieswere compressed to Strict Sne
functions, which were parametrized by asingle amplitude
and phase angle, and supplemented by estimated parameters
for the annual and semiannual contributions of hydrological
angular momenta. In spite of considerable discrepanciesin
the basic data sets, the angular momentum budget turned
out to be well balanced, with remaining differencesin the
order of 0.01 ms for both the annual and semi-annual
frequencies.

The relations between the atmospheric axial angular
momentum and the length of day on the interannual time
scaewere sudied by HOPANER (1999, 2001 &). He compared
length of day time seriesfromthe |ERS, atmosperic angular
momentum series from four meteorological centres and
additionally atime series of the Southern Oscillation Index,
all over atime span of amost four decades. All serieswere
filtered to show only the variations at the biennial and lower
frequencies, corresponding to the Quasi-Biennia Oscillation
(QBO) and the El Nino Southern Oscillation (ENSO). For
the ENSO, the signal parametersvary considerably; but the
QBO signal turned out to be rather stable with an amplitude
between 0.13 and 0.14 ms and a period between 650 and
900 days during the mgjor part of the considered time span.

A comprehensive study of the influences of different
geophysical processes (apart from seasona atmospheric
variations) on therotation and the gravity field of the earth
wasgiven by JOCHMANN et a. (2001). Ocean dynamicsand
continental water storage were investigated as possible
causes. Influences of the atmosphere and core dynamicswere
related to decadal periods of earth rotation parameters.
Furthermore, the basi c rel ations between physica processes
and temporal variations of the gravity were discussed in order
to infer some of these physical processes from gravity
variations obtained by the modern satellite missions.

GREINER-MAI et al. (2000) computed theinfluence of inner-
core motions on polar motion and the gravity field of the
earth. A precessional motion of the figure axis of the
dlipsoida inner core, whichisinferred from the geomagnetic
dipol axis, causes a mass redistribution in the core of the
earth and hence avariation of polar motion. Thesevariations
are similar to the decadal variations of observed polar
motion. In an inverse approach, GREINER-MAI and

BARTHELMES (2001) derived the motion of thefigure axis
of theinner core from polar motion. Assuming that the part
of decadal polar motion which cannot be explained by
atmospheric variations must be caused by inner core motions,
they derived the inner core excitation function from those
of the observed polar motion and of the atmoshpere and
investigated how the figure axis of the inner core must
changeitsdirection so that the resulting mass redistribution
causesthisexcitation function. The calculation suggeststhat
the figure axis of the inner core has a mean tilt of 1@ and
amean eastward drift of 0.7g per year and quasi-periodic
decadal variations.

JOCHMANN and FELSMANN (2001) investigated the possible
influence of inner core motions and atmospheric mass
redistributions on long-periodic climate cycles in polar
motion by comparing the Fourier spectra of the excitation
functions computed from observed polar motion on the one
hand and of time series of these geophysical processes on
the other hand. They found partid coincidences at the periods
of 11/13, 22/26, 30 and 83/90 years. But unique attributions
were not possible dueto thelow quality of dataand thelack
of information on other geophysicd effects. Jochmann (2002)
computed the oceanic excitation function (matter part) of
polar motion from satellite altimeter data (ERS1, TOPEX-
POSEIDON) and related it to the excitation function of
continental water storage.

WUNSCH (1999, 2000) computed the seasonal oceanic
excitation function of polar motion from four different ocean
circulation modelsfor twelve, six and four month periods
and compared it with the excitation from observed polar
motion, reduced for atmospheric excitation. The ocean mode!
by Ponte et al. srrrhowed the best agreement. In WUNSCH
(2002 a,b), he extended his analysis by including also the
inverse barometer effect, the soil moisture (five models) and
the snow load. The NCEP/NCAR atmosphere reanaysis
data, the ocean model by Ponte et a. and the rain and snow
model by Chao and O'Connor amost completely closethe
annual balance of polar motion excitation with the IERS
time series.

By a simultaneous simulation of the ocean tides and
circulaion (OMTC), THoOMAS et al. (2000, 2001) estimated
the oceanic excitation including the effects of nonlinear
interactions between circulation and long-periodic tides,
which were hitherto neglected in the usual linear super-
position gpproach. They found that these second-order effects
cause about 8% of the ocean-induced changes of therotation
of theearth. The contributions of the three oceans and their
frequency dependence showed characteristic differences.
More detailed presentationswere given by THOMAS (2001,
2002). He considersthermohaline and wind-driven circula-
tion, static and dynamic effects of the atmospheric pressure,
the secondary potential dueto theload and the self-attraction
of the water masses and non-linear interactions and tides.
This sequence of the mentioned effects correspondsto the
estimated order of magnitude of their angular momentum
functions.

The angular momentum variations of the atmosphere was
analysed by Stuck and HENSE (2002) on the basis of their
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global atmospheric circulation model ECHAM3, whichis
driven by observed sea surface temperatures and sea ice
covering during the period 1949 — 1994. The spectral
analysisof the simulated axial angular momentum yielded
a coincidence of 80% with the observed length of day
variations on the interannual time scale, whereas on the
seasonal time scale the atmospheric model accounts only
for 50% of the LOD variability. A combination with the
model of ocean circulation and tides (OMTC) by Thomas
gaveaconsiderably better coincidence on both time scales.
Asfor theequatoria component of the angular momentum,
the contributions of the atmosphere and the ocean are nearly
equal, and together they account for more than 50% of the
observed variability at annual and longer periods. Theintra-
seasonal variability of polar motionismainly caused by the
mass component and the seasonal one by the motion
component of the atmospheric and oceanic angular momenta.

Theinfluence of secondary effects exerted by hydrological
processes and deformations of the solid earth by surfaceloads
was studied by DiLL (2002 a,b). For computing mass shifts
in the underground due to surface loads, he developed a
model! for the bend of thelithospheric plateinvolving Green
functions as an aternative to Love surface numbers. By
means of appropriate modelsfor the respective direct effects
and the indirect deformational effects, he ssimulated the
influence of various hydrological processes. ground water
variations, snow covering, the drying up of Lake Aral and
the forthcoming filling of the Three Gorges Reservoir. Since
the data of the mass shifts due to the natural hydrological
effectsare still insufficient and since the primary effects of
the atmosphere and the ocean are still imperfectly modelled,
these studies cannot yet contribute to abetter modelling of
earth rotation; but they lay the fundament for future work
when improved input data of geophysical fluids will be
available.

Diurnal and subdiurna variations of polar motion and length
of day wereinvestigated by Arfa-K aboodvand, Groten and
co-authors (ARFA-KABOODVAND et al., 2000, 2002; LEvI
etal., 2002). Their analysisof highly resolved GPS data by
wavelet and partial correlation methods confirmed that the
diurna and semi-diurna variationsare predominantly caused
by earth and ocean tides. They outlined a deterministic
approach onthebasis of the Liouville equation, which they
deemed more appropriate for separating the different kinds
of excitation.

3. Egtimation of earth rotation parametersby
different observation techniques

3.1 VLBI

Earth rotation parametersfrom simultaneous VLBI observa-
tionsof different networksin 1997 — 1999 were computed
and compared by TESMER (2002). Thetime seriesof polar
motion and universal time showed significant offsetswith
respect to the |[ERS C04 series. A dependence of these para-
meters on the network configuration was also revealed by
the anaysis of one continuous observation series of fivedays,
where one of the six telescopes dropped out on one day.

Short period variations in length of day and polar motion
detected by VLBI between 1981 and 1999 were analysed
by ScHuH and ScHMITZz-HUBSCH (2000). By wavelet andlyss
of length-of-day series, they found periods of 28 days, 14
daysdownto 6.7 days, which are caused by lunisolar tides,
andirregular quasi-periodic variations between 40 and 130
days, which are clearly correlated with the atmospheric
angular momentum. On the subdiurnal time scale, periods
between five and seven hourswere found in universal time
besides the diurnal and semi-diurnal periods.

TESMER et a. (2001) and KUTTERER and TESMER (2002,
a,b) deat with problems of parameter estimation and
statistical analyses of subdiurnal earth rotation parameters
from VLBI. Since subdiurnal estimates of terrestrial pole
coordinates are necessarily highly correlated with simul-
taneous nutation parameter estimates, the latter were kept
fixed. Asnumerical analysesof aCORE-A and aNEOS-A
session shows, the accuracy of the pole coordinates and
universal time depends not only on the observation geometry
(stationsand radio sources), but also on thetemporal resolu-
tion level: the higher the resolution, the larger are the
inaccuracy of the parameters and the correl ations between
consecutive parameters of the same kind.

STEINFORT and NOTHNAGEL (2002) described the method
that is used to combine series of earth rotation paramters
contributed by various VLBI analysis centresto onesingle
ERP series and gave some numerical informations about
the differences between the individual sereis and the
combined one.

3.2 GPS

Thelead of VLBI indetermining subdaily polar motion and
universal time as well as nutation corrections has largely
been caught up by GPS. HEFTY, ROTHACHER €t al. (2000)
and ROTHACHER et al. (2001) dealt with daily and subdaily
variations of polar motion and universal time, which are
primarily induced by the ocean tides, on the basis of two-hour
series produced by the CODE analysis centre of the Inter-
national GPS service. Inthefirst study, wheretheavailable
earth rotation parameters cover the 420-day time span from
April 1995 until June 1996, they found about twenty periodic
termsinthediurnal and semi-diurnal frequency bands, ten
of which could beidentified astidal periods. A comparison
of the amplitudes and phase angles with other analysesfrom
satdlliteatimetry, VLBI and SL R showed agood agreement
for most of these periods, both for polar motion and universa
time. Inthe extended second study, where the earth rotation
parameters cover the three-year time gpan from January 1995
until February 1998, they identified even 57 tidal periods
in polar motion and 41 ones in universal time. The com-
parison of the parameters with those from the other tech-
niques showed mean square differences between 0.001 and
0.002 msfor the amplitudes of universal time and between
0.01 and 0.02 mas for the polar motion amplitudes.

Asfor estimating nutation corrections from GPS observa-
tions, WEBER, ROTHACHER et a. (2000) presented an update
to aprevious paper by themselves. From an extended set
of daily nutation correction ratesranging from April 1994
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until March 1999, they obtained nutation amplitude correc-
tions of about twenty periods between 4.7 and 15 daysin
obliquity and longitude with respect to the |AU 1980 nutation
model with standard deviationsin both directions between
0.008 masfor the 4.7-day period and 0.025 masfor the 15-
day period.

3.3 Laser gyroscopes

A new instrument type which allows direct measurements
of the earth rotation vector is the laser gyroscope. A
prototype was installed at Wettzell in 2000.

The properties of big ring lasers like the C-11 (which is
operated in New Zea and) and the measurement resultsthat
were achieved with the C-11 were described by SCHREIBER
et al. (1999, 2002, 2003).

KLUGEL and SCHREIBER (2002) explained thelocal effects
which can disturb the measurements, namely deformations
of theinstrument by temperature and air pressure variations
as well as tilts of the instrument by local underground
deformations, and they described the measureswhich were
taken to minimize these effects.

4. Analysisof earth rotation parameters

4.1 Numerical investigations

HOPFNER (2002 a,b) performed a detailed investigation of
polar motion cycles based on the time series SPACE99 from
the Jet Propulsion Laboratory ranging from 1976 until 2000.
By band-pass filters he isolated individual series for the
dominant Chandler and annual periods as well as for the
secondary periods of 300 days, semi-Chandler, 6, 4, 3, 2
and 1.5 months. For each frequency band, he determined
for every cycle of the polethe elliptic parameters: the semi-
major and semiminor axes, the eccentricity, the direction
of the semimajor axis and the period. For the annual polar
motion, hefound adistinct ellipticity with eccentricities of
0.2—-0.5and rdatively stable directions of the principal axes.
The Chandlerian polar motion, by contrast, hasamuch less
distinct ellipticity with eccentricities of 0.0 — 0.2 and
considerably changing directions of the principal axes, even
for consecutive cycles. The polar motion components of the
other frequency bands showed pronounced ellipicitieswith
strongly instabl e parameters, some of them even changing
their sense of revolution.

Finally he performed similar analysesfor the Chandlerian
and the annual components of polar motion separatly for
three long-time series ranging from the end of the 19th
century until around 2000 and two seriesgtarting inthe early
sixties and the late seventies, respectively. The long-term
variations of the amplitudes and periods became clearly
visible. For thelong-time series he a so included aspectral
analysisof the secular polar motion component (HOPFNER,
2003).

Two of these long-time series of polar motion (IERS C01
and OA97/99 by Vondrak) were also analysed by SCHUH,
RICHTER, NAGEL (2000) and SCHUH, NAGEL, SeEITZ (2001).
They estimated a secular linear drift of 3.3 masper yearin
the direction of 76@ western longitude. The variability of

periodsand amplitudes of the Chandler and annual wobbles
wereinvestigated by diding windows and wavel et methods.

Differences between universal time (UT) and atomic time
could not be determined before the atomic time came into
use in 1955. Before that, the only absolute time reference
was ephemeristime (ET), which wasredized by observations
of lunar occultations. LIA0 and GREINER-MAI (1999)
calculated alength of day seriesthat reaches back to 1892
by combining an old seriesof UT1 - ET and amodern series
of UT1- UTC. The IERS C04 series starts at 1962.0 al-
though atomic time was kept since 1955. Therefore BIELE
(2002) focussed on the time interval 1955.5—1962.0. He
reviewed several UT 1 datasetsfrom that period and found
that thelatest re-reduction by Vondrak and Ron isthe best
one.

4.2 Wavelets and other modern theories applied for
earth rotation

Observed time series of earth rotation parameters and geo-
physical excitation functions can be considered as stochastic
processes. If the energy distribution varies with time, the
traditional Fourier transform is not appropriate for signal
analysis. That iswhy ScHMIDT (and ScHUH) (2000, 2001,
2002) presented a procedure which combines the wavel et
theory with the theory of stochastic processes and thus makes
it possible to analyse single time series and to compare
different time series. Thiswas demonstrated for time series
of polar motion and length of day in connection with the
atmospheric excitation functions.

A more detailed analysis of the |IERS C04 series together
with the atmospheric angular momentum function was
presented by SCHMITZz-HUBSCH (and SCHUH) (1999, 2002,
2003). The scalograms of the length of day series clearly
showed the annual and semi-annual periods aswell asthe
monthly and fortnightly periodsand aperiod of seven days.
Thescalograms of polar motion (from which the Chandler
wobble had been removed) showed clearly theannud wobble
with alarge prograde and asmall retrograde component and
a prograde semi-annual wobble. Frequencies below two
months are quite irregular and contain as well retrograde
as prograde parts.

Artificid neurd networks were applied by (ScHUH,) ULRICH
et a. (2002) for predicting earth orientation parameters. A
comparison of the prediction error with other methods
showed that for a short-term prediction of universal time
thismethod isas good as others and that for timeintervals
of more than one hundred daysiit is even better.
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