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Foreword

Every four years the General Assemblies of the International Union of Geodesy and Geophysics (IUGG) and of the
International Association of Geodesy (1AG) provide an opportunity for taking alook back onto the developmentsin the
field of geodesy. On the occasion of the XXI1 General Assembly of the IUGG which takes place from July 19-30, 1999
in Birmingham, UK, the German Geodetic Commission (DGK) presents the following report on the geodetic activities
in the Federal Republic of Germany in the period from 1995 to 1999.

According to its bylaws the IAG is organized in five sections covering different aspects and topics in Geodesy.

— Section | (Positioning) concentrates on the positioning aspects in Geodesy, considering global and regional geodetic
networks, applicationsin engineering, and marine positioning. Special emphasishasbeen givento GPS-rel ated subjects
(quality issues, active networks, advanced analysis, ambiguity resolution, site effects and atmospheric monitoring).

— Section |1 (Advanced Space Technol ogy) studiestheuse of satellitetechniquessuch asgravity gradiometry, satellite-to-
satellitetracking, satelliteand lunar laser ranging, satellitealtimetry and SAR interferometry. Specifictopicsarerelated
to the geodynamic WEGENER project, spaceborne atmospheric monitoring and the combination of multiple space
techniques for precise orbit determination.

— Section |11 (Determination of the Gravity Field) isresponsible for absolute and relative terrestrial gravimetry and the
determination of the external gravity field and the (quasi-)geoid as well asfor gravity networks and gravimetric data
bases. Strong consideration is given to the assessment and refinement of global digital terrain models, kinematic
gravimetry, aswell as global and local gravity field modelling.

— Section |V (General Theory and Methodology) studies problems related to the modelling of geodetic observationsin
physical and mathematical respectsand general aspectsof dataeval uation. Special emphasisisput oninverseproblems,
the use of wavelets in geodesy, dynamic isostasy and modelling of temporal changes of the gravity field.

— Section V (Geodynamics) deals with the determination of recent crustal movements and deformations, tides and other
temporal variations of the gravity field, sealevel and ice sheet variations as well as earth rotation variation and its
geodynamic causes. Specific topics are geodetic contributions to understanding natural hazards, interactions of the
atmosphereand the oceanswith theearth'srotational dynamics, and geophysical interpretation of temporal geopotential
variations.

Theeditorsof thisvolume and the German Geodetic Commi ssion acknowl edgethework of all personsthat have contributed
to this report.

Thefinancial andlogistic support by the Bavarian Academy of Sciencesfor publishing and printing of thisvolumeishighly
appreciated.

Bernhard Heck Reinhard Rummel
National Committee for Geodesy and Geophysics Permanent Secretary of the German Geodetic Commission

Erwin Groten Helmut Hornik
National Committee for Geodesy and Geophysics Secretary of the German Geodetic Commission
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SECTION I: POSITIONING 9

Positioning
Overview and highlights

H. DREWES

Overview

Theactivitiesof German scientistsand ingtitutionsin
geodetic positioning during the time period 1995 to
1999 may be divided into (1) global and long range
positioning, (2) permanent networks and real-time
positioning, (3) close range and engineering applica-
tions. The following reports will be structured
according to these subdivisions. German scientists
contributed actively to the work of all the Section |
bodies, which are:

— Commission X: Global and Regiona Geodetic
Networks, in particular in the Sub-Commission for
Europe (EUREF) and in the SIRGAS Project for
South America;

— Specia Commission 4: Application of Geodesy to
Engineering, with emphasis on the four Working
Groups on (1) Mobile Multi-Sensor Systems, (2)
Building Structures as Kinematic Systems, (3) High
Precision Alignment Systems, (4) Geometrical
Investigation of Spatial Geodetic Problems.

German scientists were involved as members in the
Section | Special Study Groups

— SSG 1.154: Quality Issues in Real Time GPS
Positioning,

— SSG 1.155: Active GPS Networks,

— SSG 1.156: Advanced GPS Analysis for Precise
Positioning,

— SSG 1.157: GPS Ambiguity Resolution and Valida-
tion,

— SSG 1.158: GPS Antenna and Site Effects,

— SSG 1.159: Use of GPS Positioning from Atmo-
spheric Monitoring.

Besides of these activities in positioning directly
related to Section |, great efforts were performed by
German ingtitutions and scientistsin positioning within
the |AG Services: International Earth Rotation Service
(IERS) redlizingthe IERS Terrestrial Reference Frame
(ITRF), International GPS Service (1GS), International
Laser Ranging Service (ILRS), and International VLBI
Service for Geodesy and Astrometry (1VS). German
ingtitutions are acting in these services as observatories,
datacenters, analysis centers, and they are contributing
to other product centers. Information on these services
may be found in the reports of Sections Il and V to
which they are assigned in the present |AG structure.
The outcoming of theinvestigationsand research work,

however, is aso reflected in the above mentioned
bodies of Section | and will therefore be reported here,
too.

A lot of positioning activities are related to geo-
dynamics projectsin particular the networksfor global
plate kinematics and regiona crustal deformations.
Thesewill bereportedin detail in Section V but shall
be mentioned here because of their scientific
importance for modern devel opments of positioning
methods. German institutions participated especially
inactual projectsin Europe (Mediterranean and Central
Europe), Asia (GEODY SSEA, CATS) and South
America (CASA, SAGA).

M odern positioning methods are nowadays dominated
by advanced space techniqueswhich will be reported
in Section |1, mainly by its Commission VIII CSTG.
German ingtitutions participated strongly inthe PRARE
project and the GLONASS experiment. Efforts have
also been madein the study of new navigation systems
such as GNSS and GALILEO.

The applications of positioning for engineering are
closely related to the work performed within corre-
sponding bodies of the International Federation of
Surveyors (Fédération Internationale de Géometres,
FIG). Relevant developments and resultsfor geodesy
will be reported here.

Highlights

The highlights of German contributions to geodetic
positioning are certainly the observation and analysis
activitiesin global and regional networks as well as
in real time and kinematic positioning. Besides the
practical aspects of position and velocity
determinations by coordinates and their time
derivatives, many theoretical research has been done
in order to improve the mathematical and physical
models and evaluation approaches.

In global positioning one hasto mention explicitly the
fundamental observational activities at the Wettzell
observatory (Fundamental station Wettzell). Thisstation
is one of the best equipped sites of the world and is
participating in al the existing IAG services using
modern spacetechniques(VLBI, SLR, GPS, PRARE).
Global data centers are managed by Bundesamt fir
Kartographie und Geodésie (BKG) for the IV Sand by
Deutsches Geodétisches Forschungsingtitut (DGFI) for
the ILRS. Acting as global analysis centers are Geo-
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ForschungsZentrum Potsdam (GFZ) for the IGS, as
well as BKG and the Geodetic I nstitute of the Uni-
versity of Bonn (GIUB) for the IVS.

In regional positioning we shall emphasize the
activities of several German groups within the
realization of the European Reference Frame (EUREF).
BK G isworking asadatacenter and, together with the
Bayerische Kommission fur die Internationale
Erdmessung (BEK), as an analysis center. DGFI is
acting as a data and analysis center for the South
American Geocentric Reference System (Sistemade
Referencia Geocéntrico para América del Sur,
SIRGAS) and the corresponding | GS Regional Network
Associate Analysis Center (RNAAC-SIR).

In close range positioning, a highlight is the
installation of the German Satellite Positioning
(SAPOS) network, aset of permanently observing GPS
stations covering al Germany and mainly used for

officia and engineering surveying. It hasrecently been
extended to real time and kinematic applications.

Precise inertial techniques as principally developed
for navigation purposes are getting an increasing
importance for positioning, in particular in its
combination with differential GPS (DGPS).
Sophisticated investigations have been performed on
this topic by several German groups. The research
includes the mathematical modelling as well as
hardware equipment (e.g. for its use in airborne
gravimetry). A variety of technical realizations has
been studied and will be summarized in thefollowing.

Altogether, a broad spectrum of applications of
geodetic positioning has been investigated during the
past four years, most of them — naturally — related to
the GPS. A ot of new techniques have been developed
that certainly will stimulate the future research onthis
field.
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Permanent GPS networ ks and realtime positioning

W. SCHLUTER, K. PAHLER

I ntroduction

In the period from 1995 to 1999 German institutions and
scientistshave placed amajor contribution to theestablish-
ment of permanent active GPS-networks. Global , regional
and national activities have been carried out in particul ar
supporting

—the global network within the frame of IGS
(International GPS Service) and CSTG (International
Coordination of Space Techniques in Geodesy),

— the European network in the frame for EUREF (Euro-
pean Reference Frame),

— the national networksfor federal requirementsand for
requirementsof thestatesintheframeof SAPOS (Satel -
liten Positionierdienst der deutschen Landesvermes-
sung).

These actions include the operation of permanent GPS-
stations, by data centers and analysis centers and are
capabl e to support the realtime applications.

The station operation, the data flow from the stations to
data centers and the data analysistoday are devel oped so
far as a routine procedure, up to the provision of the
products.

Beside the support of the GPS-networks, the GIBS (GPS
I nformations- und Beobachtungssystem), which provides
actual information on the GPS- and GLONA SS-system
has been operated.

I nvestigations have been made on the determination of the
phase center of GPS-antennas and on their variations.

Activitieswithin theIGSand CSTG

The German contributors to the activities of the IGS and
CSTG are the GeoForschungsZentrum (GFZ) -Potsdam
and the Bundesamt fUr Kartographieund Geodésie (BK G)
— former Institut fir Angewandte Geodésie (IfAG).

GFZ is operating the permanent GPS-stations (GALAS,
REIGBER 1996)

— Potsdam/Germany

— Oberpfaffenhofen/Germany

— Zwenigorod/Russia

— Kitab/Usbekistan

— LaPlata/Argentina.

BKG is operating the permanent GPS-stations
— O'Higging/Antarctica (Turbo Rogue)

— Lhasa/Tibet-China(Turbo Rogue)

— Wettzell/Germany. (Turbo Rogue)

DGH is operating permanent GPS stations in South-

america.

One of the global analysis center for IGS is operated by
GFZ. BKG servesasoneof theregional datacenterswith
the priority to hold and provide the data and productsfor
Europe.

The work has been published in the IGS-Annual Reports
andinthel GS-Workshop Proceedings(NEILAN et al . 1996,
ZUMBERGE et al. 1995, ZUMBERGE &t a. 1996, ZUMBERGE
et al. 1997).

Within the frame of CSTG, the IGEX (International
GLONASS Experiment) has been started in 1998. BKG
supported the campaign by the provision of continuously
operating ASHTECH Z18 receivers at Wettzell and at
Reykjavik and a 3S Navigation receiver at Ankara. A
tremendous effort has been made by BKG towards the
integration of GLONASS data in the Bernese Software
Package (HABRICH 1998). Theeffort finally resultsinthe
routinely handling of the GLONA SSdatafor theeval uation
of GLONASS orbits and station coordinates.

Activitieswithin EUREF perm.

While in the beginning of the decade EUREF has been
established through GPS-campai gnscollecting observations
in epoch stations, the realisation and maintenance of
EUREFtoday hasbeen strongly supported by theoperation
of around 70 permanent GPS stations covering Europe
(EUREF perm.). Some of the stations are identical with
|GS-stations. Morethan 12 analysiscentersareperforming
the daily data analysis. Each analysis center evaluates a
subnetwork of EUREF perm. The combination of the
results of these European analysis centers is routinely
performed by the CODE (Center for Orbit Determination
of Europe) at Bern. The BK G is supporting the European
permanent network (EUREF-perm.) by the operation of
permanent GPS receivers at

— Wettzell (TurboRogue, Ashtech 212, Ashtech Z18 and
TRIMBLE S9l),

— Lhasa, Tibet-Chinain cooperation with the National
Bureau of Surveying and Mapping (Turbo Rogue),

— Reykjavik, Island in cooperation with Landmaelingar
Ilands(onthe American Plate) (Turbo Rogue, Ashtech
718),

— Hofn, Idlandincooperationwith Landmaelingar Idands
(on the European Plate) (Ashtech Z12),

— Ankara, Turkey incooperationwith General Command
of Mapping (Turbo Rogue),

— Nicosia, Cyprus in cooperation with Department of
Lands and Survey on Cyprus (Turbo Rogue),
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— Sofia, Bulgariain cooperation with Bulgarian Military
Topographic Serviceand theL aboratory of Geotechnics
(Ashtech 212),

— Zelenchukskaja, Russiain cooperationwith Institut fr
Angewandte Astronomie, &t. Petersburg (Turbo Rogue).

All the data from the European stations operated al so by
other agencies are collected at the BKG-data center in
Frankfurt. TheBK G actsasoneof thedataanaysiscenters
for EUROPE. Since1999 TheUniversity of Bernand BKG
arecombining theresultsof thedifferent Europeananalysis
centers. The objective is, after the demonstration of
identical results, that BKG will take over the routinely
combination for EUREF-perm..

Thework which has been carried out so fareis published
in the Proceedings of the EUREF-Symposia held in
Helsinki, Warsaw, Ankaraand Ahrweiler (GUBLER et al.
1995, GUBLER et al. 1996, GUBLER et a. 1997) and
(BRUYNINX et al. 1997, FRANKE et al. 1998, REINHART
etal. 1997, REINHART et al. 1997, SCHLUTER et al. 1996,
SEEGER et a. 1997, SEEGER 1997, SEEGER et a. 1997,
SEEGER et al. 1998, SEEGER et al. 1997, WEBER 1997,
WEBEReta. 1997, WEBER et al. 1997, WEBER et al. 1997,
WEBER et al. 1997, WEBER et a. 1996).

National activities

Permanent GPS stationshave been established in Germany
by the federal state agencies such as BKG and BfG
(Bundesamt fir Gewasserkunde) and by the individual
state-agenciesinorder torealisean activereferenceframe
for positioning purposes all over Germany.

The federal agencies and the survey agencies of the 16
German states are cooperating within the AdvV
(Arbeitsgemeinschaft der VVermessungsverwaltung) for the
establishment of the SAPOS — a multipurpose satellite
positioning service.
SAPOS provides positioning services at different levels
1.real time DGPS at thelevel of + 1 -3 m (EPS), trans-
mitting correction data via radio frequencies by
employing RTCM2.0 format,

2.real time DGPS at thelevel of 1 -5 cm (HEPS) trans-
mitting correction data via 2 m band-transmitters
employing RTCM2.1 format,

3. near real time positioning at the level of 1 cmin post-
processing modusemploying RINEX datatransmitted
viatelephone or Inter-/Intranet (GPPS),

4.Geodetic high pression positioning better than 1 cm
employing 24 h data in RINEX format in
postprocessing mode by making use of the CODE-
ephemeries (HGPS).

Currently morethan 100 permanent GPSstationshavebeen
set up by the agencies, covering Germany in different
densifications. Aimingin ahomogeneous coverage more
than 200 station will be established.

The permanent GPS stations are equipped with geodetic
two frequency GPS-receivers, monitoring systemsand data
transmission systems (modems, telephones, radio trans-
mitters) (BECKER M. et al. 1998, BECKERS et al. 1997,
BEHRENS 1997, BEUL 1995, BEUL 1997, BOLJEN, 1998,
DIERHOFFet d. 1996, DRAKEN 1996, EL SNER 1996, FROH-
LICH 1995, GRAEFF 1995, HANKEMEIER 1995, HANKE-
MEIER 1995, HANKEMEIER 1997, HANKEMEIER 1997,
HANKEMEIER, HANKEMEIER €t al. 1998, HANKEMEIER €t
al. 1998, IRsEN et al. 1996, JAHN 1996, JAHN 1997, KUHN
et al. 1998, LEIPHOLZ 1997, PAHLER 1996, PATZSCHKE
1996, ROKAHR 1997, ROSENTHAL 1997, ROSENTHAL 1997,
RossoL 1996, SEEGER et al. 1997, STOFFEL 1997,
WANNINGER et al. 1998, WEBERet d. 1997, WIRTH 1997).

Thereal time DGPS-service (EPS) isrealized by the state
servicesin cooperation with the broadcasting agenciesby
making use of the RDS-channelsin thefm-band. BKGin
cooperation with the German Telekom is transmitting
correction datafromthe permanent station"Mainflingen"
via alow frequency transmitter in order to cover entire
Germany (DIETRICH et a. 1997, DITTRICH et al. 1995,
DITTRICH et a. 1995, ELSNER 1997, KUHMSTEDT €t al.,
LINDSTROT 1996, LINDSTROT 1996).

Themoreprecisereal timeDGPSservice (HEPS) ispartly
realised by employing 2 m-band transmitters, for the
transmission of thereal timecorrection dataintheRTCM
2.1 format, covering areas with a radius of 15 to 50 km.
In order to increase the precision, processes are under
devel opment to derivethe correction datafrom morethan
1 station (from a network of some stations).

BK G makesuse of 24 h datafrom 20 stationscovering all
states of Germany (GREF) and derives on a daily basis
station coordinatesin order to maintain an activenational
reference frame, to monitor station movements and to
derive meteorological parameters (GENDT et al. 1995),
(Weber et al.1997).

Phase center variations

Emphasishasbeen placed on theinvestigationsof antenna
phase center variations. Different antennatypeshavebeen
compared through coll ocation measurementsand models
have been derived for thedetermination of the phase center
dependent on the satellite elevation and azimuth.

Theinvestigationshavebeen carried out by the Deutsches
Geodétisches Forschungsinstitut (DGFI), the Institut fur
Erdmessung of theUniversity Hannover, the Geodétisches
Institut of the University Bonn and has been supported
through collocation measurements at the Fundamental
Station Wettzell by the BKG (KANIUTH et al. 1998,
KANIUTH et a. 1995, ROTTACHER et al. 1995).
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Positioning for global and long range applications

W. SCHLUTER, E. REINHART, K. PAHLER

I ntroduction

Inthe period from 1995 to 1999 German institutionshave
contributed to positioning for global applications
employing VLBI, SLR and GPS techniques. Continuous
operationshave been carried out at the Fundamental station
Wettzell by theoperation of the20m Radio tel escope, and
the Wettzell Laser Ranging System (WLRS) in EOP-,
crustal dynamic- andreferenceframeprojects. Inaddition
the Transportabl eI ntegrated Geodetic Observatory(T1GO),
which is foreseen to be placed on a site in the Southern
hemisphere has been established. Observations in
O'Higgins (Antarctica) have been continued with the
VLBI-Antenna, the GPS and PRARE System

Several GPScampai gnshavebeen conductedwith astrong
support from German institutionsfor the establishment of
continental widereferenceframesfor Europe(EUREF and
EUVN) and for the realization of a regional reference
frame in South America (SIRGAS and CASA).

Sealevel Projects such as SELF has been performed and
several geokinematic campaigns have been carried out as
GEODYSSEA, CERGOP, AEGAIS, WHAT A CAT,
SCAR/GAP. Finally some local activities have been
performed. The readjustment of the leveling network
UELN hasbeen performed including new linksto Central
and East European countries (UELN95).

VLBI and SLR

TheBundesamt fir Kartographieund Geodasie (BKG) in
cooperation with the Forschungseinrichtung Satelliten-
geodasie (FESG) (Technische Universitét Minchen) on
behalf of the Forschungsgruppe Satellitengeodasie (FGS)
havecarried out continuously VL Bl-observationswiththe
20m Radiotelescopeand SL R-observationswith the Wett-
zell Laser ranging System (WLRS) inorder to support the
International Earth Rotation Service (IERS) for the
determination of the Earth orientation parameter, and the
realization of thel TRFand | CRF. Atthe Station O’ Higgins
in the Antarctica, periodically VLBI, continuously GPS
and PRARE observationshave been performed. BKG, the
Deutsche Geodétische Forschungsinstitut (DGFI) and the
Geodétische Ingtitut/University Bonn (GIUB) havecontri-
buted tothel ERSannual solutionsby VLBI, and SLR data
analysis. The TIGO hasbeen set up and first experiments
have been successfully conducted. The tests and experi-
ments have been carried out at the Fundamental station
Wettzell in collocation with the VLBI-, SLR- and GPS-
systems. (DREWES 1998, HAAS et al. 1997, HAAS et al.
1998, KANIUTH et al 1998, PETROV etal. 1998, SCHMITZ-
HUBSCH 1997, SCHUH et al. 1997, DicK, RIEPL et al. 1997,
RIEPL, SCHLUTER et a. 1996, SCHLUTER et al. 1997,

SCHLUTER et al. 1998, SCHLUTER et a. 1998, Thorandt
et al. 1996, Thorandt et al. 1997, SCHLUTER et al. 1995,
SCHLUTER €t al. 1996, SEEGER et al. 1995, MEINIG et al.
1995, REINHOLD et al. 1995)

The permanent GPS-activitiesaredescribed inthechapter
“Permanent GPS Networksand Realtime Positioning” by
W. SCHLUTER and K. PAHLER.

EUREF and EUVN

The EUREF activitieshave been started in the year 1989,
withtheobjectivetorealizeauniformreferenceframeall
over Europe for scientific and practical applications.
Within the period from 1995 to 1999 regional activities
have been conducted in order to extend the network and
todensify EUREF. For thecampaignsinBulgaria, Island,
L uxembourg and Romania, which have been observedin
the previous years, final results have been evaluated and
published (ALTINERet al. 1996, ENGELHARDT et . 1995,
ENGELHARDT et a. 1995, FRANKE et al. 1996,
MARJANOVIC et a. 1995, NEUMEIER et al. 1996, ,
NEUMEIERE€t al. 1996, FRANKE et al. 1995/96, NEUMEIER
et al. 1995/96, NEUMEIER et a. 1995/96). In 1995, 1996
andin 1998 sub-campaignsfor EUREF have been carried
out in Croatia, Slovenia, Bulgaria, Malta, Albania,
FYROM, and in Yugoslavia. The results have been
published in (SEEGER et al. 1995, SEEGER 1995, SEEGER
etal. 1996, ALTINEREet al. 1995/96, ALTINER et al. 1997,
FRANKEet al. 1997, SEEGER 1995/96, SEEGER et al . 1996,
ALTINER et al. 1997, ALTINER et a. 1997, ALTINER,
AMBERG et al. 1997, SEEGER et al. 1997, SEEGER €t al.
1997).

Intheyear 1996 in the frame of EUREF a GPS campaign
hasbeen proposed to place emphasi sto the height compo-
nent. It resulted in the establishment of the European
Vertical GPS Reference Network (EUVN). EUVN com-
binesEUREF sites, nodal pointsof thelevelling networks
suchasUELN and UPLN andtidegauges. Thecampaign,
consisting of 195 sites, has been observed in 1997. The
final objectiveisto providefor all EUREF sitesthe GPS-
coordinates and heights with respect to the European
levelling networks. Final coordinatesderived by GPShave
been published. For most of thesitesthelevellinginforma:
tioniscollected and available. It is expected to complete
EUVN in the next year. (ADAM et a. 1997, IHDE et al.
1996, ENGELHARDT et d. 1998, FRANKEE€t al. 1998, IHDE
et al. 1997, SCHLUTER et al. 1998, INEICHEN et al. 1998,
LUTHARDT et al. 1998, SCHLUTER €t al. 1998)
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UELN95

Theregjustment of the UELN (Unified EuropeanLevelling
network) has been performed by the BKG. In order to
include new countriesinthe UELN some new links have
been observed and included. The adjustment has been
published as UELN95/98. (LANG et a. 1995, AUGATH et
al. 1996, LANG et al. 1995, LANGet al. 1996, LANG et al.
1997, LANG et a. 1997)

SIRGAS

A major contribution for the establishment of theregional
reference frame for South America, the “Sistema de
ReferenciaGeocéntrico paraAmeéricadel Sur” (SIRGAS)
has been made by the DGFI (Deutsches Geodétisches
Forschungsinstitut). DGFI strongly supported theobserva
tions and performed the data reduction and analysis.
(DREWES 1997, DREWES et al. 1997, DREWES 1998,
DREWESet al. 1998, KANIUTH 1998, KANIUTH et al. 1998,
MOIRANOEt al. 1997, MOIRANO €t al. 1998, SEEMULLER
et al. 1997)

Self -Project

With support of the European Unionthe SELF 1 and SELF
Il project hasbeen carried out. For theinvestigation of sea
level variationsintheareaof theMediterranean Sea, GPS-
techniquewasempl oyed to determinerecent crustal move-
ments at tide gauge stations. At more than 28 tide gauges
and at several reference sites repeated GPS observations
have been carried out in the period from 19930 1998. At
some selected sites BKG and the ETH Zirich supported
the project with water vapour radiometers in order to
provide additional datato improve the determination of
the refraction correction. (ZERBINI et al. 1996, ZERBINI
et al. 1997)

Geodynamical projects

Repeated GPS campaignsfor the determination of crustal
movements and geokinematical investigationshave been
supportedinthe Asian Area(GEODY SSEA), intheCentral
European Area(CERGOP) intheAegeanarea(AEGAIYS)
in the Westhelenic and Calabrian Arc (WHAT A CAT),
in regional areas of Turkey and Croatia, in Central and
South America(CASA) and in the Antarctica (SCAR/
GAP),. Thegeodynamic projectsarereportedinthechapter
“Recent Crustal Movements and deformations* by W.
Augath. (KANIUTH et al. 1998, BECKER et a. 1995,
BECKER et al. 1995, MARJANOVICet al. 1995, REINHART
et al. 1996, AKsov et al. 1997, AKsSoy et a. 1996,
ALTINER1996, ALTINEREt a. 1997, ALTINER et al. 1997,
ENGELHARDT et al. 1997, ALMEDA et al. 1997, ALTINER
etal. 1997, BECKERet d. 1997, BOONPHAKDEE €t al . 1997,
BECKER et al. 1997, BECKER et a. 1997, BECKER €t al.
1997, DIETRICH et d. 1997, DIETRICH 1996, ENGELHARDT
et al. 1996, ENGELHARDT et al. 1996, ENGELHARDT et al.
1996, IHDE et al. 1996)

GLONASS

A first geodetic global campaign employing GLONASS
hasbeen carried out in order to compare GLONASSwith
GPSandtoinvestigate the differencein scale (ZARRAOA
et al. 1996).
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Positioning for close range and engineering applications

B. WITTE
with contributions by M. BAUMKER, H.-P. FITZEN and E. GROTEN

Close range applications of GPS

Due to improved GPS technologies and methods new
application fields for GPS in the close range up to 2 km
have been devel oped and described in the past four years.
For the static GPS method new algorithmshavebeen used
and applied to survey the official network. A report and
praxistest aregiven by LINDSTROT et al. (1997). COORS
et a. (1998) have been examined the capability of different
GPS receivers in respect to short baselines. AUGATH
(1997, 1998) and WANNINGER (1997) have beenfocussed
on the use of permanent reference stations (SAPOS) for
GPS measurements for official surveyings, engineering
surveyings and for real time applications.

The integration of GPS measurements into existing net-
worksis since theintroduction of GPS a permanent field
of research and is of great importance for surveying
practice. (GRUNDIG (1997); NIEMEIER (1996); SCHNADEL -
BACH (1995)).

Another field of application getsmoreimportant: kinematic
GPS measurements, especially in real time. This subject
havebeen evaluated by KUHN et a. (1998), BILAJBEGOVIC
and VIERUS(1998). Theexaminationsarepartly overdriven
by the rapid devel opment of new algorithmsand receiver
types (PENZKOFER (1999)). BINNENBRUCK et al. (1998)
are using the GPS-RTK method in conjunction with a
SAPOSreferencestationfor official surveyingsintheland
register.

The kinematic and OTF-method is frequently used for
engineering projects. KITTLAUS and REICHENBACH (1996)
havebeenreported over satellite-supported opencast mine
surveying and mass cal culations. Monitoring of disposal
sites with GPS-RTK is the subject of NIEMEIER and
HOMANN (1996) and HOMANN and BRAMMER (1997). In
HEIN and RIEDL (1995) new possibilities and future
capabilitiesto monitor deformationshave been forecasted.

Highest accuracies are achieved for monitoring purposes
usingthestatic method with long observationtime. SPARLA
(1995) uses sessionsof several hours. Thustheresultsare
calculated like classical measurements only for discrete
epochs. New sol utionsbased on permanent measurements
arehighlighted by NIEMEIER (1998) but | asting no longer
than several days. A new high accurate and reliable GPS
measurement method has been developed for single
frequency receiversby BAUMKER and FITZEN (1996).The
method is continuously applied in real time over several
years and delivers standard deviations for the horizontal
position of + 1 mm or better. Experiences and results

gathered during themonitoring of adam over severa years
are given in FITZEN and SCHRAVEN (1998).

There exists awide variety of applicationsin surveying
engineeringand other technical fields. Only someexamples
for instance a positioning system for mobile mapping
(AUSSEMS (1995, 1999); BENNING, AUSSEMS(1998)), an
application for road traffic guidance (MOHLENBRINK,
MEZGER (1996), examplesfor deformationanalysis(SALER
(1995); FRITZENSMEIER (1996)) or for road surveyingin
forests(OVERBERG et al. (1995); SCHMITT, RAWEL (1997);
KUHN (1997)) etc. can be given here.

Another important field of application is the integration
of GPS determined ellipsoidal heights into a standard
height reference system. About thistopicthereexist many
publications so that only apart of them can be mentioned
here(DINTER(1997); DINTER et al. (1996); ILLNER, JAGER
(1995); ZHONG (1997, 1999)).

The combination of GPS measurements with terrestrial
observationsisbecoming aninteresting tool in surveying
practice . In order to improve the efficiency of control
point, engineering and cadastral surveying work special
model saredevel oped to solvetheproblemsconnected with
this task. GRUNDIG (1995); ASCHOFF et a. (1995);
NIEMEIER(1995); LANG (1996); (MARKUZE and WEL SCH
(1996); WERTHEIMER (1996); ERNST et d. (1999). The
compensation of influences caused by deflections of the
vertical and refractionisachieved by amethod devel oped
by ZHONG et a. (1997). Another interesting application
isthedetermination of themovement vector and thestrain
rate of aglacier (LANG and WELSCH (1997).

The accuracy of GPS measurementsis generally limited
by multipath and errorsof the GPSantennas. New methods
and fundamental principlesto calibratethe antennaphase
center variations (PCV) havebeen published by CAMPBELL
et al. (1996) WUBBENA et al.(1996) and KANIUTH et al.
(1998).

Engineering applications

Besidesthe application of GPSin engineering surveying,
nowadays amore or less classical field of research, there
exist many other new devel opments. Only afew of them
will bementioned here. Anoverview concerningthetrends
and future perspectivesin engineering surveying aregiven
by SCHLEMMER (1996). A new hybrid 3-dimensional co-
ordinate measuring systemfor closerangeapplicationswas
developed by HOVENBITZER (1998). The integration of
surveying and guidance systemsfor roadworks machines
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isexplained by DIETZ et al. (1996). Besidesthat automatic
measuring systems for the determination of building
deformationsusing special deviceslikee. g.inclinometers
and digital levels were successfully employed by
SCHAUERTE and AUSTERSCHMIDT (1996). In order to get
a better understanding of such solutions it may be
necessary to read SCHL EMM ERsbook (1996) about basics
of sensorsand sensor-systemsin connectionto surveying.

Much effortisputinaresearch project in order totakethe
influenceof vertical and horizontal refractioninto account
using digital sensors e. g. CCD-cameras (SCHAUERTE,
DEUSSEN (1997), CASOTT et a. (1998)).

Inertial techniques

Asfar asgeodeticresearchisconcerned, centersof primary
interest for surveying and airborne gravimetry are the
Bavarian Academy, FAF University at Munich, and GFZ
in Potsdam; interest in non-linear dynamics and airborne
surveying dominatesat Stuttgart University and navigation
and terrestrial surveying at Darmstadt University.

The,, Sonderforschungsbereich 228" wasfor many years
one of the centers of the application of INS-technology
inGermany (LINKWITZ and HANGLEITER, 1997). Insucces-
sion of it, collaboration with , Electropribor® in St.
Petersburg wascontinued by the SFB-groupin Darmstadit.
The results were published in several papers (DMITRIEV
et a., 1997; TRAISER et a., 1998). Positioning based on
GPS + INS as well as attitude control by INS was
afterwards studied, in view of engineering applications,
by the same group. Resultswere summarizedin (GROTEN
and SEITZ, 1998; HEINZE, 1996; SOHNE, 1996). All these
investigationswerebased onalL asernav 11 Honeywell laser
ring platform which proved to be good to an accuracy of
severa centimeters in INS + GPS-application when
updating was possiblewithin afew seconds of time. With
updating of one second intervals (using DGPS) even
airplane surveys showed such accuracy. More complex
hybrid systems, using CCD-camera plus a vertical laser
installedinaVW-van-systemtogether with INS-GPSwere
tested for a variety of surveying application based on
kinematic techniques. In this way, INS proved to well
supplement ,, OTF-technology* in GPS kinematic
applications(GROTEN et d., 1998; MATHES, 1998, MATHES
and 1998).

At GISof Stuttgart University (J.H. DAMBECK, 1998) did
acompact, but rigorous derivation of the system of (non-
linear) inertial navigation differential equations, inseveral
combinationsof spatial coordinatesand parametrizations
of thegroup of rotation matrices, and adetailedinvestiga-
tion of their properties and the principal limits of the
procedure of inertial navigation. The modelling includes
the linearization, the system augmentation by genera
stochastic sensor error models, the discretization and a
compilation of useful Kalman filters and smoothers.
Different sources of instability of an unaided inertial
navigation system model are identified and their local
invariance with respect to regular state transformations
is proven. Errors in the vertical components of the

correction of gravity in the (vertical component of the)
accel eration vector sensed by the accel erometer triad and
hence a vertical mis-acceleration of the means of
locomotion on which the inertial navigation system is
mounted. Without external observations nobody can
distingui sh between systematic sensor errorsand avariation
shortcoming whichtheobservability analysisshowstoexist
is, that the rotation angle around the acceleration vector
sensed by theaccelerometer triadin astationary navigation
period is not observable, in case position and velocity
observations, e.g. by usage of singleantennaDGPS. This
includes the well known lack of observability of the
azimuth during ,fine alignment” in static mode.
Furthermore the invariance of the observability property
with respect to bounded state transformations is proven
and it is shown, that in static mode the initial orientation
and sensor biases are not simultaneously observable. The
observability of sensor driftsisgiven. A systemsimulation
toanalysetheinfluenceof different error sourcesuponthe
states and the processing of real datafromaLitton LTN-
90-100including an extensive sensor dataanalysisand an
autonomeous initial orientation determination show the
usage of the presented models and their stability. For
further contributions see (LINKWITZ and HANGLEITER,
1997).

Prof. CASPARY fromthe FAF University at Munichreports:

The inertial navigation system is combined with other
sensors ( DGPS, odometer, barometer) in the kinematic
survey system KiSS. The system serves to support the
determination of the position, in particular in the case of
GPS outages and for the determination of the attitude
anglesfor theexterior orientation for thephotogrammetric
evaluation of digital stereo images.

Systemsof different accuracy which are based on mechani-
cal gyroscopes, on fiber-optical ones or laser gyroscopes
are used.

These systems are examined with regard to thefollowing
aspects:

— of the sensors and the system calibration

— capturing of the raw data of the sensors

— nhavigation equation

— hardware-integration with other sensors

— software-integration with other measurements
Development of a'low-cost' system with reduced sensor

configuration and reduced accuracy for navigation and
position finding.

G.HEINand B. EISsFELLER (Inst. of Geod. and Navigation
of FAF-University, Munich) report about the following
research projects:

A. Integration of GPSwitha SAGEM S gma 30 Strapdown
INSfor Airborne Vector Gravimetry

Thelnstitute of Geodesy and Navigation of the University
FAF Munich currently undertakes research activities for
building up an airbornegravimetry system, using measure-
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ments from a highly stable and accurate SAGEM Sigma
30 Strapdown INSand precise kinematic resultsfrom GPS
carrier phaseand phaseratedata. Thegoal isto determine
thefull gravity disturbancevector fromthemovingaircraft
with high accuracy.

Thegravity disturbancevector isdirectly affected by INS
and GPS measurement noise and resulting accuracy is
determined by the error characteristics of both measure-
ments. Theresolution of thegravity spectrum dependson
the signal to noise ratio in different frequency bands.
Problems that are addressed are filter design for a band-
limited gravity spectrum and specific aircraft dynamics.
To reduce the critical errors of the INS sensors and GPS
receivers, spectral filtering techniquesand Kalmanfiltering
areapplied, which arethe standard estimation techniques
in vector gravimetry. One key element currently under
research in thisproject isthe design of ashaping filter for
modeling theanomal ousgravity field by meansof spectral
factorization. Sincethegravity field functionalsdeflections
of the vertical and gravity disturbance are also present in
the linear dynamic error equations of the INS, attempts
will beput on augmenting thenavigational and sensor error
equationsby alinear gravity field shapingfilterinthetime
domain. The approach for the stochastic treatment of the
anomalous gravity field will be the use of Markov type
gravity models, including not only adistance dependence,
but also a height dependence (EISSFELLER 1996).

The hardware configuration of the airborne gravimetry
system is separated into arover station (mobile vehicle,
aircraft) and a reference station for generating the GPS
corrections. Therover station consistsof the SAGEM INS,
a Personal Computer, devices for automatic reading and
data logging, power supply, GPS receiver and antenna,
telemetry and antenna, aswell asinterface/synchronization
cardsand accessories. Thehardware of the GPSreference
station is comprised of a PC with power supply, GPS
receiver, antenna and a telemetry module with antenna.
The extension of the system (rover station) with respect
to the connection of additional sensors (e.g. barometric
height sensor etc.) will betakeninto account. Inafirst step,
the system will be tested with road vehicle tests along
specific traverses in the inertial testnet "Werdenfelser
Land" in the South of Bavaria. Then, performance
demonstrations of the INS/GPS gravimetry system by
aircraft flights are planned for the near future.

B. Integration of DGPSwith a SAGEM SIGMA30 Strap-
down INSfor railway surveying

Thelnstitutefor Geodesy and Navigation of theUniversity
FAF Munich currently joinsaResearch Project of the EU
to investigate the process of derailment. An essentia
elementinderailment studiesistheknowledge of thetrack
condition. Therefore a precise and reproducible method
is needed for exact railway survey. A key element isto
find a precise reference point on a rover from where
measurements of the track geometry can be done.

Theingtituteundertakesresearch activitiesfor devel oping
a navigation platform to determine this reference point,

using measurements from a highly stable and precise
strapdown INS(SIGMA30, SAGEM, France) and precise
resultsfrom differential GPS carrier phase and phaserate
data. The measurements of both sensorsare combinedin
aKamanfilter, whichisthestandard estimation technique
in INS/GPS integration.

Thehardware of the navigation system consistsof arover
station, which will be mounted on atrain and astationary
reference station for generating the GPS corrections. The
rover stationisbuilt-up by the SAGEM SIGMA30 Strap-
down INS, GPS antenna and receiver, a Persona

Computer, an Uninterruptable Power Supply (UPS) and
devicesfor synchronization of all measurementsunits. For
the reference station, a GPS antenna and receiver and a
mobile Personal Computer is used. Data processing will

be made offline to get the advantage of data smoothing.

C. Integration of a low-cost INSwith a GPSreceiver

Thelnstitutefor Geodesy and Navigation of theUniversity
FAF Munich currently undertakes research activities for
building-up atightly coupled “low-cost navigator”. The
availability of low costinertial sensorsresultsinanincress-
ing interest in integrated GPS/INS systems. The idea of
integrating inertial sensors with GPS is not new and has
been donepreviously, but with higher accuracy of low cost
inertial sensorsandtheavailability of GNSSreceiver chips,
a tightly coupled integration of GNSS pseudo range
measurements and high rate inertial data using a closed-
loop Kalman Filter becomes feasible. The observations
arepseudo-rangesto the GNSSsatellitesand position and
velocity of theinertial sensor, i.e. Systron Donner Motion
Pak, whereasthe system stateis described by errorsof the
sensors (offset, drift, scale factor error) and errors of
navigational values (errorsin attitude, velocity and posi-
tion). The basic problem when using low — cost inertia
sensors is the approach of stochastic modeling, because
the sensor errorsshow sudden changesinthetimedomain.

W. MOHLENBRINK (IAGB, Univ. Stuttgart) reports:
Multi-Sensor-Data Fusion for Car Navigation

During the last 2 years a gyro-supported positioning
algorithmfor car navigationwasdevel oped. Sensor models
for wheel sensors, magnetic field sensors, and rigid body
gyroscopeswere combined with map matching algorithms
based on curvature patternsof digital road mapsespecially
for urban areas with restricted GPS/DGPS availability.
These autonomous positioning techniques are of high
practical relevance. Positioning accuracies of 1 m and
better were achieved.

R. RUMMEL (IAPG, TU Munich) reports:

Inatheoretical study ageneral inertial measurement unit
operated in strapdown mode is investigated, see
(DOROBANTU, 1998). Departing fromthenonlinear el ectro-
mechanical systemwith noisetheerror behaviour isstudied
for operation in closed loop and open loop. Effects such
as sensor non-linearities, resonances, asymmetries,
temperature behaviour, drifts are studied and respective
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transfer functionsderived. An extended Kalman filter for
a complete system simulation has been formulated in
SIMULINK — MATLAB language.

A field experiment has been carried out for aGPS—aided
low-cost strapdown mechanised IMU for vehiclenavigation
inthecity of Munich. Both pseudorangeand precisecarrier
phase DGPS has been tested. The navigation algorithm
hasbeen formulated for alinearised state variabl e system
in3-D, using alinear Kalman filter and thenimplemented
in2-D. The algorithm is availablein MATLAB. Theory
and test results are described in DOROBANTU and
ZEBHAUSER (1999).

References:

ASCHOFFB.,MILEV |., GRUNDIGL .: Kombinierte 3D-Ausglei-
chung und Analysevon terrestrischen und GPS-Messun-
gen zur Verdichtung geodatischer Netze. DVW-TU-
Seminar tech95, Berlin (1995).

AUGATH W. : GPSin der Liegenschaftsvermessung? DVW
Schriftenreihe 27/1997, 269-270 (1997).

AUGATH W. : Permanent GPS-Networks and their Impact on
Engineering Surveys. Proceedings Symposium for
Geotechnical and Structural Engineering, Eisenstadt, April
20-22, (1998).

AUSSEMS AUSSEMS TH.: Positionsschatzung von Landfahr-
zeugen mittels Kalman-Filterung aus Satelliten- und
Koppel navigationsbeobachtungen. V eréffentlichung des
Geodétischen Institutsder RWTH Aachen, Nr. 55, (1999).
(Diss.)

AUSSEMSTH.: Fahrzeugortung mittelsGPSund Koppel naviga-
tion, 125 Jahre Geodasiean der RWTH Aachen. Benning,
W. (Hrsg.) Verdffentlichung des Geodétischen Instituts
der RWTH Aachen, Nr. 53, (1995).

BAUMKER M., FITzEN H.-P.: High Precision Sow Motion
Monitoring with Low Cost GPSReceiversin Real Time.
Proceedings Symposium for Geotechnical and Structural
Engineering, Eisenstadt, April 20-22, (1998).

BAUMKER M., FITzEN H.-P.: Langzeitbeobachtungen in Real
Time mit GPS zur Talsperreniberwachung. DVW
Schriftenreihe 27/1997, 133-144 (1997).

BAUMKERM.., FITZEN H.-P.: Permanente Uberwachungsmes-
sungen mit GPS. in: Ingenieurvermessung 96, Beitrage
zum XII. Internationalen Kursfir Ingenieurvermessung,
September 1996, Graz, Ferdinand Dimmler Verlag, Bonn.

BENNINGW., AUSSEMS TH.: Mobile mapping by a car driven
survey system (CDSS) in KAHMEN, (ed.), Symposium
on Geodesy for Geotechnical and Structural Engineering,
Eisenstadt (A), (1998).

BiLAJBEGOVICA., WIERUS M.: Genauigkeitsuntersuchungen
und Vergleich mehrerer Real-Time-GPS-Systeme. All-
gemeine Vermessungs-Nachrichten 105 (1998)

BINNENBRUCK B., LINDSTROT W., STRICKLING M.: Unter-
suchungen zum Einsatz des SAPOS-HEPS im Liegen-
schaftskatster. V ermessungswesen und Raumordnung 60
(1998), 134 -145

BREUER P.: Elastische Schwingungen von Tirmen bei Stark-

wind. Bestimmung von Amplitude und Frequenz durch
kinematische GPS-Methoden. Proceedings X. Inter-
nationale Geodéatische Woche, Obergurgl, 21.-27.2.
(1999).

CAMPBELL J., GORRESB., HAWIGJ., CUPPERSU.: Field calibra-
tion of different GPS-antennas, Supplement to EOS.
American Geophysical Union. Vol. 77, No. 17, p. 74
(1996).

CasoTTN.,DEUSSEND., WITTEB.: Methoden zur Bestimmung
der geodatischen Refraktion bei terrestrischen Prazisions-
messungen. Vemessungswesen und Raumordnung, 60.
Jo., Heft 4, 193-206 (1998).

CASPARY W.,HEISTERH., HOCK CHR., KLEMM J., STERNBERG
H.(1995): TheKinematic Surveying SystemKiSS—Design,
Mechanisation, Application. ProceedingsDSNS95, The
Fourth International Conferenceon Differential Satellite
Navigation Systems, 24-28 April 1995, Bergen, Norwegen

CASPARY W.,HEISTERH., HOCK CHR., KLEMM J., STERNBERG
H.(1995): AKinematic Survey Systemfor Transportation
Infrastructure. Proceedings|nternationa FIG Symposium
Commission 6, University of Cape Town, 36-41, Kap-
stadt, Slidafrika

CAsSPARY W., HEISTER H., KLEMM J., STERNBERG H.(1997):
KiSS, A DATA ACQUISITION SYSTEM FOR TRANS
PORTATION INFRASTRUCTURE MANAGEMENT
DATABASES. Proceedings Int. Symp. on GIS/ GPS,
| stanbul

CooRrs S., HEER R., HUSTEDT H., SCHWIEGER, V.. Zur
L ei stungsfahigkeit der GPS-Empfangssysteme GePoSRD
24 und Trimble 4000 SSi. Zeitschrift fr Vermessungs-
wesen 124 (1998), 403-414

DAMBECK J.H. (1998): Diagnose und Therapie geodéati scher
Tréagheitsnavigationssysteme — Modellierung — System-
theorie—Smulation—Real datenverarbeitung -. Disserta-
tion, Univ. Stuttgart

DieTz E. N., MONICKE H.-J., FRITSCH J.: Zur Integration von
Vermessung und Baumaschinenfiihrung. Allgemeine
Vermessungs-Nachrichten, Heft 2, (1996).

DINTERG., ILLNER M., JAGER R.: A Synergetic Approach for
the Transfor mation of Ellipsoidal Heightsintoa Standard
Heights Reference System (HRS). In: Gubler E., Hornik
H. (Hrsg.): Proceedings of the EUREF-Symposium at
Ankara, 22-25 May, 1996. Vertffentlichungen der
Bayerischen Kommission fur die Internationale Erd-
messung. Heft Nr. 57, 198-217.

DINTERG.: Ein universellesKonzept zur Integrationvon GPS-
Hohen in Gebrauchshéhensystemen. In: Wenzel, H.-g.,
Zick, W. (Hrsg.): 81. Deutscher Geodétentag 1997 in
Karlsruhe. "Geodasie — Technik fur Raum und Recht".
DVW-Schriftenreihe. Nr. 27, Wittwer, Stuttgart, 1997.
S.-297-309.

DOROBANTU R., ZEBHAUSER B. (1999): Field evaluation for
aLow-cost Strapdown IMU by means GPS. Accepted for
publication for ,, Ortung und Navigation” in 1999

DOROBANTUR. (1998): Contributionsto the Study of Nonlinear
Electromechanical Systems with Noise (in Rumanian).
Dissertation, Bucharest, July 1998



26 SECTION I: POSITIONING

EissFeLLERB. (1996): Upward Continuation of Markov Type
Anomal ous Gravity Potential Modéls, Journal of Geodesy,
No. 70, 539-545

ERNST H., FUHLBRUGGE H.-J., SEMES M., WITTE B.: Ein
hybridesMelverfahren fir dasKataster —Einsatzmdglich-
keiten von GPS-Einfrequenzempfangern in Verbindung
mit elektronischen Tachymetern. Vermessung und
Raumordnung 1/99, 31-49. (1999).

FITZEN H.-P. , SCHRAVEN A.: GPS-System zur permanenten
Talsperrenniiberwachung am Beispiel der Bever-Tal-
sperre. Wasserwirtschaft — Zeitschrift fir Wasser und
Umwelt 88 (1998), 379-385.

FrRITzENSMEIERK .: Leistungsmerkmal e satellitengeodétischer
Mefdmethoden zum Nachwei s von Defor mationen. Wiss.
Arb. Universitdt Hannover (1996) Nr. 217, 237-248
(1996).

GROTEN E., K. SEITZ (1998 ):Post-Mission-Auswertung von
Local-level INS-Messungen. Zeitschrift fur Vermesungs-
wesen 123, H. 10, 326-333

GROTENE., K. SEITZA.MATHES(1998): Kinematische Erfas-
sung von Trajektorien mit einemHybriden Sensor system
in Geodasie und Navigation. ThemaForschung 1, 53-60

GRUNDIGL.,ASCHOFFB.,MILEV |.: Combined 3D-Adjustment
of GPS- and Terrestrial Observationsfor the Densifica-
tion of Geodetic Networks. First Turkish German Joint
Geodetic Days, Istanbul, 25-27 September 1995. (1995).

GRUNDIG L.: Automatische Auswertung und Transformation
lokal gewonnener GPS-Beobachtungen. DVW-TU-
Seminar tech 97, Digitale Geodaten fur Wirtschaft und
Verwaltung, Berlin 3.-4. November 1997.

HEIN G., RIEDL B.: First Results Using the New DGPS Real -
Time Deformation Monitoring System , DREAMS'.
Proceedings| ON GPS-95, 1467-1475, 12.-15.Sept. 1995,
Palm Springs (1995).

Heinze O. (1996): Aufbau eines operablen inertialen Ver-
messungssystems zur Online-Verarbeitunginder Geodasie
auf Basiseineskommerziellen Srapdown-Inertial systems.
Dissertation, DGK H. 459

HEISTERH., CASPARY W.,HOCK CHR., KLEMM J., STERNBERG
H.(1995): KiSS- a Hybrid Measuring System for Kine-
matic surveying. In: Linkwitz/Hangleiter (Hrsg.), High
Precision Navigation 95, 561-568, Dummler, Bonn

Hock CHR., CASPARY W.,HEISTERH., KLEMM J., STERNBERG
H.(1995): Architecture and Design of the Kinematic
Survey System KiSS. In : Linkwitz/ Hangleiter (Hrsg.),
High Precision Navigation 95, 569-576, Dimmler, Bonn

HOMANN CH., BRAMMER F.: Einsatz von kinematischen GPS
bei der Ermittlung der Abfalldichte in Deponien. Ver-
messungswesen und Raumordnung 59 (1997), 131-141.

HOVENBITZER M.: Ein hybrides Mef3system zur visuellen,
dreidimensionalen Koor dinaten- und Formbestimmung
inder Ingenieurvermessung. Allgemeine Vermessungs-
Nachrichten, Heft 4/1998, Wichmann-V erlag Heidel berg
(1998).

ILLNER M., JAGER R.: GPS-Ho6henintegration ins Landesnetz
—Konzept und RealisierungimProgrammsystemHEIDI.
Allgemeine Vermessungs-Nachrichten 1; 1995, 1-18.

KANIUTH K., KLEUREN D., TREMEL H., SCHLUTER W.: Ele-
vati onsabhangige Phasenzentrumsvariationen geodéti-
scher GPS-Antennen. Zeitschrift fiir Vermessungswesen
123 (1998), 319 -325.

KITTLAUS J., REICHENBACH K.: SATAMA — ein Rheinbraun-
Projekt. in: Ingenieurvermessung 96, Beitrége zum XI1.
I nternational en Kursfir I ngenieurvermessung, September
1996, Graz, Ferdinand Dummler Verlag, Bonn.

KLEMM J.,CASPARY W., HEISTERH.(1997): Photogrammetric
Data Organisation with the Mobile Surveying System
KiSS. In: Proceedings of the 4th Conference on Optical
3-D Measurement Techniques, 300-308, Zirich

KUHN M., OBERMEIER S., HECK B.: Untersuchungen zum
Einsatz von GPS-Echtzeitvermessungssystemen in der
Praxis. Zeitschrift fir Vermessungswesen 123 (1998),
140-149.

KUHN M.: Einsatzdes GPSimWald. In: Wenzel, H.-g.; Zick,
W. (Hrsg.): 81. Deutscher Geodétentag 1997 in Karlsruhe.
"Geodasie — Technik fir Raum und Recht". DVW-
Schriftenreihe, Nr. 27. Wittwer, Stuttgart, 311-319 (1997).

LANDAU H.: Applying GPSfor the Deformation Analysis for
the Ekofisk Oil Field. Proceedings Symposium for
Geotechnical and Structural Engineering, Eisenstadt, April
20-22, (1998).

LANGH.: Das3D-Uberwachungsnetzder Fundamental station
Wettzell als Kombination von GPS- und terrestrischen
Messungen, AllgemeineV ermessungs-Nachrichten, 203-
213 (1996).

LANG M., WELSCH W.: Movement Vector and Strain Rate
Determinationfor the Taku Glacier System. Schriftenreihe
des Studiengangs Vermessungswesen, Universitét der
Bundeswehr Minchen, Heft 50, 91-116, Neubiberg, ISSN
0173-1009, (1997)

LINDSTROT W., HEINZ K .-A., SCHAUERTE F.-J., CALEFICE H.,
ScHLUTERN., FL&CK W., SEIDEL J.: Polare GPS-Punkt-
bestimmung — ein Praxisbericht. Zeitschrift fur Ver-
messungswesen 122 (1997), 175 -185.

LiNkwiTzK.,U.HANGLEITER(1997): Hochgenaue Navigation
— Integration navigatorischer und geodétischer Methoden.
AbschluRbericht des Sonderforschungsbereiches 228,
Universitéat Stuttgart

LOHNERT E., EISSFELLER B.(1995): Analysis of a Completely
Integrated INS'GPS Navigation System for Re-Entry
Vehicleswith DGPSfor Approach and Touchdown. CNES
‘ Spaceflight Dynamics', Toulouse, France, June 1995

MARKUZE Y ., WELSCH W.: Two Algorithms of Combination
of Terrestrial Geodetic and Satellite GPS Networks.
Surveying Science in Finland, 14, 1-2, 3-25 (1996).

MATHES A., E. GROTEN (1998): Beeintrachtigung des Das
Mef3system HIGGINS — Eine Vermessung von Strafien
ohne Verkehrs. Zeitschrift fir Vermessungswesen, 123,
H. 9, 307-312

MATHESA. (1998): GPSund GLONASSals Tell eineshybriden
Mef3systems in der Geodasie am Beispiel des Systems
HIGGINS Dissertation, DGK C 500

MOHLENBRINK W., MEZGER, K.: GPS-Anwendungen im
Sralenverkehr. In: Spektrum der Wissenschaft, Heft



SECTION I: POSITIONING 27

1/1996, Seite 106-112. Heidelberg (1996).

NIEMEIERW., HOMANN CH.: Uberwachung und Steuer ung auf
Deponien. in: Ingenieurvermessung 96, Beitragezum XI1.
I nternational en Kursfur Ingenieurvermessung, September
1996, Graz, Ferdinand Dummler Verlag, Bonn.

NIEMEIER W.: Anwendungspotential von GPS fiir Deforma-
tionsuntersuchungen. DVW Schriftenreihe30/1998, 133-
167 (1998).

NIEMEIER W.: Nutzung datumsfreier Informationen zur
Kombination von terresrischen und GPS-Messungen.
Beitréage zum 34. DVW-Seminar " GPS Leistungshilanz
94", DVW-Schriftenreihe Heft 18, Stuttgart (1995).

NIEMEIERW.: Qualitatssi cherungs- und Auswertekonzepte bei
der Positionierung mit GPSim Bezugssystem ETRS 89.
Wiss. Arb. Verm.Wesen, Uni Hannover, Nr. 209, 189-198
(1996).

OVERBERG TH., KUHN M., ILLNERM.;; HECK, B.: Nutzung des
GPSbei der Aufnahme von Waldwegen. Geodétisches
Institut der Universitét Karlsruhe (TH). Interner Bericht.
August (1995).

PENZKOFERW.: Anmerkung zu,, Unter suchungen zumEinsatz
von GPS-Echtzeitvermessungssystemen in der Praxis® .
Zeitschrift fir Vermessungswesen 124 (1999), 57

SALERH.: Erweiterte Modellbildung zur Netzausgl el chung fuir
die Deformationsanalyse dargestellt am Beispiel der
Geotraver seVenezolanische Anden. Deutsche Geodétische
Kommission, Reihe C, Heft 447, Miinchen (1995).

SCHAUERTEW., AUSTERSCHMIDT G.: Der Einsatzautomatisier-
ter MeRverfahren bei der Ermittlung von Gebaudedefor-
mationen. Ingenieurvermessung 96, Dimmler Verlag,
Bonn (1996).

SCHAUERTE W., DEUSSEN D.: Determination of Vertical
Refraction Using Digital Sensors, Proc. Workshop on
Accelerator Alignment, Chicago (1997).

ScHLEMMERH.: Grundlagender Sensorik. Wichmann-Verlag,
Heidelberg (1996).

SCHLEMMERH.: TrendsIn Der Ingenieurvermessung—Gegen-
wartige Leistungsfahigkeit Und Perspektiven Fur Die
Zukunft. Schriftenreihe des DVW, Band 32, Wittwer-
Verlag, Stuttgart (1998).

DMITRIEV S., B. RIVKIN S. SHEPEL, E. GROTEN (1997) : Local
Level Inertial SystemImplicationin Engineering Geodesy
Problems. Proc. Intern. Symp. on Kinematic Systemsin
Geodesy, Geometricsand Navigation (ed. K.P. Schwarz),
271-278, Banff, Juni 1997

SCHMITT G., RAWEL P.: The Use of GPS in Geotechnical
Engineering—MonitoringaLand Side. In: Proceedings
XV rencontres univeritaires de Génie civil. EC'97.
Comparaison entre résultats expérimentaux et résultats
decdculs. Vol. I., 27-35 (1997).

SCHNADELBACHK .: Zur Ausgleichung von GPS-Beobachtungen
im Systemebener konformer Koordinaten. In: Allgemeine
Vermessungs-Nachrichten 102, 369-373 (1995).

SOHNEWOLFGANG (1996): Ein hybrides Systemin der Geodasie
—EinsatzdesNAVSTAR GPSmit dem Strapdown-I nertial -
Navigationssystem LASERNAV |l fur kinematische
Punktbetimmung und Orientierung. Dissertation, DGK

H. 463

SPARLA, P.: Zur GPS-gestiitzten Tal sper reniiberwachung. In:
Veroff. d. Geodétischen Instituts der RWTH Aachen,
Band 53 (1995), 47-58.

STEGNER G.: Bestimmung von Wandfubewegungen beim
Kaimauerbau — Preddhlkai, Hamburg. Proceedings X.
Internati onal e Geodéti sche Woche, Obergurgl, 21.-27.2.
(1999).

STERNBERG H., CASPARY W., HEISTER H., KLEMM J. (1996):
Kinematische Anwendungen von INS'GPS. 39. DVW-
Seminar "Kinematische M elimethoden in der Ingenieur-
und Industrievermessung”, DVW-Schriftenreihe 22,
Stuttgart

STERNBERGH., CASPARY W., HEISTERH.(1998): Determination
of the Trajectory surveyed by the Mobile Surveying System
KiSS Aus: Kahmen, Brickl, WUNDERLICH (Hrsg.):
Geodesy for Geotechnical and Structural Engineering,
Wien (TU Wien), 361-366.

STERNBERGH., CASPARY W.,HEISTERH.(1998): MobilesVer-
messungssystem KiSS1n : 44. DVW Seminar "Hybride
Vermessungssysteme”, DVW-Schriftenreihe 29, Wittwer-
Verlag, Stuttgart

TRAISER J., E. GROTEN, B. RIVKIN, S. DIMITRIEV, S. SHEPEL
(1998): Test measurementsusingthe,, Electropribor” -INS
Platformin the IPGD-testfields (Odenwald and airfield
Griesheim). AllgemeineVermessungs-Nachrichten, 24-28

WANNINGER L.: Zentimetergenaue Echtzeit-Vermessung mit
GPS Mdoglichkeiten und Grenzen. DVW Schriftenreihe
27/1997, 287-296 (1997).

WERTHEIMER H.: Kombination von GPS- und terrestrischen
Messungen — weitere Erfahrungen bei der AP-Bestim-
mung. Mitt. DVW. Bad-Wiirtt. 1996, S.69-75. (1996).

WOLFR., EISSFELLER B., HEIN G.W.(1997): A Kalman Filter
for the Integration of a Low Cost INS and an Attitude
GPS. Int. Symposium of Kinematic Systemsin Geodesy,
Geomaticsand Navigation (K1S97), Banff, Canada, June
3-6, 143-150

WoLFR., HEIN, G.w., EISSFELLER B., LOHNERT E.(1996): An
Integrated Low Cost GPS/INSAttitude Deter minationand
Position Location System. ION GPS-96, Kansas City,
USA, Sept. 17-20, 975-981

WUBBENA G., BAGGEA.: GNSSMulti-Sation Adjustment for
Permanent Defor mation Analysis Networks. Proceedings
Symposium for Geotechnical and Structural Engineering,
Eisenstadt, April 20-22, (1998).

WUBBENA G., MENGE F., SCHMITZ M., SEEBER G., VOLKSEN
C.: A new approach for field calibration of absolute
antenna phase center variations. Proceedings| ON GPS-
96, Kansas City, Missouri.

ZHONGD.,WELSCHW., NIEMEIERW.: Zur Kompensation von
Lotabwel chungs- und Refraktionsei nfl lissen auf ingenieur-
geodatischeNetze. Allgemeine V ermessungs-Nachrichten
104 (1997)6, 197-203 (1997).

ZHONG D.: Datumsprobleme und stochastische Aspekte beim
GPS-Nivellement fur lokalengenieurnetze. Schriftenreihe
des Studiengangs V ermessungswesen der Univeritét der
Bundeswehr Miinchen, Heft 58, 160 S. (1999).



28 SECTION I: POSITIONING

ZHONG D.: Robust Estimation and Optimal Selection of Geoid Heights. Journal of Geodesy 71 (1997), 552-561
Polynomial Parameters for the Interpolation of GPS (1997).



29

SECTION Il
ADVANCED SPACE TECHNOLOGY



30




SECTION Il: ADVANCED SPACE TECHNOLOGY 31

Advanced space technology
— Overview and highlights—

R. RUMMEL

Section|l of lAGisconcerned with new Spacetechniques
for geodesy and geodynamics. Itsobjectivesareto antici-
pate and promote their implementation into geodetic/
geodynamicwork and, in general, support and coordinate
the optimal use of Space technology for the benefit of
geodesy. Thechapter herecomprises, after thisoverview,
asection * Space Observation I nstrumentation and Satellite
Systems’, asection* Space borne atmospheric monitoring’
and a section ‘satellite orbit modeling'.

A large segment of geodetic research in Germany deals
with Spacegeodesy. Therearetheorbit modeling activities
at the ESA center ESOC in Darmstadt, the Earth oriented
Space research at the GeoForschungsZentrum Potsdam
(GFz), the work related to the Fundamental Station
Wettzell, inparticular that of the Research Group for Space
Geodesy (FGS), and theresearch at anumber of university
institutes. A large part of thiswork iscarried out ininter-
national programs or in the context of the IAG services.
Some of the research is coordinated on a national level,
such as the studies on Earth rotation or coordinated
researchin support of the CHAM P mission, both supported
by the German Research Foundation (DFG).

Geodetic Space techniques provide us with a global
terrestrial reference frame and with its connection to the
celestial frame. These two elements are the backbone of
all further geodetic activity, whether applied or scientific.
Itisamazing that this global task is carried out with such
excellence on a voluntary basis. It involves the
coordinating effort of alargenumber of stations, computer
centers, sub-centers, coordinators etc. Germany playsan
important role in it. For geodetic practice, the terrestrial
reference frame is the top level of a hierarchy of the
continental, national and regional reference frames,
nowadaysmoreand moreimplemented asactive permanent
services for a wide range of users. In science it is the
terrestrial reference frame to which all activities related
to geo-kinematics, Earth rotation and gravity field aretied
to.

After so many years of Space geodesy one could expect
researchinthisfield gradually slowing down. Thecontrary
is true. With the first transportable fundamental station
TIGO of the Bundesamt fir Kartographie und Geodéasie
(BKG) theweaknessinthereslization of aglobal reference
frame due to the uneven distribution of the observatories
over theglobecan bediminishedinthefuture. The PRARE
system showsitscapability asprimary tracking systemon
ESA’s ERS-2 satellite. Satellite laser ranging has been
improved bothintermsof precisionandreliability. Never

had there been more laser targets in orbit, ranging from
low orbiterssuch as GFZ-1 viathe LAGEOS satellitesto
afew GPS satellites equipped with laser retro reflectors.
VLBI, very efficient al ready now, will befurther improved
by the MARK-1V technology, new correlatorsand in the
future probably by real time capabilities. First testswith
VLBI phase measurements over short baselines are very
promising and may increase base line accuracies.
Interferometric SAR is a new addition to the arsenal of
geodetic Space techniques. It is applied to topographic
mapping of land and ice surfaces and, in a differential
mode, for deformationanalysisonlandandice. Altimetric
dataanalysishasreached alevel of maturity and precision
such that it can be employed with great successfor ocean
and climate research, e.g. for the improvement of tidal
models, the study of the southern oscillation and for sea
level research.

Several institutions in Germany are participating in one
way or the other in the activities of the International GPS
Service (IGS), such as ESOC, GFZ, BKG, the German
Geodetic Research Institute (DGFI) and the Bayerische
Kommission fir die Internationale Erdmessung (BEK).
Moreand more activities haverecently been added to the
successful work of thel GS, in addition the classical ones,
the maintenance of a network of permanent stations that
constitutes a global geodynamic observatory and the
provision of precise ephemerides of all of the GPS
satellites. Orbits are provided amost in real time now,
precise orbit determination of the GLONASS satellitesis
currently tested and the use of GPS for atmospheric
sounding makes great progress.

With theavailability of thisenormouswealth of dataalso
gravity modeling hasprogressed. However, in comparison
with global deformation studies and Earth rotation the
accuracy, completeness and spatial resolution of gravity
field determination islacking behind. This situation will
changevery soonand, | suppose, inavery comprehensive
manner. Threegravity research missionsarein preparation.
The German CHAMP satelliteis closeto compl etion and
will belaunched in 2000, lead by GFZ. It will bethefirst
satellite to apply the combination of low orbit, high-low
satelliteto satellitetracking tothe GPS satellites (SST-hl)
and micro-accelerometry. The US-German mission
GRACE isalsoapprovedandwill fly in 2001. It will apply
high precisiontracking between twolow orbiting satellites.
Finally, the ESA explorer mission GOCE, currently studied
inphase A, will usegravity gradiometry for thefirst time
in Space. Theobjectivesof thethreemissionsarecomple-
mentary. Their successful realizationisagreat challenge
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for the participating industry andlaboratories. Atthesame
time they offer awonderful opportunity for geodesy and
for Earth sciences as a whole with applications in solid
Earth sciences, oceanography, hydrography, sealevel and
climate research.

In conclusion, one can look back to four very successful
yearsin Space geodesy and for surethe coming four years
will continue to be exciting too.
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Space observation instrumentation and satellite systems

CH. REIGBER

Various government agencies, research centers and uni-
versity institutesin Germany have been actively involved
inthedesign, devel opment and operation of spacegeodetic
observing systems and low Earth orbiting missions. This
section summarizesthemajor activitiesinthisfield during
the reporting period. The use of data from these
instruments or satellitesisdescribed in other parts of this
report.

Microwave tracking systems

Permanent ground tracking stations for the GPS and
GLONASS systems were established for system control
tasks, support of user servicesand thedevel opment of new
ground- and space-based applications. By operating a
permanent GLONA SSreceiver since1995, the DLR-DFD
Remote Sensing Ground Station Neustrelitzismaintaining
a GLONASS Updated Information Service (GUIS)
(ZARRAOA et a. 1997, 1998), which provides anear real
time evaluation of GLONASS data quality. Continuous
operation of aGL ONA SSand GPSreceiver at the Wettzell
tracking site of the Forschungsgruppe Satellitengeodésie
(FGS) provides besides other results the link of the
GLONASStimewiththeUTC (GPS) timescale(HABRICH
1998). The Bundesamt fiuir Kartographie und Geodasie
(BKG) hasdevel oped andisoperating in cooperationwith
theDeutsche Telekom AG adifferential GPSdataservice
through low frequency (DITTRICH & KUHMSTEDT 1995,
DIEROFF et al. 1996). Thisservice, called ALF (Accurate
positioning by Low Frequency), is presently being used
by about 1000 customers primarily from agriculture and
car-navigation (DITTRICH et a. 1997). In support of the
International GPS Service (1GS), the GeoForschungs-
Zentrum Potsdam (GFZ) is operating 7 permanent GPS
receivers on the South American and Eurasian plates
(GALAS 1996, 1997). A similar number of receiversis
provided by the BKG (BECKER 1997, WEBER 1997) for
the IGS. In support of the radio-occultation experiment
of the CHAMPand GRA CE missionsfor derivingvertical
soundings of key parameters of the atmosphere, GFZ is
establishing in cooperation with NASA’s Jet Propulsion
Laboratory (JPL) aglobal network of 15 high rate Turbo
Rogue Benchmark receivers (REIGBER et al. 1999). The
locations of these sites are selected in such a way that
project requirementsfor an operationally robust network,
for short data latency and global distribution of profiles
as well as requirements of the IGS can be fulfilled.

Besidestheir contribution to global monitoring networks,
primarily BKG and GFZ have supported permanent
regional GPS networksfor variousapplications. Whereas
GFZ is focussing its permanent GPS station operation
towards South America and Asia in order to support

regional geodynamicinvestigations(REINKING et al. 1995,
KLOTZ et al. 1995, ANGERMANN et a. 1997, REIGBER et
al. 1999), BKG's permanent station operations are con-
centrated on the German territory and additionally some
stationsin the larger European area (WEBER et al. 1996,
1997, 1998). The main purposes of these permanent net-
worksaremonitoring of thenational and Europeanreferen-
cesystems, their link totheinternational terrestrial referen-
ce frame and their use for differential GPS navigation
applications (REINHART et al. 1997, SEEGER et al. 1997).
Asreportedinthefollowing chapter, bothinstitutionshave
started recently to usethe denseregional network datafor
studying the tropospheric water vapour distribution over
Germany and adjacent areas.

The Hochschule der Bundeswehr M dinchen (HSBW) and
the GFZ wereor areinvolvedinthetests, verification and
operation of GPS flight receivers on Low Earth Orbiting
(LEO) missions. BALBACH et al. 1998 reported on the
successful operation of aMotorolaflight receiver on the
Max Planck Institute' s Equator-S spacecraft, launched in
December 1997 into avery elliptic near equatorial orbit
with an apogee distance of 64,000 km, far beyond the
altitude of the satellites of the GPS configuration. From
1996 to 1998 a single frequency Motorola receiver was
operated on the Russian space station MR asone element
of the navigation packagefor the German MOM Sremote
sensing experiment. Routinely provided orbit ephemeris
results by GFZ over this period (FOCKERSPERGER €t al.
1997) were successfully used to orient the images of the
MOM Scamera. Presently aNA SA/JPL manufactured high
performance TRSR-Black Jack space receiver is being
integrated and tested inthe CHAM P spacecraft (REIGBER
eta. 1999). After successful launchinto orbit, thisreceiver
will perform three different tasks. (1) precision orbit
determination, (2) atmosphere and ionosphere sounding,
(3) ocean/ice reflection measurements.

The Precise Range and Range Rate Equipment PRARE
(FLECHTNER et al. 1997) was launched after asuccessful
test flight on a METEOR3 mission (BEDRICH &
FLECHTNER 1996) in 1995 0n ESA’ SERS-2 spacecraft into
a 770 km altitude orbit as primary tracking system.
PRARE isatwo-way dual frequency rangeand rangerate
system which has demonstrated during its now almost 4
years operation time (1) a very effective data gathering
from the globa network stations through the onboard
generation and storage of tracking and corrective data
(REIGBER et al. 1997), (2) avery efficient preprocessing
and dissemination of preprocessed tracking datawith only
afew hourslatency (FLECHTNER et a. 1997), (3) ahigh
quality of tracking datai.e. 2 to 3 cm for the ranges and
0.1t00.15mm/secfor therangerates(BEDRICH 1999) and
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(4) rapid determination of orbitsfrom PRARE datafor the
generation of rapid altimetry products and determination
of precision orbits for determining station positions, the
motion of stations and for the improvement of GRIM-
gravity models (MASSMANN et al. 1997, ENNINGHORST
et al. 1998). Timetransfer experiments and the use of the
dual frequency measurements for the total electron
monitoring have demonstrated the wide applicability of
PRARE measurements (BEDRICH & HAHN 1997). The
PRARE space module A has been functioning without
problemsonboard ERS-2 since 1995. With theredundant
PRARE module B aboard not been used yet, it is very
likely that PRARE will continueto providehighprecision
tracking data until the end of life of ERS-2.

Satellite and lunar laser ranging

Theinstitutionsinvolvedinlaser ranging in Germany are
the BK G and GFZ. The GeoForschungsZentrum Potsdam
is operating a better than 2 cm Nd:Y ag system on the
Telegrafenberg, dedicated to the tracking of low orbiting
spacecrafts such as GFZ-1 (KONIG et al. 1996), the cali-
bration of the PRARE system onboard ERS-2 (REIGBER
et al. 1995) and support of altimetry and gravity field
missions (MASSMANN 1995, 1996). Being in operation
since 1989, this 3" generation station is going to be re-
placed by a new one in 1999.

The BKG is operating at the FGS site Wettzell the high
precision WL RS system, capabl e of ranging to 800-40,000
kmdistant artificial satellitesand tothemoon (SCHREIBER
etal. 1997). Variousmodificationsand improvementswere
introduced in the reporting period to resolve a station
calibration problem and to achieve the sub-cm precision
for the single shot ranges (RIEPL 1997, 1998). BKG's
mobile SLR system MTLRS-1 was continued to be used
in the WEGENER-MEDLAS project in 1995. After a
development period in 1996 it was used stationary for
collocation experiments at the Wettzell site and is now
phased out of routine operation after the SL R-module of
the Transportablel ntegrated Geodetic Observatory TIGO
started to deliver ranging data in collocation with the
WLRSin 1998 (HASE et al. 1998). The TIGO system is
designed as acompact transportabl e fundamental station
composed of abase module providing power, computer
resources, environmental and geophysical correctivedata,
and an SLR- and a VLBI-module. It is planned to
commence operation onthe southern hemispherein 2000.

Very long baseline interferometry

TheGermaninvolvementinVLBI iscontinuingto behigh
owing to the activities of the Research Group on Satellite
Geodesy (FGS) andthe BKG. Sinceitsfirst testsin 1983,
the20m radiotelescopeat Wettzel | hasbeen participating
almost 16 years now with high intensity and reliability in
alarge number of geodetic VLBI experiments, which are
now being mergedinto the CORE programme (Continuous
Observation of Rotation of Earth) (HASE et a. 1998).
These programmes which were coordinated by the
IAG/COSPAR Commission on the International

Coordination of Space Techniques for Geodesy and
Geodynamics (CSTG) and will soon be managed by the
International VLBI Service(1VS) aimat thedetermination
of Earth orientation parameterswith highest precisionand
temporal resolution and the provision of thelink between
thecelestial andterrestrial referenceframes. The Wettzell
20m system, which has been upgraded to the Mark-1V-
standard, new recording and computer devices, is one of
the key stations in this context (HASE 1997).

The DLR-SAR receiving station at the Chilean base
General O'Higginsin Antarctica was continuously used
by BKGfor VLBI observationsinacampaign styleform.
With this 9m-dish, experiments were scheduled in the
framework of thelRIS-, CORE- and O’ HIGGINS networks
for contributingto Earth orientation investigations, referen-
ce frame tasks and geodynamic studies in Antarctica
(ENGELHART et al. 1997; THORANDT et a. 1997). The
futurefor VLBI operationswith the O’ Higgins system is
not yet decided after BKG’ s reorganisation.

The TIGO VLBI-module consisting of a 6m—off axis
antenna, an X/Sbhandreceiving systemandaMark IV data
recording system started first fringetestson the baselines
Wettzell-Effelsberg/Onsala in November 1997. After
necessary modifications, the system started generating
observations in the NEOS-A and EUROPE networksin
1998 and is planned to commence operation on the
Southern hemisphere within the TIGO system in 2000
(HASE et a. 1998).

SAR interferometry

Synthetic A pertur Radar interferometry isatechniquethat
allowstheextraction of topographi cinformation by means
of SAR. It isbased on the generation of an interferogram
between two complex SAR images of the area acquired
from two spatially separated radar antennas. The two
imagescan either beacquired by two antennasonthesame
moving platform (single-passinterferometry) or by using
one antenna in repeated passes over the same area at
different times (repeat-passinterferometry) (VACHON et
al. 1995). A repeat-pass geometry can aso be generated
by using two identical antennason two different satellites
following each other in almost the same orbit. This so-
called tandem scenario can presently beused with ESA’ s
remote sensing satellites when the active microwave
systemof both satellitesERS-1 and ERS-2isswitched on.
When using two SAR observations of the same area at
different times and assuming a change in topography in
the time between two observations, the interferometric
phase of the interferogram, formed from the two images
contains in addition to the topographic information the
information about the displacement. This so-called
differential SARinterferometry (D-INSAR) techniquewas
applied by various geodetic groups in Germany for
studying tectonic deformations (X1A et al.1997, REIGBER
et a. 1997), small motionsin mining areas (TIMMEN &
XIA 1996, 1997), changes in the shape of volcanoes,
landslides and ice dynamics (DIETRICH et al. 1999). Data
reception for most of these applications was performed
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withthemobiledm dish SAR receiving station, purchased
jointly by DLR and GFZ and operated since 1997 in
Cordoba/Argentina, Bishkek/Kyrghyzstan and
Kitab/Uzbekistan by a DLR/GFZ crew (REIGBER et al.
1999). Thissystem hasINSAR and D-INSAR processing
capability onsiteand canthereforebeused for monitoring
tasks. The second receiving antennaisthe 12mdish at the
O'Higging/Antarcticasite, which is operated by DLR in
a campaign style and is used for ice topography, mass
balanceandiceflow studies(JoNASetal. 1996, DIETRICH
et al. 1998).

New gravity field missions

In the reporting period three new gravity missions fully
or partly funded from national space programmeresources
entered the exploitation or redlization phase. These
missionsarethepassivesmall laser retroreflector satellite
GFZ-1 (KONIG et al. 1996), the high-low satellite-to-
satellitetracking mission CHAMP (REIGBER et al. 1996)
and the US/German low-low satelliteto satellitetracking
mission GRACE (TAPLEY & REIGBER 1999). A fourth
mission with strong German impact on the system design
was approved by the European Space Agency for aphase
A study; it is the gravity gradiometer mission GOCE
(MULLER et a. 1997).

InApril 1995the 20 kg retro reflector equipped cannonbal l
satellite GFZ-1 was separated from the Russian MIR
station into a 51.6° inclined orbit at 400 km altitude
(KONIG & REIGBER 1996). The satellite was designed by
the company Kayser-Threde (SCHULTE et al. 1995) and
manufactured by the Russian firm RNIIKP. GFZ-1, now
decayed to an atitude of 280 km, has been observed by
the global laser tracking network over thelast four years.
Thedatafromthisvery low satellite have been integrated
into various gravity field solutions (KONIG at al. 1996).
End of life of GFZ-1 is predicted for June 1999.

CHAMP is an active small satellite, the basic scientific
goals and scientific payload instruments of which were
defined by GFZ scientistsin 1995 (REIGBER et al. 1996).
CHAMP, mainly funded by DLR, entered phase C/D in
January 1997, and was fully assembled and integrated in
April 1999 (REIGBER et al. 1999). Thedifferent test phases
commenceinMay 1999 and launch of thespacecraft from
the Russian launch site Plesetzk is planned for January
2000. CHAMPwill belaunched into a87 degreeinclined
450 km orbit and over the 5 years lifetime the payload
instrumentswill allow to measurethe Earth’ sgravity and
magnetic fields and their temporal variability and will
sound the neutral atmosphere and ionospherethrough the
refractivity of theradiosignals(REIGBER et al. 1998). The
mission science payload consists of a 16 channel Turbo
Rogue spacereceiver (provided by NASA/JPL), aSTAR
accelerometer (provided by CNES/ONERA), anion drift
meter (provided by theUSAF/AFRL) and Overhauser- and
Fluxgate-M agnetometers, star imagers and a laser retro
reflector set provided by the project.

The Gravity Recovery And Climate Experiment mission

GRACE was selected in NASA'’ s Earth System Sciences
programme (ESSP) in 1997 for a launch in June 2001
(TAPLEY & REIGBER 1999). The realization of this US/
German mission is based on a4:1 funding of the project.
The mission consists of asatellite pair separated by 200-
300kmand cross-linked by aK -band ultrapreciseranging
system. Non-gravitational forces accelerations are
separated through measurements of ONERA'’ s Super Star
accelerometer. Theon-board GPSreceiver provideshigh-
low tracking data, provides time synchronization and
extracts K/KA-band phase data. In addition it isused for
sounding the atmosphere and ionosphere.

GRACE has entered the phase C/D in January 1999 and
isplanned to be launched into a89.5 degrees and 450 km
atitude orbit in June 2001 from the Russian launch site
Plesetzk.

German scientists are heavily involved in the definition
and design of ESA’s Gravity and Ocean Circulation
Experiment (GOCE) mission. GOCE is a spaceborne
gravity gradiometer mission belonging to the ESA
programme Earth Explorer missions (ESA 1996). The
mission hasjust passed phase A and activitieswereinthe
reporting period focussing on mission and system design
investigations (SNEEUW et al. 1996, MULLER et al. 1998).
Simulation studiesshow that thethreeforthcoming gravity
missions CHAMP, GRACE and GOCE are quite
complementary what concerns the gravity recovery part
of the missions (MULLER et al. 1997, BALMINO et al.
1998).
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Spacebor ne atmospheric monitoring

R. KONIG

GNS (Globa Navigation Systems), asthere are GPS and
GLONASS, primarily serve positioning and timing pur-
poses. In recent years the GPS networks are developing
support of meteorological applicationsincluding climate
and climate change studies and operational weather
forecasting.

By evaluating the refraction of GNS signals moving
through the Earth's atmosphere, the atmosphere can be
sounded from ground and space. Operational determination
of zenith path delaysfor ground observationsof nowadays
150 sites became a standard product of the 1GS
(International GPS Service) startingin1997. Theindividual
estimatesfromall thel GSAnalysisCentersarecombined
at the GeoForschungsZentrum Potsdam (GFZ) to generate
an official 1GS product. The derivation of water vapour
by simultaneous measurements of surface pressure data
isavailablefor about 20 out of those 150 stations (GENDT,
1998).

The horizontal resolution of the monitoring network can
be increased by regiona densifications like in Germany
whererather densenetworksof permanently operating GPS
stations are under construction. The Land Surveying
Agenciesinthe 16 states of Germany are establishing the
SAPOS network of more than 250 sites, of which 160 are
already in place. The final network will have a spacing
of about 50 km all over Germany. Thishigh quality infra-
structurecould beused for the meteorol ogical community
with a relatively small additional effort. In cooperation
with the DWD ("Deutscher Wetterdienst" i.e. German
Weather Service) and asaninitial step into the European
Union COST 716 program activities, the GFZ has started
a test campaign for near real-time water vapour
determinationin 1998. Ten GPSreceiversareinstalled at
the synoptic DWD sites. This experiment will provide a
goodinsight into near real -timewater vapour estimations
and will deliver abasic data set for test of software and
technology. First results show that also in near real-time
anaccuracy of 1-2mm PWV (Precipitable Water V apour)
can be achieved.

The Bundesamt fir Kartographie und Geodéasieroutinely
analysesthe data of the EUREF and GREF densification
networks in Europe. The data of about 40 stations is
processed each day and tropospheric zenith delay para-
metersareestimated. The use of thesedatain cooperation
with the DWD is studied in view of the generation of
precipitable water vapour estimates for meteorological
applications (see BECKER et al. 1998a, BECKER et al.
1998b, BECKER €t al. 1999, WEBER et al. 1998).

The application of spaceborne GPS to atmospheric limb
sounding was successfully demonstrated by the proof-of -

concept mission GPS/MET launchedin April 1995. Today
theradio occultation method promisesasimilar revolution
in scienceaswasthe casefor GPS preci sepoint positioning
and other geo-related desirables.

It should be noted that acombination of ground-based GPS
atmospheric sounding and the occultationtechniqueisvery
interesting for themeteorological community. Theadded
value of both approaches to monitor the atmosphere is
related to the fact that the ground-based method may
provide a good horizontal resolution whereas the latter
method |eadsto ahigh vertical resolution. Combining both
methods will therefore compensate the shortcomings of
each single technique.

A variety of small satellite missions has adopted atmo-
spheric sounding experiments in addition to their main
scienceaobjectives. Inspaceare OERSTED and SUNSAT
since February 1999, CHAMP is scheduled for alaunch
end of 1999 (REIGBER et al., 1998), SAC-C probably in
1999, GRACE in 2001 (TAPLEY, REIGBER, 1998). A
dedicated space array of 8 satellites named COSMIC is
scheduled for launch in 2002. ESA (European Space
Agency) is planning to fly their GRAS (GNSS Receiver
for Atmospheric Sounding) on-board the M etop satellites
with afirst launch in 2003 aiming at an operational space
constellation in the time frame 2012 to 2017. All these
missions will generate a data set eagerly awaited for by
the meteorological community.

The German CHAMP project started in 1995 with an
intensivemission design updateincluding alsoall elements
of theradio occultation experiment planned to be carried
out on-boardthe CHAMP satellite (REIGBEREet al., 1996).
Since the GPS radio limb sounding technique is rather
young, considerable work is focussed on the further
devel opment of thistechniqueitself. Inbrief, theoutcome
of theradio occultation experiment on-board CHAMPshall
be an operational system which provides a number of
deliverablesaccording to theinternational state of the art
in this field. Typical products are: vertical profiles of
bending angle, refractivity, temperature, pressure, humidity
in the troposphere and stratosphere and electron density
and TEC (total electron content) intheionosphere. Upto
250 profiles on global scale are expected per day and
satellite.

Sinceaprecisedetermination of thebending anglerequires
accurate frequency shift and range measurements, clock
instabilitiesof on-board GPSreceivershaveto becompen-
sated. Thisisredlized by installing afiducial GPS ground
station network which enables the compensation of all
clock errorsby computing doubledifferences. Inpreparing
the CHAMP and GRACE missions, GFZ and JPL (Jet
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Propulsion Laboratory) are just installing such a GPS
network consisting of about 16 GPS sites globally
distributed. The stations work autonomously and self-
controlling to fulfill high operational requirements (e.g.
REIGBEREet a., 1998). The network servesalso to support
precise orbit computations on a high operational level.
Other important data sources are the global |GS network
and SLR (Satellite Laser Ranging) measurements. To
ensure accurate data productsthe bending angle hasto be
measured with an accuracy of 1 prad. This requires an
accuracy of afew centimeters for radial position and of
lessthan 1 mm/sin tangential velocitiesfor theinvolved
satellites.

Totransform vertical profiles of the refractive angleinto
vertical refractivity profiles, the Abel transformation has
been tested and implemented (e.g. HOCKE, 1997,
Jakowsk et al., 1998c). Furthermore, aroutineretrieval
of water vapour profilesof thelower troposphereisunder
development, in particular to check applications in
numerical weather prediction. To enhance the height
resolution to the sub-kilometer level or to start with the
retrieval close to the earth surface, diffraction and
multipath effectsshall bereduced by appropriatecorrection
methods (PAVELYEV, HOCKE, 1998).

Since the ionospheric refraction above about 30 km
exceeds the neutral gas contribution, various correction
algorithmshave beentested by simulation runsor areunder
development (FICKERT et a., 1997). Due to the
electromagnetic interaction of radio waves with the
ionospheric plasma, radio occultation measurements on-
board CHAMP providean additional capability to get more
informati on about theionized region surrounding theearth.
Utilizing the dispersive nature of theionospheric plasma,
thedual frequency GPSsignalsallow theestimation of the
ray path integrated electron density or TEC. The main
advantage of radio limb sounding measurements for
sensing theionosphereistheentireprofiling of theelectron
density from the bottom at about 60 km through the F2
layer up to orbit heights. The corresponding algorithms
havebeentested or areunder development (e.g. JAKOWSKI
etal., 1997) Using globally distributed ground based GPS
measurements as provided by IGS, TEC maps can be
constructed as e.g. for the European region (JAKOWSKI,
1996, JAKOWSKI €t al., 1998€).

Themonitoring of theionosphereinform of TEC by GPS
wasalsotriggered by |GSactivities(FELTENSet &, 1996).
In future the tomographic combination of ground-based
and spaceborne radio occultation data can describe 3D
electron density distribution. In situ measurementsof space
weather from CHAMP on-board data (LUHR et al., 1998)
will synergistically add a complement to these studies.

SinceMay 1995 the German PRARE microwavetracking
systemisoperational onERS-2. It provides TEC databased
on two-frequency measurementsor DRVID data (Differ-
enced RangeV ersusintegrated Doppler) with an accuracy
of about 2 TEC units (FLECHTNER et &, 1998).

In order to correct SLR measurements for the refractive

index of theatmospherethiscontribution canbemodelled
from meteorological parameters, obtained in thevicinity
of an SLR tracking station on the ground. These models
which were tuned with the help of radio sondes data are
quite precise, however it is believed, that they do not
account properly for horizontal gradients and untypical
meteorol ogical situations. Dual colour laser ranging and
lidar measurements offer the opportunity to probe the
atmosphere along the line of sight by remote sensing. A
number of experiments such asdual colour laser ranging,
using avalanche photo diodes and a streak camerafor the
fundamental (infrared) and second harmonic (green)
wavelength of aNd:Y AG-laser have been carried out in
the past few years to exploit this approach for improved
range corrections. Fromthese measurementsit seemed that
the influence of water vapour for the optical refractive
index is not fully accounted for in the range correction
models. Raman shifted backscatter lidar measurements
were also attempted to determine the tropospheric water
vapour content. The abtained profiles are not yet precise
enoughto beused for animprovement ontheatmospheric
correction models. See RIEPL et al. 1995, 1997, and
SCHREIBER et a. 1995, 1997, and RIEPL 1998.
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Satellite orbit modelling

J. M. Dow

A large number of publications in the period 1995-99
covered topicsrelating to satellite orbit modelling. Inthe
field of earth observation, preciseorbit modelling and orbit
control of ERS-1 and -2 and TOPEX/Poseidon allowed
significant advancesto bemade, notably in useof atimetry
and SARinterferometry data. Improvementsinmodelling
the orbits of the GPS spacecraft led to exploitation of a
widerange of new applications. Modelling for upcoming
missions for gravity field improvement also had high
priority.

Onthetheoretical side, Y ou (1995) discussed the perturbed
motion of a satellitein terms of minimal geodesic flows
on Maupertuis manifolds, according to the Maupertuis
variational principle of least action, and in terms of KS
elements. Analytical dynamicorbitimprovement wasused
by Cul and LELGEMANN (1995, 1999) for the evaluation
of geodetic satellite data. A systematic development of
this approach was provided by Cul (1997). Gravitationa
forcesweretreated using canonical transformations (with
Hill variables) and Lie series. Non-linear coupling and
resonance effects were included, whereby strong
resonanceswerehandled through Taylor seriesalongwith
the non-gravitational forces, by means of Encke
linearisation.

Arfa-Kaboodvand developed a software package for
accurate and flexible computation of the perturbations
actingonasatellite (ARFA-KABOODVAND 1997), relying
on orbital equationsformulated using Hill variables, and
non-gravitational force modelling based on Monte-Carlo
ray tracing techniques. Average effects of incident flux
on the satellite are determined by tracing the path of a
representative sampleof individual raysor particles, taking
into account spacecraft physical and geometric properties.

Precise orbit modelling of the ERS satellites was an
important topic of research: excellent accuracy could be
achieved, permitting improved processing for satellite
altimetry and more reliable models of mean sea surface
and sea surface variations. For thefirst time accurate and
timely model sfor thetemporal development of the El Nino
Southern Oscillation and itscounterpart LaNinacould be
derived from satellitealtimeter data. Contributionsto ERS
orbit solutionsarediscussed by MASSMANN et al. (19973,
1997b) and by ZANDBERGEN (1997a, 1997b) and Dow
(1999).

Significant advances were made in precise modelling of
the GPS orbits, in the context of the activities of the
International GPS Servicel GS. Improved accuracy could
be combined with reduction in the delays for availability
of rapid and final products, and a daily orbit prediction
product (combining inputsfrom several analysis centres)

wasintroduced, providing redl-time GPSorbitswith typical
accuracy of 50 cmor better. I nitiativesinanumber of new
directionswereundertaken (GENDT and Dick, 1996), and
thelGSanalysiscentreactivitiescontinued to consolidate
and expand (Dow, KOUBA and SPRINGER, 1998). One
important advance was the initiation of an International
GLONA SSExperiment (IGEX) involving aglobal network
of GLONASS and GPS/GLONASS receivers. Severd
AnaysisCentres(Bern, BKG, ESOC, GFZ) succeededin
obtaining very accurate (afew dm) GLONASS orbitson
a daily basis since October 1998, which is leading to
resolution of reference frame and radiation pressure
modelling issues for the GLONASS constellation.

Satellite to satellite tracking (SST) from GPS spacecraft
to TOPEX/Poseidon was analysed from the point of view
of precise orbit determination (POD) and gravity field
modelling by SCHWINTZER et al. (1995). As test data
undifferenced GPS pseudorangeand phase measurements
by TOPEX/Poseidon were used. In atwo step adjustment
the Topex orbit wasfirst computed, then themeasurement
data from one 10 day repeat cycle were included in the
GRIM4 normal equations. A detailed study of GPS SST
for orbit and gravity field improvement and an extensive
simulation of gravity field recovery using these methods
was performed by KANG (1998), which suggested excellent
possibilities for gravity field improvement through the
CHAMP mission. Other analyses concentrating on POD
for TOPEX were made by CASOTTO et al. (1995), where
agreement at the level of 2-3 cm radially with SLR and
DORIS solutions was demonstrated. KANG et al. (1997)
described sometestsinvolving processing of GPSSST data
collected through the GPS/MET mission, in which the
utility of estimating empirical accelerationswas empha:
sised. One of the key instruments aboard the CHAMP
satellitewill bethethree-axisST AR accelerometer, which
will measure the non-gravitational accelerations on the
satellite, and allow separation of the gravitational signal.
A simulation carried out by SCHWINTZER, KANG and
PEROSANZ (1998) demonstrated the feasibility of
adequately estimating theaccel erometer calibration biases
from afew days of data.

The use of high precision GPS orbit and clock products
for determination of the absolute and relative motion of
pairs of space vehicles carrying single-frequency GPS
receiverswasdemonstratedintheprocessing of datafrom
three brief flight experimentsinvol ving the Space Shuttle
(MARTIN-MUR et d., 1998).

The GFZ-1 spacecraft was released into a 400 km orbit
from the Mir space station in April 1995 (KONIG et al.
19964a). L aser ranging dataover 42 daysincorporatedinto
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the GRIM4-Sgravity model produced notablechangesin
the gravitational spectrum around orders 15, 31 and 46
(KONIG et a. 1996b, 1997).

Intheframework of preparatory activitiesfor aEuropean
Global Navigation Satellite System, HEIN, SU and EIss-
FELLER (1997) studied orbit determination scenarios for
apossibleconstellation of inclined geosynchronous satel -
litesinthree planes, supplemented by three geostationary
satellites.
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Deter mination of the gravity field

— Overview and highlights—

G. BOEDECKER

One key idea in natural sciences which is particularly
apparent in this context is the idea of a model. In the
context of gravity field related problems it means the
mapping of theinfinitely dimensional real (gravity) world
space — with often alarge number of observations—to a
finite dimensional space spanned by a set of rulesand a
set of data. The set of rulesin this context are primarily
algorithms based on physica and mathematical
developments. The inherent simplification can be
considered ahypothesisor an approximation. If themodel
is dominated by data, the model can also be named
'representation’.

Example: A global gravity field model is defined by an
algorithm, e.g. spherical harmonic expansion, and a set
of data, coefficientsgiven by numerical values. Thiscould
also be named a'representation’ of the gravity field. This
label iseven morejustified e.g. in case of acollection of
mean topographic heights collected in a clearly defined
manner and referred to some reference surface.

Theterrestrial gravity field can berepresented by i. (scalar)
gravity (or gravitational) potential or by ii. itsfirst order
(vector) gravity gradient or iii. its second order (tensor)
field. Observablesare available on either level; resulting
modelsarea so possibleon either level, depending onthe
application. Obviously, deriving potentia (i.) from gravity
(ii.) requires the solution of a differential equation
including the proper boundary value problem.

Observables. Satellite altimetry essentially scans the
vertical position of an equipotential surface of thegravity
fieldi.e level i. Most gravity field observation methods,
however, uselevel ii., namely theobservationsof accelera
tions (=specificforce) inferred from thegeometric position
of aproof mass: terrestrial absolute metersasalso satellite
orbit observationrely ontrackingthetrajectory of afreely
falling proof mass (dynamic method), spring gravimeters
including superconducting aspring-proof masssystemwith
position determination (static method). Gradiometry works
on level iii. and requires the observation of the (relative)
positions of two proof masses, be it within one box for
terrestrial application or onboard a satellite, be it in the
form of two satellites(SST). Besidestheabove, additional
types of observables affecting gravity are available, e.g.
topographic data.

Progressin gravimetricresear ch requiresthe advance-
ment of theimmediate observation methods and methods
to link observations to model space; for heuristically
structuring thecontributions, weapply thefollowing bins:

1. Direct gravity observationtechniquesandinstrumenta
tion for terrestrial and airborne observations

2. Focuson physical geodesy methodsand satellite obser-
vations methods

3. Focus on mathematical methods

4. Projects with emphasis on numerical gravity model
results

5. Thelink between the gravity field models and thereal
Earth

The about 250 publications collected for this German
reportto|AG Section |11, wereauthored by morethan 100
scientists based at some 15 German institutions, many of
the authors are on temporary positions, the majority are
geodesi sts. Most of the paperswere presented to meetings,
some were prepared for PhD theses and journal articles.

Thisoverview survey of contributionspreparedin Germany
by intention doesnot follow the structure of the subsequent
detailed reportsin order to provide adifferent view angle
and hence to support additional insights; for the same
reason therespectiveresearch groupsare mentionedinstead
of authors — except for afew highlights. References are
found in the subsequent detailed reports.

Asto subject 1, direct gravity observation techniques
and instrumentation for terrestrial and airbor neobser -
vations, research on absolutegravimetry at BK G Frankfurt
and IfE Hannover confirmed after repeated observations
and intercomparisonsthat repeatability over anumber of
yearswith moderninstrumentation isbetter than 30 nms?
and the stability of good stations at the same order of
magnitude. The study of relative spring gravimeters at
BKG, IfE, TPG Dresden dealt with datalogging, calibra-
tion, environmental effects and electronic feedback and
achieved an accuracy of less or more than the above
number, very much depending on the application. Time
seriesrecordingswith superconducting gravimeter swere
advanced by |AGP Jenaand BK G, whichacquired anewly
devel oped dual -sphereinstrument that enabl essignificant
improvements. Environmental effectsincluding earthtides,
air pressure, temperature, ground water, on gravity observa-
tions were studied by IAGP, BKG, GFZ Potsdam, IPG
Darmstadt. Gravity referencenetworksareat theverge of
observational techniquesto datacollection.; they servee.g.
for thetransfer of relative observationsto absol utegravity,
calibration, gravity changes monitoring etc. IfE was
engaged in establishing base networks in Dubai, South
America, Germany, China with many absolute
observations; BKG was busy in Germany, Netherlands,
Scandinavia, several countriesin eastern Central Europe,
Turkey, Greece, Italy, Spain, Antarctica. Gravityreference
networ ks dedicated to geodynamics investigations were
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established in Indonesia by IAGP and IPG and on
Philippinesandin Colombiaby IAGP, in Greeceby TPG.
Kinematic gravimetry such as airborne gravimetry has
many advantagesover conventional terrestrial observations
such asincreased efficiency and coverage of inaccessible
areas. GFZ reported the results of a joint European
campaign with rms of 20mms? and aspatial resolution of
6-7 km; thesefigureswere obtained using aconventional
LaCoste& Romberg airborne gravimeter with gyro
stabilized platform; GFZ also sponsored an instrumental
SG development for airborne application. BEK Miinchen
is trying to employ inertial grade accelerometers in a
strapdown airbornegravimetry systemfor easeof operation
andincreased spatial resolution. ITEN Neubiberg dealt with
thetotal error budget which showsthecritical roleof GPS
high precision kinemeatic positioning. BGR Hannover tested
car borne gravimetry.

Summarizing the activitiesof bin 1, absolute gravi-
metry passed the threshold from an advanced
devel oping stageto production, whererepeatability
figuresnow should approach real accuraciesand bad
surprises should be extremely unlikely; future
developments may lead to miniaturization and
enhanced fieldworthyness. Relative spring
gravimeters are production instruments since
decades, neverthdessimprovementsarestill possible.
The changing role of gravity reference networks as
driven by the devel opments of absoluteand relative
field gravimeters has been reviewed by TORGE
(1998). Superconducting gravimeters for high
precision time series recordings still offer very
interesting potential for further development, as
shown by the dual sphere device (RICHTER &
WARBURTON 1998), which enables better
identification of tares and use for vertica
gradiometry; a development of SGs for field
observationsremains afuture target. The complete
control of environmental effectson gravimetry still
isthe challengefor high precision observations. As
toairbornegravimetry, TIMMEN (et al., 1998) demon-
strated competence to keep up with airborne gravi-
metry at international standards, BOEDECKER'S
(1997) approach has promising potential for high
resolution airborne gravimetry, but requires quite
some work. In any case, high precision kinematic
positioning is a prerequisite.

As to bin 2, focus on physical geodesy methods and
satelliteobser vation methods, boundary valueproblems
and differential geometry of thegravityfield arediscussed
by GIS Stuttgart, upward/downward continuation was
studied by GIS, GIK Karlsruheand IfEN Neubiberg. One
physical model for the Earth'sgravity fieldisapoint mass
model as employed by GIK and IGG Berlin.

(Quasi-) Geoid computations from various combination
solutionsare pursued from GPS/levelling + gravity by BKG
Leipzig, IfE Hannover, from global model + local gravity
by PG Darmstadt, GIK, D-PAF. Numerical solutionsare
presented for many areasincluding small areaslikeBerlin

by IGG to Antarctica by TPG. Quality checks of geoid
computations are possi bl e because of redundant regional
information from gravity, levelling, GPS, see e.g. IfE
Hannover, GIK Karlsruhe

Studies aiming at methods for computing gravity field
guantitiesfromtopographic masseshavebeen carried out
by IGG Berlin, GIS.

Thetheory of height systemsisdiscussedin | APG M iinchen
with applicationtoIndonesia, by IfE Hannover, GIS, 1GG.
SatellitemissionssuchasGFZ'sfuturelow flying CHAMP
with GPS tracking and the refinement to care for surface
forces from high atmosphere by onboard accelerometers
werestudied by GFZ Potsdam, in abroader view also the
GOCE- and GRACE missionsarediscussed by IGG Berlin
and |APG M iinchen, who point out the improvement for
global gravity field models.

Problems of bin 2 seemto beaclassical stronghold
of German geodesi stssince many decades. It seems
that boundary value problemsand gravity field diffe-
rential geometry never end under new aspects like
adeformableEarth etc, cf. Grafarend and coauthors
(1995-98). Height systemsunification obvioudy pose
anew task inthelight of cm GPS heighting capabil -
ity. Also the old problem of forward modelling like
terrain reduction showedinteresting new algorithms
like the volume to line integral approach of
PETROVIC (1996).

The handling of own satellites for gravity field
observations such as GFZ1 and CHAMP (REIGBER
and coauthors 1996-99) certainly isabreakthrough
in international competition, albeit. New satellite
missions will approach the physical limit for the
spatial resolution of gravity field observationsfrom
space, whichisof theorder of around 50 km (except
atimetry).

Asto bin 3, focus on mathematical methods, wavelet
methods with the advantage over spherical harmonics of
space localization were given strong attention by GeoM
Kaiserslautern. Spectral propertiesof thegravity fieldwere
studied by IAPG Minchen which also developed an
efficient global spherical 2D FFT method. A gravity field
shapingfilter for Kalmanfiltering wasdevel oped by BEK
Munchen. Efficient algorithm development was pushed
in GIK Karlsruhe. High resolution geoid computations
under limited computer resources are attacked at BKG
Berlin.

Itisbreathtaking how wavel etspour intothegravity
field with theinherent spacelocalization capability
and making aware of the referring deficiency of
spherical harmonics (Freeden and coworkers,
continuously). Even if the current enthusiasm will
cool down like after the introduction of geodetic
prediction/collocation some 20 years ago, it will
remainavaluable new tool in geoscientiststool box.
Advancesin efficient algorithms are developed by
LEHMANN (1995-99) and STRAKHOV/SCHAFER
(1995-99).
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In bin 4, projectswith emphasison numerical gravity
model results, of course have to rely on methods
developed in bin 2 and bin 3. Asto the data, tracking of
satellites with different orbit characteristics and hence
corresponding contributionsto specific spherical harmonics
is the backbone of global long wavelength information.
Global satellite-only model ssuch asGRIM4 with extension
to 34 satellites including the first GFZ-satellite
observations, resulting in GRIM4-S$4, were computed by
GFZ Potsdam and D-PAF Oberpfaffenhofen. GFZ Potsdam
also started with the follow-up model GRIM5 whichisto
include PRARE and ERS-2 data to provide a solution
complete to degree and order 100 with some additional
terms, also in preparation of the future CHAMP satellite
mission of GFZ. Global combined solutionsenablehigher
spatial resolution by including satellite altimetry derived
gravity anomaliesover the oceans ascomputed e.g. by D-
PAF Oberpfaffenhofen from observations by ERS-1,
GEOSAT and TOPEX satellites, and terrestrial gravity
anomalies, usualy intheintermediateform of mean block
(e.0.30'x30', 5'x5") gravity anomalies, often madeavailable
from data collections like BGI and NIMA.. These mixed
data sets require specia attention to homogeneity and
weighting. Several strategiesweredevel oped particularly
by D-PAF and resulted in models complete up to degree
and order 360; an ultra-high degree model up to degree
and order 1800 was presented by GIK Karlsruhe.

Regional models such as the EGG97, computed by IfE
Hannover required data collection in the framework of
European high resolution geoid computation project for
many years and now 2.7 million gravity data and 700
million terrain data are incorporated in the data base.

It has to be noted that global as also extended
regional high resolution gravity field model
computationsrequireanintegrating view ontedious
data collection, algorithm efficiency, data
combination/weighting. DENKER and colleagues
(1995-99) at IfE has demonstrated that extended
regional quasigeoid computationssuch asthe EGG97
are good to few cm and therefore match GPS
heighting accuracy. The benefit of the of GRIM
geoid modelsisaglobal accuracy of the order of 70
cm, for thelong wavel engths much better. GRUBER
and colleagues (1995-99) have contributed heavily
to model refinement, algorithm efficiency and data
combination problems solutions for global gravity
model solutions.

Inbin5, gravity field representation and thelink tothe
real Earth, wefind theimmediate gravity assuch: NLfB
Hannover presents Bouguer gravity mapsof various parts
of Germany including interpretations, also employing
observations of the 'Geophysikalische Reichsaufhahme'
transformed to IGSN71 reference.

The link works in two directions: Our immediate
knowledgeof the Earthintermsof topographic and density
model scan beexpl oited by forward modelling algorithms
such asdevel opedin | APG Minchen, GI S Stuttgart or IGG
Berlin. See also bin 2.

In the inverse problem, gravity field signals may be
interpreted asisostatic phenomena, crustal density struc-
tures, sea surface topography, see GFZ Potsdam, IfE
Hannover, | PG Darmstadt. Numerousregional geological
studiesbased on gravity were carried out in Germany, see
IAGP Jena and NLfB Hannover, also combined with
magnetic, seismic, borehole surveys, in order to infer on
the shape of a disturbing body.

It is obvious that in the area of interpretation, i.e.
linking thegravity field and thematerial world, also
to circumvent the potential pitfalls of the inverse
problem, combination with non-gravity data is
necessary which also results in a cooperation with
non-geodetic geoscientists. PLAUMAN (1995-98)
completed a comprehensive gravity surveys in
Germany, JENTZSCH and co-authors(1995-99) linked
gravity to local geology and processesin time.

Acronyms of institutes used:

BEK (Minchen): BayerischeKommissionfir dielnternationale
Erdmessung bei der Bayerischen Akademie der
Wissenschaften

BGR (Hannover): Bundesanstalt fiir Geowissenschaften und
Rohstoffe and Geowissenschaftliche Gemeinschafts-
aufgaben

BK G (Frankfurt): Bundesamt fiir Kartographie und Geodéasie,
Frankfurt (earlier IfAG), also Berlin and Leipzig

GeoM (Kaiserdautern): Fachbereich Mathematik / Geomathe-
matik, Universitét Kaiserdautern

GFZ (Potsdam): GeoForschungsZentrum Potsdam

D-PAF (Oberpfaffenhofen): GFZ — Deutsche Processing and
Archiving Facilities (branch of GFZ)

GIK (Karlsruhe): GeodétischesInstitut, Universitét Karlsruhe
(TH)

GIS (Stuttgart): Geodétisches Institut, Universtitét Stuttgart

IAGP (Jena): Institut fiir Angewandte Geophysik, Universitét
Jena

|APG (MUnchen): Institut fir Astronomischeund Physikalische
Geodésie, Technische Universitét Minchen

IfE (Hannover): Ingtitut fir Erdmessung, Universitét Hannover

IfF (Braunschweig): Institut fur FlugfUhrung, Universitéat
Braunschweig

ITEN (Neubiberg): Institut flr Erdmessung und Navigation,
Universitét der Bundeswehr Neubiberg (near M iinchen)

|GG (Berlin): Ingtitut fir Geodasi e und Geoinformationstechnik
| Fachgebiet Mathematische, Aatronomische und
Physikalische Geodésie, Technische Universitét Berlin

IPG (Darmstadt): Institut fir Physikalische Geodésie, Tech-
nische Universitdt Darmstadt
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Absolute and relative gravimetry

M. BECKER

Abstract

Progressin gravimetry is led by instrumental improvements
of absolute gravimeters and in superconducting gravimeters
which enhancethe accuracy and theresol utioninthemonitoring
of variationsin gravity. A major role played the monitoring
of environmentd effectson both theinstrumentsand thegravity
signal. National gravity networks as precise reference were
improved and networks for geodynamical studies and for
environmental hazard preventionwere set upin severa projects
within and outside of Germany.

1. Introduction

Thedetermination of gravity changesisstill achallenging
task. The progressin instrumentation is slow but notice-
able, especially with absol uteand superconducting gravi-
meters. In order to keep track with the forthcoming new
space techniques for gravity field determination, the
terrestrial  gravimetric techniques are needed to
complement and verify the results obtained by satellites.
The availability of a network of high resolution
continuously monitoring instruments and its support by
the combination with absolute measurements will be
crucial to this task. These applications, as well as
geodynamic and hazard prevention gravity networksstill
rely to agreat extent on conventional spring gravimeters.
Thereforethecontinuosimprovement of theseinstruments
and thetechniquesfor modeling environmental andinstru-
mental and calibration effectsis necessary and hasto be
stimulated. In the sequel the main worksin Germany are
reviewed. Only themajor referencesarecited anditistried
to give a complete list of relevant publications in the
references.

2. Absolute gravimeters

The quality of the JILAG-3 absolute gravimeter of IFE
(Institut fur Erdmessung, University of Hannover) was
continuously controlled by repeated observations on the
reference stations Clausthal (hard bedrock, repeatability
over more than 10 years < 0,04 mms-2) and Hannover
(sediments, repeatability < 0,08 mms-2). JILAG-3 also
participated at thefourthandfifthinternational comparison
campaign of absolute gravimeters at BIPM in Sevresin
1994 (MARSON et al. 1995) and 1997. Theresultsdeviated
from the mean epoch values by + 0,03 mms-2 and
+ 0,05 mms-2

Since1993IfAG/BK G (Institut fir Angewandte Geodésie,
renamed 1997 in Bundesamt fir Kartographie und Geo-
désie, Frankfurt a.M.) operates the absolute gravimeter
AXISFG5-101. Theinstrument was used in national and
international projects for the determination of reference
systems and the survey of geodynamical networks. To

monitor the instrumental performance and long term
stability the station Bad Homburg was sel ected asprimary
reference station and instrument home base. About 70
repeat measurements over 6 years with a Sigma of + 30
nms-2 proved the stability of absolute gravimeter and
station. To verify therelation to the international gravity
standard which is established by the pool of absolute
gravimetersworldwide, FG5-101 participatedin the Fourth
and Fifthinternational compari son campaignsof absolute
gravimeters at the BIPM in Sevresin 1994 (MARSON et
al. 1995) and 1997. A special intercomparisonin Boulder,
1995 (KLOPPING et al . 1997) confirmed thedetermination
of the so-called discriminator effect detected in Sevres
1994. After an instrument upgrade FG5-101 participated
in a comparison campaign in Boulder, 1997. Reference
measurements at the German Geodetic Fundamental
Station Wettzell are carried out 3 to 4 times per year.

3. Spring- and super conducting gravimeters

Initiated by BKG a Dual-Sphere superconducting gravi-
meter was developed at GWR (RICHTER, WARBURTON
1998). Thetwo sensorsin thisinstrument enableto detect
instrument-induced steps and to assess the instrumental
drift function. Thisimprovestheobservation of thegravity
signal and the geophysical interpretation. Theinstrument
wasdeliveredto BKG end of 1997; after adaptationto the
European electrical standards theinstrument operatedin
atest phase in Frankfurt and since December 1998 con-
tinuously observes in Wettzell. First results show the
significantimprovement of the superconducting gravimeter
system. Thel AGP (Institute of Applied Geophysics, Uni-
versity of Jena) acquired anew superconducting gravimeter
foritsGeodynamical Observatory Moxa. Other instruments
installed are ET-18, quartz- and laser strainmeters, tilt-
meters. Other studies with superconducting gravimeters
were made in cooperation with China (JENTZSCH, 1996,
KRONER et. a, 1995).

IFE continued to operate several relative gravimeters
(LaCoste Romberg-LCR-model G and D, with SRW
electronicfeedback systems, LCRwithZL SLand Update,
SCINTREX) for establishing fundamental and geodynami-
cal gravity networks, and performing dedicated research.
Calibration of the relative gravimeters was controlled at
the Hannover calibration system, in order to keep the
periodiccalibrationerrorsat theorder of 0,01 mms-2. The
SCINTREX CG3-M gravimeter was investigated at the
calibration systemsHannover and Karlsruhe, and thehigh
quality of thisinstrument wasconfirmed (REHREN, 1997).
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Atthel TG (Ingtitut fUr Theoretische Geodésie, Universitét
Bonn) instrumental investigationson L CR gravimeterswith
respect to humidity and calibration were undertaken
(BONATZ, 1996a,b) and a new system for monitoring
tectonic processeswaspresented (BONATZ, 1996¢). At PG
(Institut fur Physikalische Geodasie, Techn. Universitét
Darmstadt) the automated data-logging system for field
gravimetry “ Feldgrav was enhanced. PG, |FE aswell as
BK G participated in thefifthintercomparison of absolute
gravimeterswhich also included arelative campaign for
calibration and instrumental investigations on spring
gravimeters (BECKER, 1999).

4. Gravity networks and calibration systems

Fundamental papers on the changing role of gravity
reference networks and on the use of gravimetry for
monitoring recent crustal movementshavebeen published
by TORGE (1998a,b) and TORGE (1995).

At theestablishment of national networks| FE wasengaged
at the Emirate of Dubai (1994: 3 absolute and severa
relative stations, AL ZAFFIN et al. 1997) and inthe Nether-
lands (1991, 1993, 1997: 5 absol ute stationswith 3 repeti-
tions between 1991 and 1993) in cooperation with the
responsible state survey agencies. Thel FE absol utegravity
program 1988—1991in South Americaestablished stations
inVenezuela, Brazil, Uruguay, and Argentina, whichwere
used for improving the national networks and for
supporting geodynamical nets along the Central and the
Venezuelan Andes (TORGE et al. 1995). The nationa
gravity network of Uruguay, where IFE established 3
absolute stations at the end of the 1980s was readjusted,
including the calculation of agravimeter calibration line
(TIMMEN et al. 1997, SUBIZA et al. 1998). At theresurvey
and extension of the German Gravity Base Network
DSGN94, IFE participated by occupying 5 stations with
JLAG-3. By comparing the results with the values
obtained by the FG5-101 absolutegravimeter of ITAG/BKG
abias of 0,08 mms-2 wasfound, which was confirmed at
the comparisonsat Sevres. Theresidual discrepanciesare
within afew 0,01 ms-2 (RICHTER et al. 1998a,b).

IntheWestern'Y unnan Earthquake Prediction Experiment
Area (WYEPEA), in cooperation with the Institute of
Seismology/SSB Wuhan, another absolute/rel ativegravi-
metry campaignwascarried outin 1995 by IfE. Altogether
12 ahsolutestations(6in WY EPEA) havebeen established
at the campaigns 1990/1992/1995; including stations in
Beijing, Wuhan and Kunming, with relativeties between
them for control and for connecting local networks and
GPS stations (LA et al. 1996). The results of the surveys
(JLAG-3precision< 0,01 mms-2, accuracy <0,05mms-2
or better) arepublishedin TORGE et al. (1999), adiscussion
of local changes due to surface and ground water level
variations (up to 0,1 mms-2) isgivenin JA et al. (1998).

Around the German coast lines 11 absolutegravity stations
wereestablished by JILAG-3between 1994 and 1997. The
stations are close to selected type gauges and shall serve
by later repetitions as an independent control of vertical

movements at those sites. The reliability of the control
system has been monitored by control measurements at
theinland stationsHannover, Clausthal and Potsdam, and
by rel ativetiesbetween the absol ute stations. Seismicand
tilt control was carried out at each station, for quality
assessment and post processing. The precision of the
gravity values at these coastal stations is < 0,01 — 0,02
mms-2, the accuracy is estimated by < 0,05 mms-2
(REHREN et a. 1994).

| FE a so continued investigationsof gravimetric earthtides.
Withintheabsolutegravity project along the German coast
lines gravimetric earth tide stations were established at
Aurichand Helgoland (German Bay) and at Rostock close
to the Baltic Sea. The results for Aurich and Rostock
agreed with the global earth tide model, while the
Helgoland island station showed slight differences.
Cooperating with Prof. WENZEL, Karlsruhe a model of
world wide synthetic gravity tidal parameters was
developed (TIMMEN and WENZEL 1995).

The data evaluation for the German gravity reference
network, DSGN94 have been completed. Theresultsare
exclusively based upon absol utegravity measurementswith
the FG5-101 gravimeter. M easurementswithrel ativegravi-
meterswere made as an independent control. Theoverall
accuracy is+ 0,05 pms?, comparisons with the previous
network inthewestern part of Germany show asignificant
offset but no significant change in scale.

TheAdV (Arbeitsgemeinschaft der Vermessungsverwal tun-
gen der Lander) working group “Base Networks” asked
BK Gtoanayzethedataof theDHSN96. | ntheconnecting
range between the new federal statesand the DHSN82in
former federal statesasignificant offset wasdetected. The
activities and the status of the gravity worksin the AdV
in Germany are described in WEBER (1998) and BOLJEN
(1999).

BK G conducted anumber of international campaignswith
FG5-101. Repeat measurements on 6 stationsin Sweden
and Norway havebeen carried outin 1993, 1995 and 1998
asacooperationwiththeNorwegian Mapping Authorities
and NOAA to monitor the Fennoscandian post-glacia
uplift. The measurementsin Ny-Alesund, 1998 establish
areferencefor icebalanceand upliftinvestigations. After
aninitiativeof theUSDefenseMapping Agency BKGand
the University Trieste in 1995/96 jointly carried out
absolute gravity measurements on stations in Poland (5
stations), Czech Republic (2 stations), Latvia (1 station),
Slovenia (6 stations), Hungary (2 stations) and Croatia (4
stations) to densify and connect the gravity systems in
Central Europe.

In a cooperation of BKG and the Turkish General Com-
mand of Mapping a network of 14 new absolute gravity
stations have been determined in Turkey, 1996 with 4
stations on Satellite Laser Ranging platforms of the
WEGENER project, 5 tide gauge stations, 3 national
gravity network stations and 1 station of the Turkish
gravity calibration baseline (WILMES et a.1997).

On request of the Meetkundige Dienst 3 absolute gravity
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stations have been determined with FG5-101inthe Nether-
lands, 1996.

In the framework of the SELF Il project (Sea Level
Fluctuation Experiment) absol utegravity BK G hascarried
out measurements in Spain (3 repeat measurements and
3 new stations) and Greece (2 stations). Five repeat
measurements in Medicina (Italy) in conjunction with
continuousregistration of the superconducting gravimeter
SG-23 of BKG served to monitor significant gravity
changesat the station. (SCHWAHN et al, 1999, ZERBINI €t.
al, 1996).

In 1997 absolute gravity measurementsin Iceland served
to establish afirst order reference network with 7 stations
along the coast line and in the interior part of theisland.
Theworkswerecarried outjointly by thelceland Geodetic
Survey and BKG.

In an Antarctic expedition on the research vessel “Polar-
stern” of the Alfred-Wegener Institute, November 1997
—January 1998, the FG5-101 gravimeter was brought to
the Antarctic VLBI station O'Higgins of BKG/ DLR on
the Antarctic peninsular. Successful absolute gravity
measurements could be carried out in O'Higgins and
Jubani/Dallmann at King-George-1sland.

The EU-financed project UNIGRACE (Unification of
Gravity Systemsin Central and Eastern Europe) comprises
partner ingtitutions from 12 statesin Central and Eastern
Europe. Theproject started in 1998 and i s coordinated by
BKG (REINHART et al.1998a, b). Inthefirst field campaign
absolutegravity measurementshavebeen carried out with
FG5-101 on 7 stationsin Poland, Romaniaand Germany.

Asan update of the 1993 Unified European Gravity Net-
work (UEGN), emerged from activitiesof the Subcommis-
sion Western Europe of the IGC, it is planned to do a
readjustment including more countries and more recent
observations, also in cooperation with the UNIGRACE
project. Gravity dataof afew countrieshavealready been
made available.

5. Environmental effects

The influence of the air-pressure on gravity and gravity
observationswasstudied indetail by |AGP (KRONER, 1997
andfurther references). They weresupported by aresearch
project on“ Coherence-structuresof gravity variationsand
meteorological eventsin the nm? level”.

Further studiesonair pressureeffectson spring and super-
conducting gravimeterswereundertaken at the GFZ (Geo
ForschungsZentrum Potsdam) by Dittfeldt (pers. Comm.).

Withintheactivitiesinthe SELF 11 project BK G equipped
the station M edi cinaat the Radioastronomic Observatory
of the Scientific Council of Italy withthesuperconducting
gravimeter SG-23. Continuous observations have been
carried out fromfall 1996 to 1999. The observationshave
been complemented with repeated absolute gravity
measurements and continuous meteorological data
(temperature, air pressure, rain fall, ground water level).
The combination of the superconducting registrationswith

the absolute gravity measurements enable to model the
instrumental drift parameters of SG-23 and to determine
significant gravity changes at the station (SCHWAHN et.
al, 1999).

IPG performed studies on the correlation between
precipitation, ground water level changes and secular
gravity changes at the North Annotation Fault Zone,
Turkey (GERSTENECKER, 1998, pers. Comm.)

6. Geodynamic resear ch projects

Geodynamic research wasmainly focussed onthemonitor-
ing of volcanoes. IAGP and IPG established a gravity
repetition network at Mount Merapi, Indonesia together
with the VVolcanological Survey of Indonesiaand Gadjah
MadaUniversity Y ogyakartalndonesia(GERSTENECKER,
1999) for the mapping of the gravity field and gravity
changes associated with eruptions.

Major studieswith repeated precise gravimetry, partly in
conjunction with GPS measurements were made at the
Mayon volcano, Philippines and the Galeras volcano
Colombiaby IAPG (seee.g. JAHR et al, 1997, HAASE €t.
al, 1995, ENTZSCH et al, 1999). Gravity networkscomprise
25 stationsat Mayon vol cano (Philippines), 22 stations at
Merapi volcano (Indonesia) and 33 stations at Galeras
volcano (Colombia).

TPG (Institut fur Planetare Geodasie, Univ. Dresden) has
initiated aproject for studying recent vertical crustal move-
ments in Western Greenland (DIETRICH et a., 1998).

7. Other related topics

In consequenceof the Germanreunificationin 1990 NLfB-
GGA (NiederséachsischesL andesamt fir Bodenforschung,
Hannover) made further efforts to complete the gravity
databasefor the eastern part of Germany. Onthisoccasion
gravity valuesgoing back to campai gnsbetween 1934-1945
(Geophysikalische Reichsaufnahme) weretransformedto
thel.G.S.N.71 after connecting parts of older base points
tomodern gravity netsand realizing the adjustment of both
nets. Additional measurements have been carried out in
the region of Berlin (166 stations) as well as along the
former border between the two German countries (281
stations) in order to improve the data base in these areas.

Supporting aCzech—German deep-seismicworking group
agravity map (1 : 500 000) was compiled, covering the
areaof northern Bavaria, southern Saxoniaand thewestern
part of the Czech Republic.

Based on all gravity dataavailable, amap of the absolute
gravity values of Germany was presented by PLAUMANN
in 1998.

In cooperation with the Geological Surveys various
investigationshavebeenrealized, dealing withlocal geo-
logical structures. Gravity measurements and inter-
pretations were undertaken in order to study the Halle
Fault, the top of Mam (Upper Jurassic) in Bavaria, a
tertiary Maar in the vicinity of Baruth (Saxony) and the
salt structure ,, Arendsee" near Salzwedel. The majority
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of the interpretationswere carried out by two- and three-
dimensional gravity modelling, integrating all geophysical
and geological boundary information available. Themain
results can be summarized as follows:

Southeast of thecity of Halleagravity survey wasrealized
(158 new gravity stations) inorder toinvestigatetheHalle
Fault being covered by 100 m of sediments. Based onthis
new dataset, thehorizontal continuation of thefault could
be specified. Further results were derived concerning the
base of Tertiary, showing along-wavel ength topography
with an amplitude between 45 and 50 min adepth of 70m.

From regional gravity studies two local minima in the
vicinity of Kleinsaubernitz and Baruth (Saxony, Germany)
areknown. The gravity low of Kleinsaubernitzis caused
by 300 m limnic sediments underlying 200 m of miocene
series, ascould be proofed by drillingin 1970. Therefore,
new interpretations proceeded on the assumption that the
source of the anomaly Baruth (-7 100 nms-2) is also a
tertiary maar, produced by aphreatomagmatic expl osion.
In 1998 two research boreholes (280 m and 100 m deep)
were realized by Geowissenschaftliche Gemeinschafts-
aufgaben (Hanover, Germany) in order to enable various
geoscientific studies. Extensive preliminary investigations
werecarried out withtheaimto determinethebest location
for drilling. The different geophysical methods applied
comprisegravity (400 new gravity stations), magnetic, geo-
€l ectric and seismic surveys. Boreholemeasurementsand
V SP complemented these data setslater. A three-dimen-
sional gravity model was developed, showing afit of the
observed and calculated gravity field better than 0.3 100
nms-2. The geometry of the geological bodies and their
densities take into account the results of the different
geophysical investigations. The tertiary maar of Baruth
is nearly circular symmetric, its lateral extent is about
1200 m, whereas the thickness of the limnic sedimentsis
200 m.

Intheareaof Arendsee/ Mam aprojectsdealingwiththe
structure Arendsee and thetop Mam are till in progress.
In both areas under investigation additional gravity
measurements have been carried out in order to complete
the existing data sets (130 and 450 points reps.).

Studies on the tectonic evolution of the Harz mountains
were published by GABRIEL et al. (1996, 1997, 199x).
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Kinematic gravimetry

G. W.HEIN

BOEDECKER (1995) has outlined three different effects
affecting the performance of a system used for airborne
gravimetry: Mechanical stress may induce extra drift of
theaccelerometer. Shocksand vibrational stressmay cause
jumpsinthereadings, but no significant drift changeshad
beenrealized. Thevibration rectification, an offset of the
acceleration readings under the influence of vibrations,
isaresult of the cross coupling effect. This effect can be
quite big but constant under a constant dynamic regime
and therefore may be controlled by instrumental counter-
measures. The third phenomenon is not a peculiar effect
of the accel erometer, but of thetotal system: Any aircraft
performs phugoid oscillations due to flight-mechanical
reasons. These oscillations are in the bandwidth and
amplitudeof local/regional gravity variationsandtherefore
need to be taken into account, usually by using DGPS
information.

The Strapdown Airborne Gravimetry System (SAGS)
method, discussed in BOEDECKER (1995) and previous
papers, aimed at high spatial resolutionwith aninexpensive
instrumentation in alight aircraft at low flight altitudes.
—Thisresultsinhigher frequency accel erationsfromflight
dynamicsasalso from vibrations of theaircraft forced by
the engine. All three axislateral and rotational accelera-
tionshavebeen recorded under variousconditions. Inorder
to facilitate investigations, vibrations recorded by means
of ashaker inthelaboratory have been reproduced. Besides
other important findings, one conclusion can be drawn
from the measurements performed. Thevibratory pattern
istotally different at ground and in the air. Hence, mea-
ningful tests are not possible at the ground.

In TIMMEN et al. (1998) an overview on airborne gravi-
metry, itspotential for different typesof applicationaswell
asundergoing devel opmentswasgiven. Depending onthe
type of application (geodesy, geophysics etc.) usually
accuraciesbetween £10and £50 pm/s?for spatial (horizon-
tal) resolutionsof 0,5to 10kmarerequired. The European
AGMASCO project (seea soxu, 1997a) has proved, that
+20 um/s? over 6 to 7 km resolution can be reached.
Besides the enhancements for the classical scalar
gravimetry systems, new developments focus more and
more on strapdown accel erometers, for which no inertial
controlled platforms are necessary and which may aso
serve for vector gravimetry.

In HEIN (1995) a number of open and critical problems
of airbornegravimetry werediscussed. Themost limiting
factor of airborne gravimetry, i.e. high precision
navigation, can besolved by using accurate DGPS position
and velocity data. Open problems are mainly on the
instrumental side(e.g. platform, sensor modeling), but also

the understanding of aircraft motion (e.g. phugoid
oscillations) has to be taken into account.

Airbornegravimetry at high altitudesinducesthenecessity
of the harmonic downward continuation. Usualy, FFT is
appliedfor thispurpose. In KELLER (1995) an aternative
approach by means of discrete wavelet transform, which
is numerically more efficient compared to FFT, was
proposed.

In BLAHA et al. (1996) a basic idea to modify Poisson's
integral for harmonic downward continuation into acon-
volution formulain the space domain, for which the Fast
Fourier Transform can be applied, was presented. The
method was applied to airborne gravimetry, motivated
especially by the Greenland survey. Theaccuracy of data
continuation from the flight-level to the ground was
analysed. Inparticular, theinfluenceof | atitudinal extensi-
on is investigated, since the introduced convolution
formulaisexact only for the mid-parallel of the analysed
area. The results obtained justify the conclusion that the
introduced method isapplicableto processing of real data.
Extended quadratic areas (up to 2500 km x 2500 km) in
equatorial areasand up to 500 kmx 500 kminregionswith
latitudes about 75° can effectively be processed in one
single procedure.

Linear gravity field state space models are a useful tool
to model theanomal ousgravity fieldinvector gravimetry,
airborne gravimetry, inertial geodesy and navigation.
EISSFELLER (1996) has solved the upward continuation
problem of Markov gravity modelsanalytically. Incontrary
to the standard M arkov shaping filter approach the height
dependency of the covariance function was strictly intro-
duced in state space and not neglected. Using some basic
integral transforms, ageneral upward continuationintegral
wasderived for then-th order Markov processand solved
for the 2nd order Markov process in very detail. The
features of the covariance model were analyzed and the
height dependency wasdiscussed numerically. Theintro-
duction of aheight dependence leavesthefilter structure
without major changes. Thiswill lead to amorerealistic
modeling in the case that the moving platform isdriving
along variable height profiles. A Markov gravity field
model isasimplebut useful way to handlethegravity field
in Kalman filters.

Theresultsof aninvestigation that deal swiththefeasibility
of accurate vector gravimetry using the measurements of
ahybriddifferential GPS (DGPS)/ratebiasinertial naviga
tion system (RB-INS) waspresentedin MANGOLD (1997).
Theauthor claimed, that even theuse of thishigh-accuracy
modification of a strapdown INS augmented by precise
DGPS does not allow one to estimate the components of
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the anomalous gravitation field of the Earth. This
conclusion istheresult of incomplete observability. GPS
offers a tranglatory augmentation only that causes the
analytical platformto align orthogonal to thetrue gravity
vector, because the hybrid system exploits its rotatory
degrees of freedom. The vertical component of the
anomalous gravitation field can be extracted, but
limitations have to be con-sidered. The integration of a
star tracker allows the determination of the astronomical
position coordinates. Thissensor usesthedirection cosine
matrix as worked out by the hybrid DGPS/RB-INS to
measure star elevation anglesthat refer to the plumbline.
Taking the difference between theresulting astronomical
and DGPSRB-INS computed geodetic position coordinates
yields the desired deflections of the vertical.rrr

InNEUMEYER (1997) first test results of the devel opment
of a superconducting airborne gravity system have been
reported. Superconducting gravimetershaveproofed their
performance capabilitiesfor static applications. Theresolu-
tion of those gravimeters goes down to the nGal range,
their driftsliewithin several uGal per year. Theaim of the
devel opment isto adapt superconducting gravimetersfor
airbornegravimetry. Inthiscontext, the GFZ Potsdam has
developed in cooperation with GWR Inc., San Diego a
prototype airborne gravimeter (ASG 01) for which test
measurements under static and dynamic environmental
conditions have been performed. Comparison
measurementswith aQ-Flex accelerometer showed agood
dynamic behavior of the ASG 01 and the cross-coupling-
effect waswithin areasonablerange. Further enhancements
andanew designbased ona“ straight-line-system” for the
follow-on gravimeter ASG 02 are undertaken.

ABDELMOULA (1998) has reported on problems and
solution strategiesfor airborne gravimetry. In contrast to
land- and ship-based vehicles, which can reduce their
velocity according to the measurement requirements,
gravity experimentson aircraftsare subject tonearly fixed
flight vel ocitiesand thereforethegravity signal cannot be
separated from thedisturbancesconventionaly. Investiga-
tionshave been undertaken to use additional sensors(e.g.
barometric sensors or GPS) for the identification of the
gravity anomaly signal. With the aid of stochastic air
turbulence models and simulation computations using
estimation filters (see also ABDELMOULA, 1998) it is
examined, which requirements the sensors have to fulfill
in order to compensate for the measurement errors.

AGMASCO (Airborne Geoid MA pping Systemfor Coastal
Oceanography) was a EU (European Union) project. Six
Europeanresearchinstitutionsparticipatedin the project.
They were GeoForschungsZentrum (GFZ) Potsdam,
National Survey and Cadastre — Denmark (KMS), Uni-
versity of Bergen (UoB), Alfred-Wegener-Institute for
Polar and Marine Research (AWI) Bremerhaven, Uni-
versity of Porto (UoP), and Technische Fachhochschule
(TFH) Berlin. The goal of AGMASCO was to establish
a European operational airborne remote sensing system
for gravimetric and oceanographi c applications. Employed
hardwarewas: GPS, aerogravimeter, radar/laser altimeter,

Inertial Navigation System (INS), and astrapdown system
(three dimensional accelerometer sensor block). Within
the campaigns, multiple static GPSreference stationsand
two airplanefixed GPS stationshave been used to monitor
the kinematic movements of the airplane. Kinematic
position with precision of about 1-10 cm for survey area
extension of 150-400 km, velocity with accuracy of 0.3
cm/s, could be achieved. Thekinematic GPSresultshave
been used to derivetheairplane accel eration influence on
the airborne gravimeter. An accuracy of 3—5 mGal and
aspatial resolu-tion of 6-10 km, isobtained (Xu, 1997a).

The carborne gravimetry campaign was a GFZ Potsdam
and BGR Hannover joint campai gn conducted in northern
Germany at theend of 1993. Thegoal of thecampaignwas
totest thecarbornegravimetry system by using kinematic
GPS monitoring the movement of the car. Employed
hardwarewas: GPS, sea-gravimeter KSS31. Several days
survey were carried out in November 1993 in northern
Germany along three highway traverses (Hannover —
Bremen — Cuxhaven, Hannover — Potsdam, Potsdam —
Witt-stock —Rostock). Withinthecampaign, multiplestatic
GPS reference stations and two van-fixed GPS receivers
have been used to monitor the kinematic movements of
the gravimeter. The distance between the two van-fixed
antennaswas 1.5 meter which served asan external check
of thequality of GPS positioning. Vel ocity of thevanwas
about 75 km/h. For aresolution of the gravity field of 1
mGal/km, accuracies of 1 m (height), 7 cm/s and 0.001
cm/s®, respectively, are required. The kinematic GPS
resultshave been used to derivethemovement acceleration
influenceonthecarbornegravimeter. Anaccuracy of 5-10
mGal and a spatial resolution of 6-10 km, was obtained.
For anopen area, using airgravimeter (ableto measureal so
the horizontal acceleration), or sea-gravimeter (omit the
long and cross acceleration of the platform), carborne
gravimetry systemispractically applicable (XU, 1997b).
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Global gravity field modelling

T. GRUBER

I ntroduction

Thedetermination of theglobal gravity field isoneof the
key issues to improve the understanding of global geo-
physical processes in different spheres of the Earth. In
geodetic science global gravity field modelsarethebasis
for regional and local geoid computations. From aglobal
model a global height system can be defined, which
interconnects al the existing continental and regional
systems. Further-on, thequality of thegravity field model
isoneof thelimitingfactorsfor theorbit restitution quality
of low flying satellites, which propagates into many
different remotesensing applications(e.g. altimetry, SAR
interferometry). By inferring density structures from
gravity fieldirregularities, aview intothe Earth’ sinterior
withitsthermal and compositional differencescanbedone.
Together with other geophysical data and models the
gravity field is one of the main parameters for genera
global Earth models. By analyzing the oceanic geoid,
derived from gravity field solutions, together with satellite
atimeter data, the sea surface topography can be
determined geometrically. This quantity is the essential
informati on to derivethemean oceanic circul ation pattern
and the hydrostatic pressure field, which are strongly
related to the global climate change. The determination
of temporal variations of the gravity field, which are an
indicator for mass redistributionsin or on the Earth, will
play animportant rolefor future global change research.
Large scale mass redistributions from the cryosphere to
the oceans, which are predicted, can be detected infuture
by new observational concepts from satellites.

Thedetermination of global gravity field modelsisbased
ondifferent datasources. Basisfor al modelsareobserva-
tions of different typesto various satelliteswith different
orbital characteristics. From such observations the long
wavelengths of the Earth gravity field (>1000 km) can be
determined with an accuracy of 10 cm and better.
Terrestrial gravity observations, airbornegravimetry and
satellite altimetry over the oceans provide additional
information for the medium and short wavel engths. Data
setswith nearly global coverageareavailablewith aspatial
resolution of 30'x30'. By combining thisdatawith satellite-
derived gravity field models, the computation of high
resol ution model sup to degree and order 360 withamean
geoid accuracy of about 70 cm can beperformed. Themain
problem of combined modelsis the proper weighting of
thedifferent datasets, suchthat thegoodlongwavelength
information from the satellite data and the good medium
and short wavelength information from the surface data
complement each other and don’'t destroy their good
propertiesin the different scales.

During the period from 1995 to mid 1999 theoretical and
practical work inthefield of global gravity field modelling
hasbeen doneby different institutions. Thispaper summa-
rizesrecent advancesand devel opmentsin Germany during
this period.

Global modelling techniques

Historically, global gravity field modelsare computed in
terms of coefficients of aspherical harmonic seriesup to
a specific degree and order (N), what corresponds to the
maxi mum wavel ength of the series (40000 km/N). Coeffi-
cients can be computed by numerical quadrature
(numerical integration) or by a least squares approach.
Satellite observations are distances and distance changes
measured from ground to the satellite with laser or
microwave tracking systems or directional observations
with cameras. GPS observationsbetween satellitesprovide
continuousrangeand rangerate observations(satellite-to-
satellitetracking), which can beused ashomogenousdata
setsfor gravity field determination. Gravitational accelera-
tions cannot be measured by these tracking systems
directly. By analyzingthegravitational perturbationsacting
onthesatelliteswith aleast squaresapproach, thespherical
harmonic coefficientsof the seriesare estimated. Surface
data, which represent direct observationsof gravity accele-
rations (in case of gravimetric data) or the geoid (in case
of altimetry data), in contrast, can be analyzed by
numerical quadratureor again by aleast squaresapproach.
Combination of satellitedatawith surfacedatathenisdone
by combination of the spherical harmonic coefficients(e.g.
WENZEL, 1998 and 1999) or by combination of normal
equations from the least squares adjustments (Gruber et
al., 1995, 1996 and 1997). For the quality of the fina
combination model thewei ghting schemefor coefficients
or normal equations for each data source is essential .

If least squares approaches are used for gravity field
determination the maximum degree and order islimited
by availablecomputer resources, when spherical harmonics
areused for gravity field representation. STRAKHOV et al.
(1995, 1996, 1997 and 1998) introduced in analogy to
spherical harmonicsnew linear approximation functions,
which are also harmonic outside of a given sphere. The
method is called “ Strakhov’s New Analytical Approxi-
mation Method” (SNAP). Starting with the integra
equation of Whittacker for a harmonic function outside
the sphere, trigonometric polynomial functions are
introduced to represent the gravity potential (STRAKHOV
et al., 1998). Using these functions for gravity field
determination, very efficient recursive computations of
single matrix elements can be performed, such that the
maximum resolution can be extended significantly with
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respect to the classical spherica harmonics approach,
without the need for additional computer resources. First
results for regional applications show, that this new
approximation method is very efficient and without 1oss
of accuracy with respect to regular spherical harmonic
series.

Spherical harmonicsarefrequency localizing. Thismeans,
that if only one observation on the sphere changes its
value, all coefficients are influenced and the complete
series has to be recomputed. From this drawback of
spherical harmonics when using surface data a new
mathematical model to represent the gravity field with
spherical wavel ets has been developed by (BAYER et al.,
1998; FREEDEN et al., 1997, 1998 and 1999; WINDHEUSER
, 1995). Because wavelets are space localizing they are
very efficient when approximating thedisturbing potential
from surface gravity data. Pointwise or regional changes
in surface data will only affect specific wavelet
coefficients, representing the specific area. To show the
efficient use of spherical wavel etsfor global gravity field
representation the EGM 96 spherical harmonic serieswas
transformed into harmonicwavel et coefficients(FREEDEN
et a., 1999). To combine advantages of spherical
harmonics when analyzing satellite data (relation of
gravitational perturbations of a satellite with orders of
spherical harmonic series) with advantages of spherical
wavelets when analyzing high resolution surface data
(relation of wavelet coefficients with data localization)
a concept was developed by (FREEDEN et al., 1997).

Earth gravity field models

During thereporting period several gravity field solutions
havebeen computed. Activitiesto derivenew satellite-only
solutions with new satellite tracking data as well as
activities to generate on this basis new long wavelength
and high resolution combination models have been per-
formed and are ongoing.

Satellite-only models

The GRIM4 satellite-only model update, which is a
common effort by the GeoForschungsZentrum Potsdam
(GFZ) andthe Groupe de Recherchede Géodésie Spatiale
(GRGS) wasongoing. Starting from the baseline GRIM4
-S1 solution, new satellite observations were included to
generatethe GRIM4-SAmodd (SCHWINTZER et al ., 1997).
The model is derived from tracking data to 34 satellites
insum. Withthismodel aconsiderableimprovement with
respect to the first GRIM4 solutions has been achieved
through the inclusion of new and additional DORIS
doppler data, GPS satellite-to-satellite tracking data and
altimeter cross-over differences as tracking information
(SCHWINTZER et al., 1995; KANG, 1998). The model is
complete to degree and order 60 of aspherical harmonic
series plus somefew resonancetermsfor ordersup to 70.
Quality of thismodel is comparable to the U.S satellite-
only models of the JGM and EGM 96 series.

In 1995 thefirst GFZ satellite (GFZ-1) was put into orbit

from the Russian MIR station (KONIG et al., 1996). This
small passive cannonball satellite is equipped with a set
of laser retro-reflectors for laser tracking. Dueto itslow
altitude and its high sensitivity to gravity disturbances,
additional resonant orders above 70 could be estimated.
Updated GRIM4-$4 solutionsincluding thisdatahave been
computed (CHEN etal., 1997, GRUBER et al., 1997, KONIG
et a., 1999) and analyzed. Quality, especially for the
resonant orders 16,31,46,62 and 78 could be further
increased with respect to the GRIM4-S4 base model.

In preparation of the CHAMP small-satellite mission for
gravity and magneticfield recovery (REIGBER et al ., 1996;
REIGBEREet d ., 1999) acompletereprocessing of all satellite
tracking datahasbeen startedin 1998 by GFZ and GRGS,
withthegoal togenerateanew GRIM5 satellite-only moddl.
Step 1 processing, performedin 1998, includestheprocess-
ing of tracking datafrom the main satellitesto get anew
global set of station coordinates and velocities and to
estimatesmultaneoudy somelow degreegravity fidld para-
meters, its linear trends, and geocentric variations
(SCHWINTZER et al., 1998). Step 2 processing, which is
currently ongoing andwill befinishedinmid 1999includes
theprocessing of tracking datafromall satellites, considered
to benecessary for acompletegravity field. Asnew tracking
data type, which was not included in the GRIM4-34
solution, PRARE rangeand rangeratesfor ERS-2 will be
included. The first GRIM5 satellite-only gravity model
will beextended up to degree and order 100 of aspherical
harmoni ¢ serieswith someresonanceordersupto order 120.

Combined and high resolution models

Based on satellite-only model sfor thelong-wavel engths,
so-called combined gravity models are computed by
inclusion of terrestrial gravity data and altimetric obser-
vations. Combined models can be subdivided into long
wavel ength solutions up to degrees about 100 and high
resol ution model sup to degree 360. Themajor difference
between combined and high resolution models is the
modelling technique. Because of the huge number of
spherical harmonic coefficients to be estimated for high
resolution models, special techniqueshaveto be applied.
In contrast, the combined models usually are computed
by aleast squares approach, combining normal equations
from the satellite-only models with normal equations
generated from surface data (gravity, altimetry).

Besidesthemean surfacegravity data, availablefrom BGlI
or NIMA, atimeter data have to be processed into mean
geoid heightsor atimetric gravity anomalies. Highresolu-
tion mean seasurfaceswere computed from geodetic phase
altimeter datafrom ERS-1 and GEOSAT (ANZENHOFER
etal.,1995and 1996; GRUBER et d ., 1995). By subtracting
aseasurfacetopography model, oceanic geoid heightsare
computed and can be used as gravity field information.
By inverting altimetric geoid heightsor atimetry derived
vertical deflections to altimetric gravity anomalies and
combination of themwithland gravity anomaliesanearly
global consistent set of the same datatype is available.
Such quasi-global altimetric gravity anomaliesalso were
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derived from ERS-1 and GEOSAT geodetic phase
altimeter data (RENTSCH et d., 1997, 1998 and 1999).
Fromthe global gravity field modelling point of view the
combination of consistent datatypesis much easier than
the combination of geoid heightsover ocean with gravity
anomalies over land (weighting, altimetry-gravimetry
boundary value problem).

Intheframework of the GRIM4 modelling al soacombined
model GRIM4-C4, completeto degreeand order 72, which
is based on the GRIM4-34 satellite-only solution was
computed (SCHWINTZER et a., 1997). This model
combinesgravity anomaliesover land (OSU90and BGl),
altimetry derived geoid heights over oceans
(GEOSAT/TOPEX/ERS-1 data) and the GRIM4-4
satellite-only normal equation system. When modelling
a high resolution gravity field by the least squares
approach, as first iteration step, combined gravity field
models based on the full variance-covariance matrix up
todegreeand order 100 arecomputed (GRUBER et ., 1995
and 1997). Different scenarios for combining gravity
anomalies over land with gravity anomalies or geoid
heights over oceans were investigated. There, problems
of specific data sets and problems when combining
different datatypescould beidentified. Withinthe GRIM5
project again acombined solution up to degree and order
120 is in preparation by GFZ and GRGS and will be
finished mid 1999 together with the first satellite-only
model.

Based onthelong wavel ength combined model s(withfull
variance-covariancematrix) asseconditeration stepinthe
least squaresapproach high resol ution model supto degree
and order 360 werecomputed (GRUBER et al., 1995, 1996
and 1997). For thisthe bl ock-diagonal techniquewasused,
which reduces the normal eguation structure to a block-
diagonal system, if regular, consistent and complete data
setsareanayzed andif thelongitudeindependent weights
are applied. The block-diagonal normal equation system
then is solved together with the full normal equation
system of the combined base model by arigorous block-
matrix approach to compute the spherical harmonic
coefficients up to degree and order 360. Overall quality
of recent modelsissimilar tothe American EGM 96 mode!.

Another approach using aniterativenumerical quadrature
for computing ultra-high degree gravity field models up
to degree and order 1800 was introduced by WENZEL
(1997, 1998 and 1999). Two model swere computed from
aworldwideset of 5'x5' free-air gravity anomalies, which
iscomposed of measured and predicted gravity anomalies.
Measured data are available in Europe and some other
smaller continental areas and mainly over the oceans
derived from satellite altimetry (75%). For most of the
other areas 5'x5' anomalies are predicted fromthe NIMA
30x30' mean gravity data set. Because the long
wavel engthsarebadly resolved by numerical quadrature,
for thefinal modelsall coefficientsupto degreeand order
20 weretaken from the EGM 96 gravity field solution. In
contrast to the least squares approach in this case not
normal equations, but coefficientsfrom different solutions

are combined. Dueto the high resolution of the spherical

harmonic series, comparisonsto point geoid or gravity data
perform very good, while orbital fits show a degradation
of quality for the longer wavelengths.

To interpret the observed gravity data with respect to
mantle dynamics and structures, the lithosphere-induced
anomalousgravitational potential, whichisgenerated by
topographic surface loads and its isostatically
compensating masses has to be removed. KABAN et al.
(1999) used empirica admittancesbetweenthepreliminary
i sostatically reduced gravity dataand topographic heights
for 9 major tectonic blocks of the Earth to estimate the
effective depth of the remaining compensating masses.
Resultsof thisglobal isostatic gravity field solution show
that compensation depths are varying between 20 and 50
km (Africa, North America). Thisdemonstrates, that real
i sostatic compensation differ significantly to modelslike
Airy, Prétt or Vening-Meinesz.

Future prospects

Current and futurework inthefield of global gravity field
modellingin Germany heavily isdriven by the upcoming
CHAMPsmall-satellitemission (REIGBER et al., 1996 and
1999). Withthismission, whichwill provideaquasi global
consistent dataset of high-low satellite-to-satel litetracking
data and direct measurements of the non-gravitationa
forces from an on-board accelerometer system over 5
years, morethan oneorder of magnitudeimprovement for
the long-wavelength geoid components is expected. In
additionfor thefirst timethevery long-wavelength gravity
field variations can be measured from space. At GFZ an
operational processing system for gravity field
determination with CHAMP datais under development
and will be ready at launch date end of 1999 / begin of
2000. Basisfor the CHAMP gravity field models are the
GRIMS5 satellite-only and the combined models. In the
frame of CHAMP also a number of projects have been
initiated at German universities, which are investigating
alternativeapproachesfor gravity field analysisfrom high-
low satellite-to-satellite tracking data, new
parametrizations of the gravity field and methods for
gravity field validation.

For theU.S./German gravity field mission GRACE during
the next years, together with NASA / JPL and University
of Texas/ Center for Space Research, GFZ will design
and implement the science data system for operational
processing of gravity fields up to medium resolutions
(degree 150). The mission consists of two identical
satellites, which measure the inter-satellite distance
changes caused by gravitational field variations with
extremeaccuracy, and which measurethenon-gravitational
forces with on-board accelerometers. Together with the
on-board GPSreceiver thissatel lite constel lation provides
continuous high-low and low-low satellite-to-satellite
tracking data. Further improvements of 1-2 orders of
magnitude with respect to the CHAMP solutions are
expected, what means, that gravity variations can be
measured even for wavel engthsup to 1000 km (degree40).
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The satellites will be launched in mid 2001.
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Regional and local gravity field modelling

H. DENKER

Summary

The present report describes German contributionsto regional
and local gravity fieldmodellinginthe period 1995-1999. The
first section on theory and modelling includes studies of
boundary value problems, aternative modelling techniques
based on point masses and wavelets, the theory of height
systems and prospects of new satellite gravity field missions.
The efficient evaluation of surface integralsis discussed in
section two on numerical techniques. Theroleof digital terrain
models and the efficient computation of terrain effects is
described in section 3. Thelast section coversdifferent projects
and practical resultsincluding the European geoid computation
and various regional and local geoid and gravity studies.

1. Theory and modelling

Boundary value problemsplay an essential roleingravity
field modelling and are studied in several publications.
GRAFAREND and KELLER (1995) discussdifferent boundary
value problems and derive the boundary observation
functionals in gravity as well asin geometry space. In
GRAFAREND and KRUMM (1996) the Stokesand V ening-
Meinesz functionals are developed in a moving tangent
space. A solution of the Stokes boundary value problem
on an ellipsoid of revolution is provided in Martinec and
GRAFAREND (1997a). Thecondition for auniquesolution
is discussed, and the ellipsoidal Stokes function is
expressed using a series development on the basis of the
first eccentricity of theellipsoid. A corresponding approach
is applied to the Dirichlet boundary value problem in
Martinec and GRAFAREND (1997h). Theupward-downward
continuation of harmonic functions is investigated in
GRAFAREND and KRUMM (1998) using the Abel-Poisson
integral. Emphasis is put on the study of the errors
introduced by planar approximations. The upward
continuation is also studied by EISSFELLER (1996) using
Markov type anomalous gravity potential models. A
covariance model is provided and analytically and
numerically investigated in view of an application to
Kaman filtering. NEUMAYER (1998) investigates the
shaping-filter modelling technique for the upward
conti nuation problem, attempting to bridgethe gap between
classical harmonic upward continuation and Kalman
filtering. The mixed atimetry-gravimetry problem for
geoid determination is investigated in LEHMANN (1999)
regarding the choice-of-norm problem and linearization
errorsinherent in standard procedures. LEHMANN (1995)
investigates the approximation of the gravity field using
point massesinfreedepthsand | east squaresoptimization
to find the magnitudes and the depths of the masses.
Theoretical and numerical propertiesof thealgorithmare
studied. RUMMEL (1997) and RUMMEL and VAN GELDEREN

(1995) discuss the spherical spectral properties of the
Earth's gravitational potential and its first and second
derivativesbased ontheMeisd scheme. Anefficient global
spherical harmonic computation by 2D FFT methodsis
studied in SNEEUW and BUN (1996).

Much progress was also made in the use of waveletsin
physical geodesy. Asthistopicis mainly related to IAG
section |V, wemention hereonly someoverview publica-
tions (see e.g. Cul 1995, FREEDEN 1999, FREEDEN et al.
1998a, FREEDEN et al. 1999a, FREEDEN et al. 1995,
FREEDEN and SCHNEIDER 1998a,b, FREEDEN and WIND-
HEUSER 1997, SCHNEIDER 1997, SCHREINER 1996, WIND-
HEUSER 1995a,b). Further details can befoundin BAYER
et a. (1998a,b), BRAND et al. (1996), FREEDEN et al.
(1998b,c), FREEDEN et a. (1999b), FREEDEN and
SCHNEIDER (1998c), FREEDEN et al. (1997), FREEDEN and
WINDHEUSER (1995), and SCHNEIDER (1996).

The theory of height systems is discussed in severa
publications, especially with regard to the combination
with GPSellipsoidal heights. Height systemsand reference
surfacesaswell asthe holonomity problem are discussed
in GRAFAREND et al. (1995). Details about the official
German height system (so-called NN system) and the
transformation into other height systems are given in
GRAFAREND et al. (1996a), LELGEMANN and PETROVIC
(1997), and GROTE et al. (1995). Thecurvatureandtorsion
of the plumbline are derived in GRAFAREND (1997), and
conclusions are drawn with regard to the combination of
gravity field related heightswith GPS ellipsoidal heights.
Thegravity potential W, iscomputedin GRAFAREND and
ARDALAN (1997) on the basis of 25 Finnish GPS and
levelling (orthometric heights in Finnish Height Datum
N60, epoch 1993.4) points. The Unification of different
height systemsin Indonesiaisstudied by KHAFID (1998).

At present, long wavelength errors of the existing global
geopotential models are one of the major limitations for
preciseregional gravity field modelling, especially geoid/
quasigeoid modelling. Probably this situation can be
improved only by future dedicated satellite gravity field
missions, suchasCHAMP, GRACE, GOCE, etc. A study
inthisdirectionisgivenin LELGEMANN and Cul (1999)
considering satellite-to-satellite-tracking data from
CHAMP and GRACE. Furthermore, the future missions
CHAMP, GRACE, GOCE and STEP are studied in
BALMINO et a. (1998), MULLER et al. (1997), SNEEUW
et al. (1996) and SNEeuw and ILK (1997). All these
mission havethe polar gap problem (becausethey fly not
directly over thepoles), whichisdiscussedin SNEEUW and
VAN GELDEREN (1997). Moreover, the geodetic-
geophysicd contribution of futuresatellitegravity missions
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isdiscussed in THALHAMMER et a. (1996).

2. Numerical techniques

An overview on the solution of boundary value problems
with modern parallel computers is given in LEHMANN
(1997b). Detailed investigations on thefast spacedomain
evaluation of geodetic surface integrals can be found in
LEHMANN (1997c). The calculation of strongly singular
and hypersingular surfaceintegralsisstudiedinKleesand
LEHMANN (1998). Boundary element methodsin physical
geodesy are investigated in LEHMANN (19974). In this
study emphasis is put on modern numerical cubature
methods and the implementation on parallel computers.
An extension of the boundary element technique through
incorporation of a global reference field is described in
LEHMANN and KLEES (1999).

3. Theroleof digital terrain models

Digital terrain models are important to model the short
wavelength components of the gravity field and to avoid
aliasing effects. ENGELS et al. (1996) derive global topo-
graphic-isostatic geoid models and compare them with
observed models. Conclusions are drawn regarding the
isostasy hypothesis and density functions. The constant
crustal density model is considered as unrealistic. The
gravitational potential of a deformable massive body
generated by tidal and load potentials is studied in
GRAFAREND &t a. (1996b) with numerical testsbeing done
with the Molodensky Earth model and the PREM mass
density model. Further details on the spacetime
gravitational field of a deformable body are given in
GRAFAREND €t al. (1997).

Efficient formulasfor the computation of thegravitational
potential anditsfirst and second derivativesare presented
by PETROVIC (1996). Theformulasare obtained by trans-
forming the basic volume integral into lineintegrals. An
important property of the solution isthat all gravity field
guantities can be represented by only two different line
integral s, leading to an efficient programming. Improved
proceduresfor thecomputation of terrain correctionsbased
oninclined prismtopsareinvestigatedin TSouLIS(1998a
and 1998b).

Theapproximation of thegravity fieldinthecentral Andes
region isinvestigated by SCHILDE (1997) with emphasis
ontheuseof topographic data. Theremove-restore proce-
dure is applied and corrections to a global model are
derived, showing a high local variability due the rough
terrain. A method for the determination of the total mass
and the center of gravity of a disturbing mass body is
describedin KRoOKOwsKI (1997). Themethod isbased on
aspherical harmonic expansionandistested with synthetic
and real data. The method is extended in KROKOWSKI
(1999) to provide a so someinformation onthe extension
of the disturbing mass body using least squares.

4. Projectsand results

High resolution gravity anomalies are computed from
satellite altimeter data at GFZ/D-PAF. For this purpose
theorbitsand some of thedatacorrectionsarerecomputed
using state-of -the-art model s. Severa global computations
are available with a grid spacing of 3' x 3' using ERS-1
geodetic mission data (RENTSCH et a 1997a,b,c). The
altimeter dataaretransformedto deflectionsof thevertical,
and after gridding of these datathe gravity anomaliesare
computed by FFT. Quality tests are performed using
shipborne gravity data and altimetric gravity data grids
from other researchers. The incorporation of Geosat
geodetic mission data in these computations is first
investigated intest areasal ong theMid-Atlantic Ridgeand
the Azores (RENTSCH et al. 1998) and finally performed
onaglobal basisusinga2'x 2' grid (RENTSCH et al. 1999).
Theseparation of thegeoid and stationary seasurfacetopo-
graphy isstudied intheWestern Mediterranean Sea(Y ONG
WANG et al. 1998). Gravity data are used to compute a
gravimetric geoid that is then compared with satellite
altimeter datato derivethe seasurfacetopography. Similar
studies regarding the computation of the sea surface
topography are done for the Baltic Sea (LIEBSCH et al.
1995) and for Western Europe (DODSON et a. 1995).

Thelngtitut fur Erdmessung (IfE), University of Hannover,
continued thecomputati on of animproved highresolution
geoid/quasigeoid model for Europe. IfE is acting as the
computing center in this project on request of the IAG
Geoid Subcommission for Europe. Since the previous
IUGG General Assembly in Boulder (1995), where the
solution EGG95 (European Gravimetric Geoid 95) was
presented (DENKER et a. 1995b,c), status reports were
given at international symposiumsin Tokyo (DENKER et
al. 1997), Brussel (TORGE 1996), Riode Janeiro (DENKER
and TORGE 1998), Maracaibo (TORGE and DENKER 1999a)
and Budapest (TORGE and DENKER 1998a). Since 1995
significant amounts of new gravity and terrain datacould
be obtained including data for all countries in Eastern
Europe. In the course of the project, about 2.7 million
gravity dataand 700 million terrain dataare included in
the data base. The gravity dataspacing isnow at least 10
kmfor all Europeanland areas, whilesignificant datagaps
till exist inthe marine gravity data. However, these gaps
could befilled with altimeter derived gravity anomalies,
leading to amore or less homogeneous data coverage for
the entire computation area. Special emphasiswas put on
the processing of the marine gravity data and the
combination with satellite altimeter data. This work is
documented in the dissertation thesis of BEHREND (1999)
and BEHREND et al. 1995 and 1996. Themodelling strategy
isbased ontheremove-restoretechnique. Terrain dataare
considered using the residual terrain model (RTM)
procedure. Thelong wavel ength gravity field components
are taken from available globa models (OSU91A,
OSU91A_JGM 3, EGM96). Thecombination of thegravity
data and the global model is performed using the least
squares spectral combination technique with integra
formulas evaluated by 1D FFT (DENKER et al. 19953,
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DENKER 1996). The geoid/quasigeoid models are
calculated in a1.0' x 1.5' grid covering the area 25°N -
77°N and 35°W - 67.4°E. Thisyields 3,120 x 4,096 =
12,779,520 grid points. Thefinal model computed in the
projectisnamed EGG97 and isbased on the global model
EGM96 (DENKER and TORGE 1998). The EGG97 geoid
and quasigeoid model are available on a CD-ROM as
announcedintheJournal of Geodesy (1997). Theinterna
error estimates for height anomaly differences are +3.9
cm over 100 km and 7.6 cm over 1000 km distance,
respectively (std.dev. of gravity data+1 mgal, see e.g.
DENKER 1998 and TORGE and DENKER 1999b). The
EGG97 quasigeoid model is evaluated by a number of
GPS/levelling datasets. Wemention heretheresultsfrom
the French GPS/levelling data set of 965 control points,
leadingtoaRM Sdifferenceof £0.13mfor thebiasfitand
+0.08 m for the bias and tilt fit. The residuals show
medium to long wavelength (100 km and larger) features
of afew cm/100 km and a few dm/1000 km. Such long
to mediumwavel ength discrepanciesbetween EGG97 and
GPS/levelling data are also found in other comparisons
(e.g. DENKER 1995, 1996, TORGE and DENKER 1999b),
and they aremost probably dueto long wavelength errors
of theglobal modelsandtheterrestrial gravity data. These
long wavelength errors can be modelled by atrend and a
signal component using least squares collocation with an
appropriate covariance function. For the French data set
anempirical covariancefunctionwascomputed, showing
avariance of (0.08 m)? and acorrelation length of 80 km
(DENKER 1998). The signal and the trend component are
finally added to form a corrector surface to the EGG97
model. After consideration of this corrector surface, the
residualsinindependent control pointsarein the order of
+0.01t00.02m (DENKER 1998). Thisprovestheefficiency
of the procedure in removing long wavelength errors of
the EGG97 model. Further evaluations of the EGG97
model in Germany show that over shorter distancessimple
fitting procedures (biasandtilt fit) are sufficient to obtain
accuracies of £0.01 ... 0.03 m over afew 100 km, while
over afew 10kmaccuraciesof +0.01 marefound (TORGE
and DENKER 1999b). Further methodological and
numerical investigations at IfE are concerning the
Molodensky correction terms, being neglected so far in
the computations. I n theseinvestigations emphasisis put
on the use of different terrain reduction techniques. The
resultsshow animproved seriesconvergencefor theterrain
reduced gravity data. M aximum effectsof the Mol odensky
seriestermsare 10 cminmountainousareas (Al ps, Rocky
Mountains) and 1 cmfor highland areas(Harz) whenusing
terrain reductions (DENKER and TziAvos 1999). In
addition, local studies of the EGG97 solution were done
at IfE in the North Sea region (TORGE et al. 1995,
BEHREND et a. 1996), where GPS and the EGG97 model
are used to transfer normal heights from the mainland to
theidand of Helgoland (SEEBER and TORGE 1997, SEEBER
etal. 1997, TORGE 1997, GOLDAN et a. 1995a,b). Finally,
IfE was a'so engaged in the evaluation of the EGM96
model and its predecessors (DENKER 1997).

The combination of gravity data, a global geopotential

model and GPS/levelling data was investigated at the
Bundesamt fiir Kartographieund Geodasie (BK G), Frank-
furt, using point mass modelling. In this procedure, the
point gravity dataare merged to mean valueswith ablock
sizeof 5km (flat areas) and 2 km (low mountain ranges).
The point masses are arranged at depths of 10 km and 30
km aswell asat 5 km in low mountain ranges. The point
masses are computed in aleast squares adjustment from
the gravity and GPS/levelling data. Results are available
for East Germany. Theresidualsfrom the adjustment are
at the level of 1-2 cm for the GPS/levelling quasigeoid
heights. The accuracy of the final quasigeoid model is
stated as+1-2 cmover 100 kmdistance (IHDE et al. 1998).
For further detailsseea so IHDE (1995, 1996, 1997, 1998),
SOMMERet al. (1996) and SEEGER et al. (1997). TheBKG
is also engaged in the EUVN European GPS/levelling
project, which will be very useful for future continental
geoid/quasigeoid calculations. Furthermore, BKG and IfE
have started a cooperation on the computation of a new
combined (gravity and GPS/levelling data) German
guasigeoid model.

A high resolution geoid model for Germany was aso
computed at the Institut fur Physikalische Geodésie, TU
Darmstadt (BELIKOV and GROTEN 1995, GROTEN et al.
1998) using agloba model (OSU91A resp. EGM96) and
about 150,000 gravity data. In the computation process
atailored global model iscomputed and the high frequency
part of the geoidisthen derived using the pseudo harmonic
regiona analysis(PHRA) technique. Theeva uation of the
such derived models is detailed in GROTEN (1996).

A local high precision gravity field model for the area of
Berlinispresentedin WzIONTEK and LELGEMANN (1997a
and 1997b). Thecomputationisbased on point masseswith
agrid spacing of about 2.4 km. Furthermore, alongwave-
length corrector surfaceisderived from GPS/levelling data
with residuals in the order of +0.01 m. The accuracy of
the model is stated as+0.005 m for the height anomalies,
while the gravity disturbance vector could be computed
with an accuracy of £0.5 mgal. A transformation of the
model to different reference systems is discussed in
STUBENVOLL et al. (1997) aswell asin WzIONTEK and
LELGEMANN (1999).

KORTH (1998) and KORTH et al. (1998) present a geoid
computation for parts of Antarctica considering gravity
and icethicknessdatain combinationwithagloba model.
The mathematical modelling is based on point masses.
Another geoid determination for Antarcticais described
in STEFANI et al. (1995). Furthermore, ageoid computation
for Hungary is discussed in ADAM et al. (1995).

In 1995 aconsortium of 5 European institutionsinitiated
the AGMASCO (Airborne Geoid MApping System for
Coastal Oceanography) project supported by the EU
Commission. Theprojectiscoordinated by GeoForschungs
Zentrum (GFZ) Potsdam, the main objective being the
development of an airborne gravimetry/altimetry system
to determine the marine geoid in coastal and shelf areas
(TIMMEN et al. 1998aand 1998b, FORSBERG et al. 1999).
Theaeroplanebased systemisoperationa whichisdemon-
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strated inseveral projects(Skagerrak, Fram Strait, Azores).
Resultsin the Skagerrak area show agravity accuracy of
20 ums? and aspatial resol ution of 6to 7 km. Geoid com-
putations based on these data are presented in KEARSLEY
et al. (1998) and FORSBERG et al. (1999). Final results of
the AGMASCO project will aso be available on the
internet (http://agmasco.gfz-potsdam.de).

Aninteresting devel opment inthemodelling of thegravity
field isthe computation of ultrahigh degree geopotential
models. At present models up to degree and order 1800
areavailableusing 5'x 5'andlower resolution gravity data
(WENZEL 1998a,b, 1999a,b,c). Thecomputationsarebased
on integral formulas. The evaluation of the models by
GPS/levelling datashowsRM Sdiscrepanciesof somecm
for the ultra high degree model s as compared to somedm
for the models OSU91A and EGM 96 (max. degree 360).
Furthermore, aregional geopotential model to degreeand
order 720isdevel opedfor the Mediterranean Seain’Y ang
Lu et al. (1999).

A new Bouguer gravity map for the southern part of
Germany is derived at Niedersichsisches Landesamt fur
Bodenforschung (NLfB, PLAUMANN 1995b). An absolute
gravity map for entire Germany is given in PLAUMANN
(1998). In addition, a Czech-German gravity map is
compiled, coveringtheareaof northern Bavaria, southern
Saxonia and the western part of the Czech Republic
(PLAUMANN 19968a). Thetransformation of older gravity
observationsfrom 1934-1945 (Geophysikali sche Rei chsauf-
nahme) tothe | GSN systemisinvestigated in PLAUMANN
(1995g) for East Germany. Local gravity investigations
and interpretations are undertaken at NLfB in order to
study theHalle Fault (PLAUMANN 1996b), thetop of Malm
in Bavaria (GABRIEL and RAPPSILBER 1999), atertiary
Maar in the vicinity of Baruth in Saxony (PLAUMANN
1996¢) and asalt structure near Salzwedel (GABRIEL and
RAPPSILBER 1999). A structural interpretation of gravity
anomalies within the frame of the KTB project is given
in CASTEN et al. (1997).
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Physical aspects of modeling in geodesy
— Overview and highlights—

B. HECK

In the present structure of the IAG, section IV covers
general aspects of geodetic theory and methodology. As
suchitisstrongly related tothemathematical and physical
foundation of Geodesy. Inthisrespect, agreat deal of work
hasbeen performed in the framework of the sub-structure
of section IV, consisting of the Special Commission SCI
and the Specia Study Groups, devoted to the following
subjects:

SCl: Mathematical and Physical Foundations of
Geodesy (President: E. GRAFAREND,
Germany)

SSG 4.169: Wavelets in Geodesy (Chairman: B.
BENCIOLINI, Italy)

SSG4.170: Integrated InverseGravity Modelling (Chair-
man: L. BALLANI, Germany)

SSG 4.171: Dynamic Isostasy (Chairman: L. SIOBERG,
Sweden)

SSG4.176: Temporal changesof thegravityfield (Chair-
man: D. WOLF, Germany)

The results of the scientific work have been published in
international journals such as Journal of Geodesy, Geo-
physical Journal International, and Journal of Geophysical
Research, aswell asin national journals and Publication
series, e.g. ZfV (Zeitschrift fur Vermessungswesen), AVN
(AllgemeineV ermessungs-Nachrichten) and the seriesof
the publications of the German Geodetic Commission.
Much of thework has al so been presentedininternational
symposia and national meetings. For IAG section IV the
IAG Scientific Assembly which took place on Sept. 3-9,
1997 inRiodeJaneiro/Brazil had an eminentimportance;
traditionally the Hotine-Marussi Symposia on
Mathematical Geodesy play adominant roleinthelife of
Section 1V, as could be realized in the past meeting in
Trento, Sept, 14-17, 1998. A new series of nationa
meetingsin Germany havebeeninitiated, highlighting also
the subjects investigated in Section 1V bodies: The
Geodetic Week (Geodéatische Woche), addressing in
particular to young researchers in Geodesy, has been
organized at the University of Stuttgart in 1996, at the
Technical University of Berlin in 1997 and at the
University of Kaiserslautern in 1998.

Furthermore, acoupleof International | AG schoolsshould
be mentioned, covering important topics of Section 1V
International Summer School of Theoretical Geodesy on
Geodetic Boundary Value Problems in View of the One
Centimeter Geoid in Como/Italy, May 26 —June 7, 1996,
International School on Data Analysis and Statistical

Foundation of Geomaticsin Chania/Greece, May 25— 30,
1998 and | AG School on Waveletsin the Geosciencesin
Delft/The Netherlands, Oct. 4 — 9, 1998.

Geodetictheory and methodol ogy isreflectedinanumber
of textbooks published in the past 4-years period by
Germanauthors: In1998 S. HEITZ and S: StOCKER-MEIER
published the 3" edition of Grundlagen der Physikalischen
Geodasi e (Foundation of Physical Geodesy), whilein 1997
K_.R. KOCH presented the 3" edition of Parameter schétzung
und Hypothesentestsin linearen Model len (Estimation of
Parametersand Hypothesis Testsin Linear Models). The
basic geodetic computation procedures and evaluation
modelsusedin classical horizontal and vertical aswell as
inthree-dimensional networkshavebeen presentedinthe
2" edition of B. HECK's text book Rechenverfahren und
Auswertemodelle der Landesvermessung (1995). M.
SCHNEIDER completed his textbook series on Celestia
Mechanics, consisting of four volumes(Val. [11 1997, Val.
IV 1998) and covering the subject in its full width and
depth, from general system models to the specific
modelling applied in Satellite Geodesy.

The following contributions on Physical Aspects of
Modelling in Geodesy, Mathematical Aspects of
Modelling, and Theory of DataEvaluation providedetails
onthework related to |AG Section IV which was carried
outintheFederal Republic of Germany from 1995t0 1999.

The physical aspects of modelling in Geodesy cover the
basi ¢ theories of Physics (Newtonian mechanics, special
and general theory of relativity, quantum theory) which
are applied in some way in any modelling in Geodesy.
Strong advances in the past four-year period can be
recognized in the fields of modelling the propagation of
electromagneticwavesinrefractivemedia, stimulated by
the use of GPS observations, and modelling the orbits of
low flying satellites. On the background of IERSand IGS
thetheory of referenceframeshasbeen further devel oped.
Another challengeisthemodelling of thetime-dependent
gravity field of theearth, induced e.g. by dynamicisostasy.
With respect to the structure of IAG Section |V reference
is provided to sub-commissions 4 and 5 of Special
Commission 1 and to Special Study Groups. 4.171 and
4.176.

Themathematical part of geodetic modelsisrelatedtothe
use of numerical and approximation methods as well as
to the application of advanced mathematical tools such
as wavelets, integral transforms and boundary element
methods. Special emphasis has been put in the solution
of inverseand improperly posed problems, in Mathematical
Geodesy and Cartography and in the theoretica
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background and numerical solution of geodetic boundary
valueproblems. Mathematical aspectsof modelling have
been intensively studied by sub-commissions 2,3 and 4
of Special Commission 1 aswell as by the Special Study
Groups 4.169 and 4.170.

Geodetic data cannot be completely modelled in a
determini stic sense, therefore stochasti c componentscome
into play, involving statisticsand adjustment theory aswel|

as random fields in the case of continuous variables,
stetistical inference, including Bayesian inference, and
deterministic and stochastic signal analysis can be used
asfurther toolsfor processing geodetic observations. The
subject of data evaluation includes reliability aspects of
GIS, too. These topics have been addressed to by the
subcommisison 1 of Special Commission 1.
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Physical aspects of modeling in geodesy

E. GRAFAREND

Physical Aspects of geodetic modeling were of focal
interestto F. BARTHELMES, H. GREINER-MAI and H. JOCH-
MANN (1998), when they predicted gravity changesonthe
surface of the Earth due to inner core precession. In
contrast, S. BETH et al. (1997) studied wavelet methods
in edge detections and refraction. A special contribution
of the,, Bundesamt fir Kartographieund Geodasie* (1998)
had Earth rotation as a central topic to which we refer.
K. BORGER (1998) aimed at a geocentric modeling of
relativistic very long baseline interferometry. B.
EISSFELLER (19973, 1997b, 1997¢) devel oped adynamical
error model for GPSautocorrel ation receiversand applied
it in urban areas. E. GRAFAREND (1995) solved the
spherical Stokes boundary value problem in a moving
tangent space, namely to estimatetheerrorsintheso-called
» Flat Earth Approximation“. Similarly in E. GRAFAREND
and F. KRUMM (1996) theflat Earth approximation errors
were analyzed within the Stokes and Vening-Meinesz
integrals. A review contribution on orthometric heights,
namely on the field lines of gravity, their curvature and
torsion, the Lagrange and Hamilton equations of the
plumbline, was presented by E. GRAFAREND (1997b). W,
an estimate for the regional gauge vaue of the
equipotential surface, thegeoid, closeto Mean Seal evel,
derived from twenty-five GPS points of the Baltic Sea
Level Project, epoch 1993.4, Finnish Height Datum N60,
was derived by E. GRAFAREND and A. ARDALAN (1970).
The physical interpretation of the geoid was reviewed by
E. GRAFAREND et al. (1996). The gravitational field of
topogr aphic-isostatic masses and the hypothesis of mass
condensation has been analyzed by E. GRAFAREND, J.
ENGELS and P. SORCIK (1995, 1996). The gravitational
potential of adeformablemassivebody generated by tidal
and load potentials has been studied in all detail by E.
GRAFAREND, J. ENGELS and P. VARGA (1996, 1997). A
detailed physical set-up of observational equations in
gravity spaceaswell asin geometry spacehasbeenworked
out by E. GRAFAREND and W. KELLER (1995). In order
todetect theerrorsintheso-called,, Flat Earth Approxima-
tion*, E. GRAFAREND and F. KRUMM (1998) analyzed the
Abel-Poisson kernel/integral in amoving tangent space.
Due to the standard of The International Reference
Ellipsoid (eg. WGS84), E. GRAFAREND and Z. MARTINEC
(19974, b) solved the external Stokes boundary-value
problem aswell asthe external Dirichlet boundary-value
problem on an ellipsoid of revolution. E. GRAFAREND and
J. SHAN (1997) model ed estimable quantitiesin projective
networkslikethosein photogrammetry or CCD imagery.
A review of projective heights, both in geometry and in
gravity space, has been set up by E. GRAFAREND, R.
Svrrusand R.J. You (1995). Thedistribution of lunisolar
tidal elastic stresswithin the mantle was estimated by E.

GRAFAREND and P. VARGA (1996). T. GRUBER, C.
REIGBER and J. WUNSCH (1999) estimated the ocean mass
redistribution by means of altimetry and circulation
models. J. HAMMESFAHR et al. (1999) studied the usage
of two-directional link techniquesin satellitegeodesy. T.
HARTMANN et al. (1992) analyzed the propagation of
electromagnetic signals in gravitational fields and in a
refractive, dispersivemedium, namely appliedto satellite
measurement techniques. B. HECK (1995) developed
conceptsfor terrestrial and celestial reference frames. G.
HEIN et a. (1997) developed new concepts for orbit
determination of geosynchronoussatel litesof aEuropean
satellite navigation system. S.HEITZ (1997) reviewed the
basis of very long baseline interferometry. As a third
edition, a proof of success, S. HEITz and E. STOCKER-
MEIER (1998) published their book on ,, Foundation of
Physical Geodesy" . Inafirst study H. JOCHMANN (19994)
analyzed theinfluence of continental water storageonthe
annual wobble of polar motion from an inverse problem.
In H. JOCHMANN (1999b) as a second study inverse
problemsof typetemporal variation of Earth rotation and
gravity field identification were reviewed. P. JOHNSTON
et a. (1999) studied material versus isobaric interna
boundariesin the Earth and their influence on postglacial
rebound. M. KABAN et a. (1999) presented anew global
isostatic gravity model of the Earth. Deglacia land
emergence and lateral upper-mantle heterogeneity inthe
Svalbard Archipelago were documented by G. KAUFMANN
and D. WOLF (1996). The effect of lateral viscosity
variations on postglacial rebound has been proven by G.
KAUFMANN and D. WOLF (1999). A similar effect on
postglacial land uplift closeto continental marginscould
be shown by G. KAUFMANN et al. (1997). V. KLEMANN
et al. (1998) modeled stressesin the Fennoscandian litho-
sphereinduced by Pleistoceneglaciations(1998). Thesame
research team, namely V. KLEMANN et al. (1998)
succeeded in showing theimplicationsof aductilecrustal
layer on glacial-isostatic adjustment. V. KLEMANN et al.
(1999) analyzed the deformations of the Fennoscandian
ice sheet. In aseriesof papers S. KLIONEER (1998) and S.
KLIONEER and M. SOFFEL (1998, 1999) studied the role
of relativity on (i) the rotational motion of an extended
body liketheEarth, (ii) geodetic VLBI, and(iii) precession
and nutation. J. MULLER et al. (1995) tested Einstein’s
theory of gravity by lunar laser ranging. M. RABAH (1998)
enhanced kinematic GPS-ambiguity resolution using a
regional ionospheric model. C. REIGBER (1998) reviewed
temporal gravity field variationsfrom oceanic, atmospheric
and inner core mass redistributions and their sensitivity
to new gravity mission Champ and Grace. H. RUDER et
al. (1997) referred to the curved geodesic with respect to
Very Long Baseline Interferometry, G. RUMPKER et al.
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(1996) succeededinviscoel astic rel axation of Burgershal f
space, namely for the analysis of Fennoscandian uplift.
M. SCHNEIDER (1997, 1998) completed his excellent
textbooks|-1V on Celestial Mechanics. InM. SCHNEIDER
et a. (1997) the precise surveying of the Moon has been
reviewed. M. SCHRAMM (1997) reviewed Newton's his-
torical textbook ,Philosphiae naturalis principia
mathematica’. H. SEEGER et al. (1997) highlighted the
scientific targets of the Fundamental station Wettzell. We
already mentioned the successful work of theresearchteam
M. SoFFeL and S. KLIONEER (1997, 19983, b, ¢, d, 1999)
in (i) relativistic celestial mechanics, (ii) the Nordtvedt
effect in rotationa motion, (iii) relativistic space
astronomy, (iv) nonrotating astronomical relativistic
reference frames, (v) the relativistic transfer function in
relativistic nutation of anon-rigid Earth and (vi) the post-
Newtonian description of rotational motion of astronomical
bodies. M. THOMA and B. WOLF (1998, 1999) modeled
simultaneously land uplift and secular gravity changein
Fennoscandia and determined the mantle viscosity from
those observations of land uplift and gravity in this area.
K. WIECZERKOWSKI et al. (1998) revised the relaxation-
time spectrum for Fennoscandia. J.O. WINKEL et al.
(19984, b) simulated a generic GNSS receiver in virtual
environment. D. WOLF (1998) reviewed load-induced
viscoelastic relaxation. In contrast D. WoLF and G.
KAUFMANN (1998) studied the effects of compressional
and compositional density stratification on load-induced
Maxwell-viscoelastic perturbations. Finally, J. ZSCHAU
(1997) reviewed Earthquake prediction with Seismolap,
satellite geodesy and very-long-basis-interferometry at
Wettzell.
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M athematical aspects of modeling

K.H.ILK

Abstract

Geodetic modelingincludesthe establishment of mathematical
and physical models which describe the static and time
dependent partsof thesurfaceand thegravity field of theearth.
Thisreport summarizesthe activitieswithin theyears 1995 to
1999 to devel op mathematical tool sand proceduresto compute
parameters of those models. The various contributionswithin
this period are divided into the following sub-topics:

— numerical and approximation methods,

— advanced mathematical tools,

— inverse and improperly posed problems,

— mathematical geodesy and cartography,

— geodetic boundary value problems,

— modeling the deformable earth.

Numerical and approximation methods

The preferred technique in geodesy to model the global
gravity field is still based on solid spherical harmonics.
Oneof thereasonsisthefact that spherical harmonicsare
especially useful in the various techniques of classica
dynamical satellite geodesy (see e.g. FREEDEN et al.
(1995)). Despite the advantages of a spherical harmonic
expansion, from atheoretical and numerical point of view,
they show al so somedisadvantages. Itisawell-knownfact
that the surface spherical harmonics build an orthogonal
system of basefunctionsonthesphere. Thissimplifiesthe
expansion of afunction given on asphere. In general, the
data distribution is discrete and irregularly distributed
which, in general, disturbsthe orthogonality relations. In
case of alarge number of unknowns spherical harmonic
analysis becomes badly conditioned and, furthermore, is
rather time consuming even by using largecomputers. An
aternative to spherical harmonics was proposed by
STRAKHOV and presented in SCHAFER et al. (19983,
1998b). Thisso-called SNAP method allowsthederivation
of high-resolution gravitational modelsusing irregularly
distributed discrete datanot restricted to the surface of the
sphere. Applicationsto thegravity field of the earth show
the potentials of this method.

Surface spherical harmonicsarebasefunctionswith global
support. They show localization in frequency domain but
notinspacedomain. Theoretically, any changeof asingle
discretefunction valuewill changethe compl ete spectrum.
This is unfavourable in those cases where the discrete
function valuesthemselves, their accuracy and distribution,
undergoes a continuous change in regional parts. An
aternativeisthe use of wavelets. A remarkable property
isthefact that they balancelocalization in space domain
and frequency domain. The trade-off between “space
localization” on the sphere and “frequency localization”

intermsof spherical harmonicsisdescribed inform of an
“uncertainty principle’. Thisaspectisdevel oped fromthe
point of view of physical geodesy in FREEDEN (1998).
Despite of the fact that wavelets seem to be aproper tool
for the representation of regional features of the gravity
field, the spherical harmonicsstill haveajustification for
the long wavelength part of the gravity field. Thisisthe
reason that a combination of spherical harmonics and a
wavelet expansion will represent the future concept in
earth’s gravitational determination as discussed in
FREEDEN and WINDHEUSER (1997). FREEDEN and
SCHREINER (1995) investigate various non-orthogonal
expansionsonthesphere. Threeclassesof examples, Abel-
Poisson frames, Gauss-Weierstral3 frames and frames
consisting of locally supported kernel functions, are
studied. Thistopic together with examples related to the
approximation of digital terrain modelsisinvestigated in
BRAND et al. (1996). Thetechniquesarein closerelation
towavelet approximation. Further publicationsrelated to
the application of wavelets to various geodetic
approximation and analysis problems are summarized in
thesection” Advanced Mathematical Tools’ of thisreport.

Theapproximation of geophysical and geodeticfield func-
tionsfromirregularly distributed datain spaceispossible
alsowith spherical splinefunctions. A survey onspherical
splineapproximationispresented in FREEDEN adl . (1997).
In SCHREINER (1997) locally supported kernels for
spherical splineinterpolation arestudied in detail. A new
condition for strictly positive definite functions on the
sphere is presented in SCHREINER and a hierarchical
spherical splineinterpolation method and its application
toagiven set of air pressuredataistreated in SCHNEIDER
(1995). The elastic response of the surface of the earth
caused by surface pressure as the water load of an ocean
or an artificial lakeismodeled by using Navier splinesin
FREEDEN et al. (1996). An application of splinesto the
analysis of forest relevant climate data is presented in
FREEDEN et al. (1998).

Besides the use of wavelets for regional representations
of gravity functionals, especially for the regional geoid,
alternative approaches have been applied as well. The
representation of the high-frequent part of the disturbing
potential by pseudo harmonic regional analysis (PHRA)
is applied to the representation of the geoid in Germany
on the basis of the Earth Gravity Model 1996 (EGM 96)
by GROTEN et al. (1998). The separation of geoid and
stationary sea surface topography and the determination
of mean sealevel in the Western Mediterranean Sea by
local harmonic functions is performed in WANG et al.
(1998).
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The(graphical) representation of field functionsby contour
lines is still very important despite of the fact that
nowadays (geophysical) fieldsareusually represented by
digital data sets. In case of random fields, this problem
leadsto asampling problem on the ordinate. The optimal
discretization of the ordinates of random processes is
investigated in BETHGE and MEIER (1996). Samplingrules
adapted to planar fieldsare examined analytically aswell
as numerically in MEIER (1997). A procedure to derive
digital terrain model s(withrelief-dependent grid cell sizes)
fromtopographic mapsisdescribedin MEIER and ENDLICH
(1995) and demonstrated for hilly test areas. BETHGE and
MEIER (1996) interpret the modeling of random fields by
contour lines as fibre process. They propose an efficient
numerical procedure and demonstrate it by various
examples. A comparison of various techniques for
approximation of sampled terrain data, as (robust) linear
prediction, optimal and active splines(snakes) isperformed
in BORKOWSKI et al. (1997). Images with very high
information density have to be generalized for some
applications. One technique for that purpose, the
cartographic displacement using the snakes concept, is
described in BURGHARDT and MEIER (1997a,b). The
publications by BETHGE (1995 and 1997) are concerned
withthegeometrical accuracy of planar curvesand derived
guantities in case of describing the curves by means of
vector data.

Advanced mathematical tools

Waveletsrepresent arelatively new field of research and
have been applied to various problemsin applied mathe-
matics. With atimelag of adecade the very flexible tool
of wavelets becomes, besidestheintegral transformation
techniques, increasingly popular in geodetic applications.
Wavelets are families of functions derived from asingle
function, the" mother function”, by dilation and trand ation.
In Geodesy wavelets have been applied to approximate
and analyse functions defined on areal line, on the plane
and on a sphere.

The wavelet transform as atool for time series analysis
isinvestigated in BARTHELMES and BALLANI (1996). In
this paper Morlet wavelets are applied to various
geophysical and geodetic time series. Thetransformation
allowsto analyse also unevenly distributed data sets and
to detect temporal variations of the spectrum, as treated
inBARTHELMES (1996) or in BALLANI and BARTHELMES
(1996). The application of Morlet waveletsto time series
of super-conducting gravimeter data is demonstrated in
NEUMEYERand BARTHELMES(1996). Various applications
are given and compared to aternative techniques. In
PrOKOPH and BARTHELMES(1996) wavel et analysisisused
todetect and tolocalize unconformities, eventsor chaotic
and periodic-cyclic sequences in geological time series.
Flexibility isoneof the advantages of wavel et transforms
insignal processing and smoothing aswell asinfiltering
applications. But thisflexibility requires also experience
with this technique, otherwise it leads to wrong
conclusions. This problem is treated by BETHGE et al.

(1997) based on examples of smoothing filters in the
wavelet and Fourier domain.

Approximation and representation problems in geodesy
are usually related to the sphere. The mathematical
background of awavel et theory onthe spherewith special
regard to geodetic and geophysical problems was
investigated by W. FREEDEN and his group. The book
“Constructive  Approximation on the Sphere with
Applicationsto Geomathematics’ by FREEDEN et al. (1998)
presents avariety of methods, recent results, aswell asa
unified concept for handling different types of data. An
introduction into the wavelet methods for approximating
harmonic functionsonthe sphereisgivenin FREEDEN and
SCHNEIDER (1995c). The application to the earth’'s
gravitational potential anditsmulti-resolutionanalysisby
harmonic singular integral sisinvestigated in FREEDEN and
WINDHEUSER (1995). An integrated wavelet concept of
physical geodesy ispresented in FREEDEN and SCHNEIDER
(1998c). The special aspect of spherical wavelet packets
and its application in physical geodesy is treated in
WINDHEUSER (1995). Discretization aspects of spherical
wavelet transforms are investigated in FREEDEN and
WINDHEUSER (1996) and FREEDEN and SCHREINER (1998).
Important in this context is the equidistribution on the
sphereasinvestigated in Cul and FREEDEN (1997). A new
approach to approximating vectorial fields on the sphere
(e.g. gravity vectors) from given data by wavelets is
presentedin BAYER et al. (1998). Important requirements
of the application of wavelets to practical problems are
fast and stable numerical techniques. A strategy for afast
multi scale evaluation of geopotentials by harmonic
waveletsispresented in FREEDEN et al. (1998). Spherical
panel clustering and its numerical aspects are treated in
FREEDEN et a . (1998) and apyramid schemefor spherical
wavelets is presented in SCHREINER (1996). A high-
resol ution representation of the geoid for Germany based
on the Earth Gravity Model 1996 (EGM96) by spherical
wavelets is demonstrated in FREEDEN (1998b).

Wavelets are not only a proper tool for representing the
gravity field of theearth. Variousother potential and vector
fields of the system earth can be model ed based on wave-
lets. Anoverview of geophysical modeling by multi resolu-
tionanalysisisgivenin BAYERet al. (1998). Animportant
application of waveletsinthiscontextistherepresentation
of the magnetic field of the earth. Spherical vectoria
wavelets are applied to the direct approximation of
vectorial data of the magnetic field enabling the decom-
position into the gradient and the non-gradient part of the
magneticfiddin MAIERand BAYER (1998). Metaharmonic
wavelets are introduced for constructing the solution of
the Helmholtz equation corresponding to Dirichlet’s or
Neumann's boundary value problem in FREEDEN and
SCHNEIDER (1997). Wavelet approximation on closed
surfacesandtheir applicationto boundary value problems
of potential theory is investigated in FREEDEN and
SCHNEIDER (1998).

Therelation between wavel et analysisand energy spectra
and structurefunctionsrespectively isshownin BETHand
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B00s(1998). Aninteresting application in thisrespectis
the turbulence analysis from image sequences important
for the determination of the refraction coefficient. This
aspect together withvariousothersisinvestigatedin BETH
and FREEDEN (1997). Wavel et methodsin edge detection
and refraction areinvestigated also in BETH at al. (1997)
andinNUTZ (1998). The determination of the atmospheric
refraction from CCD cameraimages within the frame of
uni- and multivariate L egendre-wavel etsfor thedetermina-
tion of therefractionindex gradientisinvestigatedin BETH
and VIELL (1998).

Inverse and improperly posed problems

Inverse and improperly posed problemsin geodesy occur
in three main applications: (i) inverse gravity modeling;
detection of the mass structure of the earth'sinterior from
gravity functionals at the earth's surface or in the outer
space, (i) downward continuation of gravity fieldinforma-
tion; derivation of gravity field parametersfrom smoothed
or damped gravity field functionals, (iii) dynamicinverse
problems; derivation of parameterswhich model themulti-
body force function of a dynamic system including the
earth.

In principle, any method to determine gravity field para-
metersfrom satellite observationsisadownward continua:
tion problemand, therefore, unstableor improperly posed.
Theproblemsarising fromthisfact wereusually overcome
by including additional a-priori gravity field information
intheadjustment procedure. Thesituation becomesmuch
more critical if very precise observational functionals, as
future SGG- and/or SST-data, shall bedownward continued
to derive the high frequent part of the gravity field. The
uniguenessproblemin satellitegradiometry (for continuous
and discretedatadistributions) isdiscussedin SCHREINER
(1995) and FREEDEN et al. (1995). FREEDEN et al. (1997)
treat gradiometry asaninverse problem and apply regul ar-
ization wavelet solutions in form of a multi resolution
analysisto derivethe global and local gravity field of the
earth. Thelatter aspect wasinvestigated also in FREEDEN
et al. (1998) with respect to applicationsinfuture problems
of satellitegeodesy, especialy SGG. Many regularization
procedures are based on filtering techniques; also multi
resolution techniques show a similar effect. A
regularization technique based on the combination of
spherical splineswith numerical filteringwasinvestigated
in SCHREINER (1995), see also SCHNEIDER (1996). The
complete inverse modeling of the gravity field requires
the modeling of its harmonic and anharmonic parts. In
MICHEL (1998) the harmonic part is proposed to be
model ed by aspecial wavel et based multi resolutionwhile
theanharmonic part can betreated with anew spline based
method. Information measures for global geopotential
model sarediscussed in LEHMANN (1996b). Themaximum
entropy principle of information theory is applied to
develop a genera regularization strategy for ill-posed
inverse problems in LEHMANN (1999a).

The inverse gravity modeling problem can be solved by
proper additional hypotheses, e.g., by anisostatic model,
with which the solution space can be reduced. A major
improvement in this respect is made by incorporating
dynamic models of the earth interior and, indirectly, by
incorporating resultsof seismictomography. Thecontribu-
tionby THALHAMMER et . (1996) focusesontheinterface
towards geodynamic use of the earth's gravity field. The
application of wavelets as an instrument to solve the
inversegravimetric problemisdemonstrated in BALLANI
(1995).

Another downward continuation problem, important for
the interpretation of certain period ranges of the earth's
rotation, is the downward continuation of the variable
magnetic field through the mantle to the core-mantle
boundary. Thisproblemisinvestigatedin BALLANI et al.
(1998).

Mathematical geodesy and cartography

The basic geodetic computation proceduresto determine
three-dimensional networksare systematically presented
in the second improved edition of HECK's text book
“Rechenverfahren und Auswertemodelle der
Landesvermessung” (1995). Thecontentscover thevarious
relevant earth fixed coordinate systems, the basic models
of “integrated geodesy” and “ three-dimensional geodesy”,
but al so two-dimensional coordinate computationsonthe
sphere and on the ellipsoid of revolution as well as the
various (one-dimensional) height systems. Thetext book
describes, from amodern point of view, those procedures
which arestill important for the establishment of modern
control networksand givescredit a so to those techniques
which led to the basic networks still in use nowadays.

A geodetic datum transformation in three-dimensional
Euclidean spacebased on aten parameter conformal group
ispresented in GRAFAREND and KAMPMANN (1996). The
transformation leaves locally angles and distance ratios
form-invariant. GRAFAREND and SHAN (1996) present a
closed-form solution of the nonlinear pseudo-ranging
equationsasthey appear in satellite positioning with GPS.
Thetransformation between two-dimensional curvilinear
geodetic coordinates referring to a local geodetic
coordinate system and the geodeti c coordinatesof aglobal
geodetic coordinatesystemisinvestigatedin GRAFAREND
et al. (1995).

The definition of a height datum requires conventions
about the value of the gravity potential for the reference
surface. GRAFAREND and ARDALAN (1997) derive this
value for the Finish Height Datum N60 from twenty-five
GPSpointsof the Baltic SeaL evel Project. A differentia
geometric discussion of thefield linesof the gravity field
with respect to the transformation of ellipsoidal heights
into orthometric heights is presented in GRAFAREND
(1997). The curvature and the torsion of the plumblines
are investigated and the differential equations for the
plumblinesestablished. A discussion of projectiveheights
in geometry and gravity space from the viewpoint of
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differential geometry can be found in GRAFAREND et a.
(1995).

Estimabl e quantitiesin projective networksarediscussed
in GRAFAREND and SHAN (1997d). Applications are
projective networks as they appear in photogrammetry,
computer and machine vision aswell asin robotics. The
three-dimensional resection problem in terms of Mobius
barycetric coordinatesis solved by means of anew algo-
rithm in GRAFAREND and SHAN (1997h).

The special problem of computing efficiently thelengths
of meridians are reported by KUTTERER (1998). Systems
of parameters on athree-axia ellipsoid are discussed by
KRUGER and ROSCH (1998).

An agorithm for the inverse of a multivariate
homogeneous polynomial of degree n, used in various
geodetic problems, is presented in GRAFAREND et al.
(1996). The algorithm is availablein form of a symbolic
computer manipulation program. Various cylindric map
projections of the ellipsoid of revolution areinvestigated
in GRAFAREND and SYFFUs (1997c). The Hammer
projection on the ellipsoid of revolution in different
variantsisinvestigated in GRAFAREND and SyFFUS(19974)
and the generalized Mollweide projection of a biaxial
ellipsoid is discussed in GRAFAREND and HEIDENREICH
(1995). Similaritiesbetween Newton'sequation of motion
and a geodesic on atwo-dimensional Riemann manifold
arediscussed in GRAFAREND and Y ou (1995). Theoblique
azimuthal projection of geodesic type for the biaxia
ellipsoid and the use of Riemann polar and normal
coordinatesisanaysedin GRAFAREND and Sy FFUS(1995).
A strip transformation formulaof conformal coordinates
(GauR-Krtiger or UTM coordinates) interms of bivariate
polynomials up to degree fiveis derived in GRAFAREND
and SYFFUS(1997d). Thedirect andinverseequationsfor
adatum transformation of conformal coordinates of type
Gaul3-Kriiger or UTM fromalocal datumtoaglobal datum
are given aso in terms of bivariate polynomia
representation in GRAFAREND and Sy FFUS (19984). The
direct generation of ellipsoidal Gaul3-Krilger conformal
coordinates (or thetransverse Mercator projection) based
on the solution of the Korn-Lichtenstein equations of
conformal mapping is demonstrated in GRAFAREND and
SYFFUS(1998b). Theoptima universal transverse Mercator
projection and the oblique projection of the ellipsoid of
revolution areanalysed in GRAFAREND (1995) and ENGELS
and GRAFAREND (1995). The optimal Mercator projection
andtheoptimal polycylindric projection of conformal type
are studied for Indonesia in GRAFAREND and SYFFUS
(1998e).

Map proj ectionsof project surveying objectsand architec-
tural structures are discussed in a series of papers:
GRAFAREND and SYFFUS (1997b,e, 1998¢,d).

Geodetic boundary value problems

Geodetic boundary value problemscan bedividedinfixed,
scalar and vectoria free boundary value problems. The
boundary surfaceisconsidered knownin case of thefixed

problem. This case is very realistic nowadays, because
preci se GPS-positioning providesthe surface of theearth
with anaccuracy sufficient for many applications. Thefree
boundary value problem can be formulated either as a
scalar problem, where only the vertical position is
unknown, or avectorial problem, where the boundary is
considered to becompletely unknown. All theseoriginally
non-linear problemscan belinearized using approximations
for the boundary surface and the gravity field. While the
fixed problem needsonly anapproximation for thegravity
field, areference or normal field, thefree boundary value
problems need approximations for the gravity field and
for the geometry of the boundary. In case of Stokes's
problem the boundary surfaceis an equipotential surface
near anidealized seasurface, thegeoid; the approximations
for gravity field and boundary geometry is a reference
gravity fieldand alevel ellipsoid asapproximate boundary
surface (in the sense of Somigliana-Pizzetti). In case of
Molodensky’ sproblemtheboundary surfaceistheearth’s
surface; theapproximationsfor gravity field and boundary
geometry isagain areferencefield and thetelluroid respec-
tively (classical geodetic boundary value problem). Besides
alinearizationanother approximationisusualy introduced,
the spherical approximation, which considerably smplifies
the computation formulas. In view of modern accuracy
demandsthis approximation isnot sufficient anymore. A
systematic presentation of the various types of boundary
value problemsin the context of a setup of observational
functionalsin gravity space aswell asin geometry space
isgivenin GRAFAREND and KELLER (1995). A review of
the solution procedures for geodetic boundary value
problemsin view of the one-centimeter-geoidisgivenin
LEHMANN (19973). A discussion of the three classical
formulations of the geodetic boundary value problem,
namely the scalar and vectorial Molodensky problem as
well asthefixed gravimetric boundary valueproblem, from
the observables to the mathematical model is presented
inHECK (1997). Linearization proceduresfor the solution
of the free and the fixed boundary value problems are
reviewed in HECK (1995). Non-linear effects in the
geodetic version of the free geodetic boundary value
problem based on higher order reference fields is
investigated inHECK and SEITZ (1997). Thethesisby SEITZ
(1997) focusesonthescalar freeandthefixed gravimetric
boundary value problem. In this context special regardis
giventotheellipsoidal and topographic effects. In SEITz
(1998) the Taylor expansion point for the analytical
continuationin the sol ution procedure of geodetic boundary
value problemsis investigated. Various possibilities are
considered and compared. Studies on the altimetry-
gravimetry problem, probably the most important mixed
boundary value problem for the geoid determination are
performed in LEHMANN (1999b). The geodetic mixed
boundary value problem and its transformation into a
system of integral equations over the boundary of the
domain is treated in KLEES et a. (1997). Solution
conditions are formulated and a solution strategy for al
mixed boundary val ue problemsintroduced. Theboundary
element method permits the numerical solution of
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linearized geodeti c boundary value problems, formulated
as geodetic boundary integral egquations. The report by
LEHMANN (1997d) investigates various aspects of the
application of this method in physical geodesy. Fast
strategiesfor the evaluation of geodetic surfaceintegrals
in the space-domain are discussed in LEHMANN (1997c).
Adequate computation facilities for the numerical
evaluation of these integrals are based on parallel
computers. A review of itsusefor these problemsand for
solving geodetic boundary value problems is given in
LEHMANN (19963, 1997d). A parallel setup of aGalerkin
equation system for a geodetic boundary value problem,
necessary for the efficient application of parallel
computers, ispresented in LEHMANN und KLEES (1996).
The calculation of strongly singular and hypersingular
surface integrals, important in this context, is treated in
KLEES and LEHMANN (1998).

GRAFAREND (1995) solvesthe spherical Stokesboundary
value problem in amoving tangent space to open theway
for theapplication of Fast Fourier and Wavelet Transforms.
Y et thiswaspossibleonly inlongitudinal direction onthe
sphere rigorously or in certain approximations.
GRAFAREND and KRUMM (1996) reformul ate Stokes and
Vening-Meinesz functionals in a moving tangent space
aswell. Similarly, theideaisapplied to thefirst boundary
value problem by formul ating the Abel - Poisson kernel and
the Abel-Poisson integral in a moving tangent space by
GRAFAREND and KRUMM (1998).

MARTINEC and GRAFAREND (1997) apply the concept of
Green's functions to Stokes's boundary value problem
based on an ellipsoid of revolution. They investigate
uniqueness of the solution depending on the first
eccentricity of the ellipsoid and discuss the ellipsoidal
Stokes' sfunction comparedtothespherical case. Similarly,
inMARTINEC and GRAFAREND (1997) the construction of
Green' sfunctiontotheexternal Dirichlet boundary value
problem (first boundary value problem) is performed for
the Laplace equation on an ellipsoid of revolution. The
property of the ellipsoidal Poisson kernel iscompared to
the spherical kernel.

Thegravitational field of topographi c-isostatic massesand
the hypothesi sof mass condensationwith respect to geoid
computations is investigated by ENGELS et al. (1995),
GRAFAREND and ENGEL S (1996) and GRAFAREND et al.
(1996).

INHEITZ (1997) the astrogeodetic leveling and the classical
free boundary value problems of geodesy, a generalized
form of Bruns' theorem is derived as well as a hew non-
linear formulation of the free boundary value problem of

geodesy.
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Theory of data evaluation

S. MEIER

1. Introduction

Without any data from experiments (measurements) no
theory whatsoever can be investigated or verified.
However, theacquisition and eval uation of dataitself also
requirestheoretical considerations. Thelatter concernthe
sources of datasampling and spacing aswell asprecision
and reliability. Methodic investigations are frequently
mixed with the problems of modelling and geodata
processing or directed at very specific datasets, e. g. from
SAR, GPS, VLBI, or others. The evaluation of geodetic
data is, therefore, a large domain both in content and
methodol ogy and not easily defined. Inorder to specifically
differentiate the data evaluation from data processing,
methodic papers, and such with a dominance of
methodological problems will be discussed in the
following.

From early on, adjustment cal cul ation hasbeen thecentral
method for geodetic dataeval uation, statistically speaking
the parameter estimation in linear (more rarely in non-
linear) models, including thetheory of measurment errors,
error propagation, stochastic modelling, statistical
inference and, lastly, signal analysis and filtering. Rapid
technological development has brought about a general
improvement of accuracy. Asarule, random errors have
diminished; so-called systematic errors (model errors)
dominate; gross errors can still occur. Thus, thereis at
present astrong trend toward indentifying and eliminating
thelatter. Suitable methods called robust estimations are
now being evaluated more intensively than a few years
ago. Many of thecurrent papersregarding dataeval uation
can be applied to this realm of topics.

Presently, aparticularly innovativefield of capturing mass-
dataistheevaluation of images. Themethodsof filtering,
analysis, and data acquisition, for example with the help
of Bayesesian statistics, and the random fields devel oped
in digital image processing act as a stimulus also upon
other moreconventional areas. Furthermore, present digital
datastoragesfromimagesand mapsof different kindsand
scales as well as from administrative data, subtotalled
under the term geoinformation systems (GIS), are being
set up. The GIS-market is of growing economic
importance. The users want dependable (thematically-
structured, object-oriented) information. Their sourcesand,
thus, also their quality are, by all means, different ones;
contradictions are not at al rare. Therefore quality
management requires thorough structural investigations
aswell as compulsive quality standards.

2. Parameter and error estimation

Theoretical but also practical investigationsinto parameter
estimation, under numerical aswell as statistical aspects
are, now asever, of great consideration. Based on techno-
logical development, papers about robust estimations
dominate. These will be discussed in the following para-
graph, others will be cited.

Thegeodetic network, particularly theoptimally designed
one and especialy the one useful in the derivation of
deformation rates has always been the center of classical
least squaresadjustment. Generally, thedefinition of very
small deformation sizes connected to the problems of
identification and datum problems posesahugechallenge.
Theoretical toolsfor thiswereworked out by GRAFAREND
and XU (1995, 1996 a, b), HEUNECKE (1995), GRAFAREND
and SHAN (1997), SCHMITT (1997), NKUITE (1998), and
further by ZHONG (1997) regarding local networks.

Different adjustment procedures can produce equival ent
results. Comparativeinvestigations, thus, arequitevauable
in regard to different model prerequisites like in three-
dimensional geodesy (KLEIN 1997) aswell asin regard
to minimum principles (KAMPMANN and KRAUSE 1995,
BENNING 1995 b). To this belong al so the equivalents of
the adjustment principles and the extremal principles of
physics. Pertinent paperswerewritten by BURGHARDT and
MEIER (1997 a, b), STROBEL (1997), HELLWICH (1998),
HELLWICH and EBENER (1998).

Theobservation equationsof adjustment problemsshould
be recorded as completely as possible. For this purpose,
respectivetheoretical preparatory work must beconducted
for the advanced measuring techni ques(monitoring). One
exampleis the parameterization of GPS phase measure-
ments(GEHLICH and LELGEMANN, 1997). Forincomplete
model sthe maximum correl ation adjustment was proposed
by PETROVIC (1997). The statistical theory of measuring
errors again and again receives certain foundations,
principally (ScHMIDT 1997, KocH 1997 b), but also due
to the continuous development of the digital measuring
technology (SCHMIDT 1996, KUHLMANN 1996, KUTTERER
1998, CAsSPARY and WANG 1998, WANG and CASPARY
1998), aswell asthe necessity of assimilating hybrid data
(BENNING 1995 a, 1998).

The two-volume work about least squares adjustment by
WOLF(1996) waspublishedinitsthird edition (asarevised
reprint); in reference to the complete scientific work by
H. WOLF, consult GRAFAREND (1998). Also in its third
edition, thetextbook about parameter estimation by KocH
(1997 &) has been published again. It isthe first textbook
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published in German language which, besides all other
information, contains a (short) introduction of robust
methods.

3. Robust estimates

Robust estimates are, asarule, to be understood asthose
which areinsensitivewithrespecttogrosserrors(outliers).
Robust estimates of parameters are frequently discussed
in thisrestricted way (CASPARY 1996, KOCH 1996).

Robust estimates of parameters are investigated with
respect to the detection of outliersin leverage points by
KocCH (1996). He proposed to apply therobust Maximum-
Likelihood-Estimate (M-estimate) according to HUBER
(1964) and then modified the M-estimate for the named
detection. Both estimatesarereadily computed by iterative
reweighting within the method of |east squares. An ater-
native method to parameter estimatesaccording toHUBER
(1964) wasa so discussed by BENNING (1996). Moreover,
therobust M-estimatewas derived by Bayesian inference
(KocH and Y ANG 1998 a). Confidenceregionsand hypo-
thesi stestswere obtai ned by theresulting posterior density.
The necessary marginal distributions were computed by
the Monte-Carlo integration.

CAsPARY and CHEN (1995) describe theidentification of
linear random processes: if time series contain additive
outliersthestandard methodsfailsinmost cases. Through
the introduction of robust estimates of variances and
covariances and the use of robust M-estimators for the
model parameters the influence of the outliers can be
suppressed sothat the correct model can befoundwith high
probability. The efficiency of this approach was verified
by extensive simulations, and the successful strategy was
transferred into the frequency domain (CASPARY and
SUTOR 1996).

The robust methods for the analysis of linear stochastic
processeswerediscussed extensively intwo dissertations
and enriched with new, efficient estimations: in thetime
domain by CHEN (1997) and in the frequency domain by
SUTOR (1997). In afurther dissertation by WANG (1997)
filtering methodsfor error tolerant kinematic positioning
wereresearched systematically. Thisincludessuchtopics
asstatistical tests, theidentification of grosserrorsaswell
assystematic errors, theestimation of variance components
andtherobust estimationintheKa manfilter; concerning
the last topic see also KOCH and YANG (1998 b).

The so-called balanced adjustment al so hasarel ationship
to robust estimates (recent papers by FELLBAUM and
KAMPMANN 1995, KAMPMANN 1997, JURISCH,
KAMPMANN and KRAUSE 1997, JURISCH and KAMPMANN
1998). With their help, weak points in the geometry of
networks as well as outliersin the leverage points are to
be discovered. For this purpose, observation weights are
transformed in “suitable” manner. This method has not
been without contradiction (CASPARY 1998). The
relationship to the robust M-estimate was critically
investigated by KocH (1996, pp 12-17).

4. Application of random fields: approxima-
tion, collocation, interpretation

Models for local, regional, and global fields which are
(moreor less) stochastically structured are of great impor-
tance in the geosciences. One example of approximation
istherelief of the Earth’s surface discretely represented
by digital terrain models or conventionally by patterns of
contours in topographic maps. An efficient model isthe
homogeneous random field. The appropriate counterpart
tomodelling the contoursisthefibreprocess. Itsqualities
aredetermined by those of therandom field gradient. The
coupling of the fibre qualities to the qualities of terrain
inclination leads to efficient procedures without any
numerical differentiation (MEIER et al. 1995, BETHGEand
MEIER 1996, BETHGE 1997).

Random field model soften constitutethe basisfor predic-
tion procedures. Advanced collocation methodsaretreated
by KELLER (1998), MENZ et a. (1998), relations to each
other, including such asthe least squares adjustment, are
described by MENZz and PiLz (1997), MENZ and BIAN
(1998).

Significant advances were made in digital image
processing. Thestandard randomfield model for thedesign
and the construction of automatic (or semi-automatic)
proceduresisthe Markovian one. Markov random fields
havebeenused for alongtimeindigital imageprocessing
like restoration, edge detection, and segmentation. Now,
moreand moreapplicationsappear inimageinterpretation
(KocH 1995 a, b, KOSTER 1995, KLONOwWSKI and KOCH
1977), andin extraction of special objectsor featuresfrom
images of different kinds, e. g. line objects (HELLWICH
and MAYER, 1996) or buildings (BRUGELMANN 1998).

5. Reliability aspects of GIS

The current situation, problems and aspects of quality
investigationsaswell asquality management aredealt with
by ILLERT (1995), SCHEURING (1995), Joosand BALTZER
(1997), SCHILCHER (1997), CASPARY and JoOs (1998).
They arefurther partly documented in aconferenceissue
edited by BILL (1996). The most advanced seemto bethe
investigationsintothepurely geometric accuracy of point,
line, and surface objects, particularly from vector data
(BETHGE 1997): the well-known point error concept in
geodesy could be extended systematically to line and
surface objects.

Other aspects are under investigation, e. g. the integrity
of data sets, the consistence of geometry and topology in
mapsrespectivedigital models; see PLUMER (1996), RAGIA
and WINTER (1998). PLUMER and GROGER (1997) provide
aformal datamodel whichallowsfor establishingthegeo-
metrical-topol ogical integrity of surfaceobjectsinaGlIS.
The data model leads to an automatic tool able to check
the consistency of a given set of data and to avoid
inconsistencies caused by updates of the database.
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Quality principles, parameters, and eval uation procedures
for general geodataand for thosein Gl Sin particular must
be compatible with the general quality norm of “1SO
2000". A specia working group “Quality” of the* Comité
Européen desResponsablesdelaCartographie Officielle”
(CERCO; represents the national mapping agencies of
nearly every European Country) is occupied therewith.
Germany isamember of CERCO through the “Union of
Public Surveying Authorities of Germany” and is
incorporated in the working group “Quality” through the
“Federal Agency for Cartography and Geodesy” (formerly:
“Institute for Applied Geodesy”).

Literature

BENNING W. (1995 a): Nachbarschaftstreue Restklaffen-
verteilung fir Koor dinatentransfor mationen. Zeitschrift
fr Vermessungswesen, 120, 16-25.

BENNINGW. (1995 b): Vergleichdreier L-Schétzer zur Fehler-
suche in hybriden Lagenetzen. Zeitschrift fur
V ermessungswesen, 120, 606-617.

BENNING W. (1996): Alternative zur robusten Parameter-
schéatzung nach Huber. Allgemeine Vermessungsnach-
richten, 103, 339-340.

BENNING W. (1998): Netzausgleichungen und/oder Transf-
ormationen. Verfahren fur die praktische Anwendung.
Zeitschrift FORUM, 283-299.

BETHGEF., MEIERS.(1996): Stochastisch-geometrische Relief-
modelle nebst Anwendungen in der Digitaltopographie.
Zeitschrift fir Vermessungswesen, 121, 49-60.

BETHGE F. (1997): Genauigkeit geometrischer Grofien aus
Vektordaten. Deutsche Geodéti sche Kommission, Reihe
C, Heft Nr. 473, Minchen, 92 S.

BiLL R. [ed.] (1996): Datenqualitat und Metainformation in
Geo-Informationssystemen. Workshop  Universitét
Rostock, I nstitut fir Geodési e und Geoinformatik, Proc.,
Interner Bericht Heft Nr. 5, 154 S.

BRUGELMANN R. (1998): Rasterbasierte Methoden zur
Gebaudeextraktion aus gescannten Karten. Deutsche
Geodétische Kommission, Reihe C, Heft Nr. 504,
Munchen.

BURGHARDTD.,MEIERS. (1997 &): Cartographic Displacement
Using the Snakes Concept —in : Forstner, W.; Plimer,
L. (eds):Semantic Modelling for the Acquisition of
Topographic Information from Images and Maps,
Birkhduser Verlag, Basel, 59-71.

BURGHARDT D., MEIER S. (1997 b): Kartographische Ver-
dréangung nach Extremalprinzipien. Zeitschrift fr
Vermessungswesen, 122, 377-386.

CAsPARY W., CHEN G. P. (1995): I dentifikation stochasti scher
Prozesse bei Vorhandensein grober Mef¥fehler — Teil I:
AR(p)- und MA(g)-Modelle — Teil 11: ARMA (p,q)-
Modelle. Zeitschrift fir Vermessungswesen, 120, 479-
488, 556-565.

CAsPARY W. (1996): Anmerkungen zum robusten Schatzen.
Allgemeine Vermessungsnachrichten, 103, 287-289.

CAsPARY W., SUTOR T. (1996): Robust Estimation in the
Frequency Domain. Proc. of the 8th Internat. FIG Symp.
on Deformation M easurements, Kun Lung, Hong Kong,
259-265.

CasPaRY W. (1998): Anmerkungen zur balancierten Aus-
gleichung. Zeitschrift fir Vermessungswesen, 123, 271-
272. Reply by Jurisch et a., 272-273.

CASPARY W., Joos G. (1998): Quality Criteria and Control
for Gl SDatabases. Proc. of the|AG SC 4 Symp., Eisen-
stadt, Austria, 436-441.

CasPARY W., WANGJ. (1998): Redundanzanteile und Varianz-
komponenten im Kalman-Filter. Zeitschrift fir Vermes-
sungswesen, 123, 121-128.

CHEN G. (1997): Robuste Verfahren zur Analyse linearer
stochastischer Prozesse im Zeitbereich. Schriftenreihe
Studiengang V ermessungswesen, Universitét der Bundes-
wehr Munchen, Heft 53.

FeLLBAUM M, KAMPMANN G. (1995): Anwendung balancierter
Beobachtungen bei der robusten Bildorientierungin der
Nahbereichsphotogrammetrie. AllgemeineVermessungs-
nachrichten, 102, 49-58.

GEHLICHU.,LELGEMANND. (1997): Zur Parametrisierung von
GPS-Phasenmessungen. Zeitschrift fir Vermessungs-
wesen, 122, 262-270.

GRAFAREND E. W., Xu P. (1995): A multi-objective second-
order optimal designfor deforming networ ks. Geophysical
Journa International, 120, 577-589.

GRAFAREND E. W., XU P. (1996 a): Probability distribution
of eigenspectraand eigendirectionsof atwodimensional,
symmetric rank two randomtensor. Journal of Geodesy,
70, 419-430.

GRAFAREND E.W., XU P. (1996 b): Stati stics and geometry of
three-dimensional second-rank symmetricrandomtensor,
Geophysical Journal International, 127, 744-756.

GRAFAREND E. W., SHAN J. (1997): Estimable quantitiesin
projective networks. Zeitschrift fur Vermessungswesen,
122, 218-226, 323-333.

GRAFAREND E.W. (1998): Hel mut Wolf —daswi ssenschaftliche
Werk/the scientific work. Deutsche Geodétische
Kommission, Reihe A, Heft Nr. 115, 97 S., Miinchen.

HELLWICH O. (1997): Linienextraktion aus SAR-Daten mit
einemMarkoff-Zufall sfeld-Model |. Deutsche Geodétische
Kommission, Reihe C, Heft 487, Miinchen.

HeLLwICHO.,MAYERH. (1996): Extraction LineFeaturesfrom
Synthetic Aperture Radar (SAR) ScenesUsing a Markov
Random Field Model. IEEE, Int. Conf. on Image
Processing, Lausanne, 883-886.

HELLWICH O. (1998): Model Parameter Estimation Using
Smulated Annealing. IAPRS, Vol. 32, 3/1, 233-238.

HeLLwiICcH O., EBNER H. (1998): Geocoding SAR Interfero-
gramsby Least Squares Adjustment. IAPRS, Val. 32, 3/1,
108-112.

HEUNECKEO. (1995): Zur | dentifikation und Verifikation von
Deformationsprozessen mittels adaptiver KALMAN-
Filterung. Wissenschaftliche Arbeiten der Fachrichtung
Vermessungswesen der Universitét Hannover, Nr. 208.

ILLERT A. (1995): Aspekte der Zusammenfiihrung digitaler
Datensatze unterschiedlicher Quellen. Nachrichten aus
dem Karten- und Vermessungswesen, Reihel, Heft 103,
105-116, Frankfurt a. M.

Joos G., BALTZER U., KULLMANN K.-H. (1997): Qualitéts-
management beim Aufbau einer topographischen Grund-
datenbank am Bei spiel von ATKISin Hessen. Zeitschrift
fr Vermessungswesen, 122, 149-159.

JURISCH R., KAMPMANN G., KRAUSE B. (1997): Uber eine
Eigenschaft der Methode der kleinsten Quadrate unter
Verwendung von balanci erten Beobachtungen. Zeitschrift
fur Vermessungswesen, 122, 159-166.

JURISCH R., KAMPMANN G. (1998): Vermittelnde Ausglei-
chungsrechnung mit balancierten Beobachtungen—erste
Schritte zu einem neuen Ansatz. Zeitschrift fur Vermes-
sungswesen, 123, 87-92.

KAMPMANN G., KRAUSE B. (1995): Uber die Aquivalenz von



SECTION IV: GENERAL THEORY AND METHODOLOGY 93

Le-Norm Minimierung und Maximum-
Likelihood Methode. Zeitschrift fir
V ermessungswesen, 120, 565-570.

KAMPMANN G. (1997): Eine Beschreibung der Geometrievon
Beobachtungenin der Ausgleichungsrechnung. Zeitschrift
fur Vermessungswesen, 122, 369-377.

KELLERW. (1998): Collocationin Reproducing Kernel Hilbert-
Spaces of a Multiscale Analysis. Phys. Chem. Earth, 23,
25-29.

KLEIN U. (1997): Analyse und Vergleich unterschiedlicher
Modelleder dreidimensionalen Geodas e. Deutsche Geod-
dtische Kommission, Reihe C, Heft Nr. 479, M iinchen.

KLonowskl J., KocH K. R. (1997): Two Level Image Inter-
pretation Based on Markov RandomFields—in: Semantic
Modelling for the Acquisition of Topographic Information
from Imagesand Maps, Birkhéuser Verlag, Basel, 37-55.

KocHK. R. (1995 a): Markov RandomFieldsfor Image Inter-
pretation. Zeitschrift fir Photogrammetrie und Fern-
erkundung, 63, 84-90.

KocHK.R. (1995b): Bildinterpretation mit HilfeeinesBayes-
Netzes. Zeitschrift fir Vermessungswesen, 120, 277-285.

KocH K. R. (1995 c): Satistische Grundlagen zur Unter-
suchung von Immobilienwerten —in: Schriftenreihe des
DeutschenVereinsfiir Vermessungswesen, 16, Statistische
Methoden in der Grundstiickswertermittiung, Verlag
Konrad Wittwer, Stuttgart, 7-12.

KocHK.R. (1996): Robuste Parameter schatzung. Allgemeine
V ermessungsnachrichten, 103, 1-18.

KocHK.R. (1997 a): Parameter schatzung und Hypothesentests
inlinearen Modellen. 3. Aufl. , 366 S, Ferd. Dummlers
Verlag, Bonn.

KocHK.R. (1997 b): Bemerkungen zu“ Wasist Genauigkeit?”
VR 1997, S. 212. Zeitschrift Vermessungswesen und
Raumordnung, 59, 362-370. (Reply H. Schmidt: 370-375.
Reply K. R. Koch: 375.)

KocH K. R., YANG Y. (1998 a): Konfidenzbereiche und
Hypothesentests fir robuste Parameterschatzungen.
Zeitschrift fir Vermessungswesen, 123, 20-26.

KocHK.R., YANGY. (1998 b): Robust Kalman filter for rank
deficient observation models. Journal of Geodesy, 72,
436-441.

KOSTER M. (1995): Kontextsensitive Bildinterpretation mit
Mar koff-Zufallsfelder n. Deutsche Geodétische Kommis-
sion, Reihe C, Heft Nr. 444, Miinchen.

KUHLMANN H. (1996): Ein Beitrag zur Uberwachung von
Briickenbauwerken mit kontinuierlich registrierten
Messungen. Wissenschaftliche Arbeiten der Fachrichtung
Vermessungswesen der Universitét Hannover, Nr. 218.

KUTTERER H. (1998): Die Unsicherheit von Prifstrecken-
ausglei chungen aufgrund der instrumentellen Rundung.
Allgemeine Vermessungsnachrichten, 109, 181-187.

MEIER S., BETHGE F., BorRkowskI A. (1995): Ordinaten-
abtastung stochastischer Prozesse mit stationéren Zu-
wachsen. Zeitschrift fur Vermessungswesen, 120, 81-91.

MENzJ., PiLz J. (1997): Bayesche Koll okation—Aquival enzen
2wischen Ausgl ei chungsrechnung und Geostatistik. Das
Markscheidewesen, 104, 85-90.

MENZz J., BIAN S. (1998): Multiquadratische Methode, Kollo-
kation und Kriging — Vergleiche unter geostatischen
Modellannahmen. Das M arkschei dewesen, 105, 222-226.

MENZz J.,, ROTTIG A., BIAN S. (1998): Kernfunktionsbasierte
Vor her sagen unter Einbez ehung von Gradienten und Co-
Variablen. Das Markscheidewesen, 105, 257-261.

NKUITE G. (1998): Ausgleichung mit singularer Varianz-
kovarianzmatrix am Beispiel der geometrischen Defor-
mationsanalyse. Deutsche Geodétische Kommission.
Reihe C, Heft Nr. 501, M inchen.

PETROVIC S. (1997): Maximum correlation adjustment and
incompletemodels. Proc. of the Second Turkish-German
Joint Geodetic Days, Berlin, 687-694.

PLUMERL. (1996): Zur Uber priifung der Konsistenzvon Geo-
metrieund Topologiein Landkarten. Nachrichten ausdem
Karten- und Vermessungswesen, Reihe |, Heft Nr. 115,
Frankfurt a. M.

PLUMER L., GROGER. G.(1997): Achieving Integrity in Geo-
graphic Information Systems —Maps and Nested Maps.
Geolnformatica, Vol. 1, 345-367.

RAGIA L., WINTER S. (1998): Contributions to a Quality
Description of Areal Objectsin Spatial Data Sets. Proc.
of ISPRS Comm. IV Symp., Stuttgart, Germany.

SCHEURINGR. (1995): Zur Qualitét von Basisdaten von Land-
infor mati onssystermen. Schriftenreihe des Studienganges
Vermessungswesen, Universitét der Bundeswehr Min-
chen, Heft 49.

SCHILCHERM. (1997): Qualitat der Geodaten—Anspruchund
Wirklichkeit des Geodatenmar ktes. Fachtagung GIS“97,
Inst. of Internat. Res., Wiesbaden.

SCHMIDT H. (1996): Zur Problematik von Korrelations-
schéatzungen und Genauigkeitsangabenin der Meftechnik.
Allgemeine Vermessungsnachrichten, 103, 225-232.

SCHMIDTH. (1997): Wasist Genauigkeit? —ZumEinfluR syste-
matischer Abwei chungen auf Mef3- und Ausgleichungs-
ergebnisse — Zeitschrift Vermessungswesen und Raum-
ordnung, 59, 212-228.

SCHMITT G. (1997): Spectral Analysis and Optimization of
Twodimensional Networks. Geomatics Research Austral -
asia, 67, 47-64.

STROBEL D. (1997): Die Anwendung der Ausgleichungsrech-
nung auf elasto-mechanische Systeme. Deutsche Geodéti-
sche Kommission, Reihe C, Heft Nr. 478, Miinchen.

SUTOR T. (1997): Robuste Verfahren zur Analyse linearer
stochastischer Prozesseim Spektral bereich. Schriftenreihe
Studiengang Vermessungswesen, Universitdt der
Bundeswehr Miinchen, Heft 56.

WANGJ. (1997): Filtermethoden zur fehlertol eranten kinemati-
schen Positionsbestimmung. Schriftenreihe Studiengang
Vermessungswesen, Universitét der Bundeswehr Min-
chen, Heft 52.

WANGJ., CASPARY W. (1998): | dentifikation und Kompensa-
tion systematischer Sensor-Fehler im Kalman-Filter.
Allgemeine Vermessungsnachrichten, 105, 224-230.

WoLFH. (1996): Augleichungsrechnung, Band |, I1, 3. Aufl.,
Ferd. Dimmlers Verlag, Bonn.

ZHONGD. (1997): Datumsproblemeund stochastische Aspekte
beim GPS-Nivellement fir lokal el ngenieurnetze. Schriften-
reihedes StudiengangesV ermessungswesen, Universitét
der Bundeswehr Minchen, Heft 58.



94

SECTION IV: GENERAL THEORY AND METHODOLOGY




95

SECTION YV
GEODYNAMICS



96




SECTION V: GEODYNAMICS 97

Recent crustal movements and defor mations

W. AUGATH

In continuation of thetrendsinthelast report theincrease
inaccuracy of spacegeodetic observationsisgoingonand
other techniques are still being replaced. Aboveal, hori-
zontal crustal movementsaremeanwhileonly determined
by space geodetic observationsand, dueto GPS, not only
onaglobal, but alsoonaregional, national andlocal basis.
Thereremainsawell knownlack of accuracy of theheight
component because of configuration and tropospheric
problems [e.g. VLBI: CAMPBELL (1996), GPS. eg.
GORRES (1996)]. The necessary time period for the
determination of movements on the mm / year-level is
decreasing, especially if data of permanent geodetic
infrastructureisavailable. It can also beused for realtime
or near-realtimeresultsaswell asfor prediction purposes,
e.g. of natural hazards. Normally the sameinfrastructure
isused for the establishment and maintenance of modern
reference frames as well as for geodynamics.

Existing historical observations are still used for an
enlargement of the time basis in which movements can
be determined. For this purpose, models for the
combination of terrestrial and spacegeodetic observations
havebeen devel oped. HECK et al. 1995 combine GPS-data
and theexisting terrestrial observations of the Karlsruhe-
testnet over the Rhinegraben in a three-dimensiona
approach. Another field is the combination of GPS and
precise levelling, which is done by a lot of authors.
GROTEN et al. (1998) devel op acombined model and use
it for themonitoring of alarge highway viaduct and aland
dlip area close to Istanbul.

Global organizedVLBI- [e.g. CAMPBELL and NOTHNAGEL
(1998)] and SLR-measurements [e.g. MONTAG et al.
(1995)] till constitutethebackground for theyearly I TRF-
solutionsand at the sametimethefundamental and global
basis for the determination of recent crustal movements
and deformations. In contrast to the last report the data of
permanent GPS-stations, —very successfully organized by
the International GPS-servicesfor Geodynamics (IGS) -,
has become the most important input for I TRF, including
continental densifications as the EUREF-permanent-
network (WEBER et al. 1997) or the IGS-densificationin
South-America (DREWES et al. 1998)].

In additionto the global |ERS-solution, alot of combina-
tions of different space geodetic observations were pre-
sented[e.g. KANIUTH et al. (1998)), MONTAG et al. (1996),
Dicketal. (1998)]. They allow amoredetailedinterpreta-
tion for recent crustal movement purposes. The increase
of accuracy makesit necessary to devel op moreextensive
models for the analysis of observations [e.g. for GPS:
modelling of the antenna phase center variations e.g.
Breuer et al. (1995), of multipath effectse.g. WANNINGER
and WILDT (1997) or the modelling of correlations

between the epochs (SCHWIEGER 1999)].

A lot of projects were continued or started in areas with
activeinter- andintra-continental deformation and subduc-
tion, ongoing and recently developing high elevated
plateaus, crustal collision and extraction, block rotation
as well as complex deformation at a multiple plate
junction.

TheEC-project GEODY SSEA (Geodynamicsof Southand
South East Asia) reaches from Vietnam over Thailand,
Philippines and Indonesia to Northern Australia. The
results have confirmed that Indochina, Malaysiaand half
of Indonesiaaremovingindependently fromtheEurasian
Plate and rotate around an Eulerian pole SW of Australia
(e.g. WiLsON andMICHEL, 1998). INCATS(Central Asian
Tectonic Sciences Project) the current convergence
between India and Rest-Eurasiais shown (e.g. REIGBER
et al. 1998). SAGA, the South American Geodynamic
ActivitiesProject, leadsto deformationratesfor the Andes
far lower thantheaveragederived over thelast 100 million
years(e.g. ANGERMANN et a. 1997). In CERGOP, the EC-
supported Central European Geodynamic Project, abasic
network was observed four times (e.g. REINHART and
BECKER 1998). The results (coordinates and velocities)
of the stations are presented in the I TRF 96 and reach the
highest possible level. The EC-project SELF (Crustal
motion and tide gauge position variation at the
Mediterranean Sea) isfocussed on the height component
and studiessealevel variationsaround the M editerranean
Sea [e.g. ZERBINI et a. (1996) and (1997)]. It was
supported by the European Vertical Reference Network
(EUVN) 97-campaign [e.g. Ihde et a. (1998)]. The
activitiesof the CA SA-Project which supervisesthe South
American-Caribbean plate boundary were continued
(KANIUTH et al. 1998). DIETRICH et al. (1998) have
determined crustal deformations in the Antarctica. Four
campaigns were carried out under strong logistical and
ionospheric conditions.

Additionally, alot of less extended investigations were
realized in active zones, e.g. in the Mediterranean area:
the Calabrian Arc-Project (KANIUTH et al. 1995), the
Adriatic Sea-Project (ALTINER et a. 1997), the Friuli-
Project (SCHMIDT et a. 1996), the Eastern Alps-Project
(VAN MIERLO et al. 1997), severa projects in Western
Turkey andtheNorth Anatolianfault (ALTINER 1997) and
at Gerede/Turkey (BAUTSCH and HIRSCH 1996) as well
as the Dead Sea Rift-Project (FOPPE 1998).

In Northern Europe the investigations concerning Island
(VOLKSEN and SEEBER 1998) and Greenland [Moéller
(1996), DIETRICH et a. (1998)] were continued.
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GPS-results were successfully combined with new tech-
niques like SAR. REIGBER et al. (1999) report about a
crustal deformation patterninthe Antofagasta1995 earth
guake region. It was determined by GPS and D-INSAR
fitting together very well.

Permanent GPS-infrastructure in combination with
communi cation allowsrealtime-positioning, asdevel oped
by LEINEN (1997) for larger distancesaswell asrealtime
supervision or realtime monitoring of stations in active
regions. GALAS et al. (1997) and (1998) report about
permanent GPSnetworksfor natural hazard mitigationand
volcano monitoring.

The use of traditional terrestrial observationsis reduced
to precise levelling. Due to the fact that no new
observations have been available, only alimited number
of reportscould bepresented. ZIPPELT (1995) summarizes
the modelling strategies for recent crustal movements
determined from repeated levelling epochs. In addition
tothat, interpretationsof levelling-based resultsinthearea
of the Rhenish-Shield and the Black Forest are presented
by DEMOULIN et a. (1995) and (1998). In the field of
determination of height changes a trend towards the use
of space geodetic techniques can befound. New projects
asSELForonGreenland (DIETRICH et al . 1998) arebased
on space techniques. Existing areas like the North Sea
Coast are meanwhile supervised by permanent GPS-
stations (AUGATH 1996). On the continental level the
EUREF-subcommission plans to integrate existing
repeated levelling epochs, space techniques and precise
gravity into the European Vertical System EVS 2000
(AUGATH 1996) as a kinematic height reference frame.
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Tides and other temporal variations of the gravity field

B. RICHTER

I nstrumental developmentsand investigations

With the upcoming new satellite missions CHAMP and
GRACE, it will be possible for the first time to observe
the time variable gravity field from space. Besides other
sources, ocean mass redistribution is one of the major
factors contributing to the overall time varying gravity
signal. For estimating this time variable gravity signal,
simulationandfeasibility studieswith altimeter, seasurface
temperature and ocean circulation data have been per-
formed by GeoForschungsZentrum Potsdam (GFZ).
Monthly mean sea surface height model swere computed
over aperiod of three years combining altimetry and the
corresponding mean seasurfacetemperaturefields, which
were used to remove the thermal water expansion. Based
on these model s monthly mass redistributions were com-
puted in terms of water heights. The attraction of these
water masseswas computed and transformed into gravity
field coefficients by spherical harmonic analysis with a
resolution of up to degree 100 (corresponding to 400 km
wavelength). By analysing the complete monthly time
series, amplitudesand phaselagsfor each of the spherical
harmoni c coefficientscan bedetected (GRUBER et al . 1999,
REIGBER et a. 1999).

In 1980 the first superconducting gravimeters (SGs)
became commercially available and sincethen they have
been operated very successfully world-wide. Theseinstru-
ments provide long term observations series which are
essential toimproved understanding of thetime-dependent
gravity field, especially causesof long-termgravity varia-
tionsandtheinfluenceof environmental effectson gravity.
However, even with the high quality of the time series
therearedtill gaps, offsetsand noiseintheregistration due
to strong environmental effects like earthquakes; man-
madedisturbancesfrominstrument maintenanceandliquid
helium transfer; and limitationsin the long term stability
of the electronic components. Experience with analysis
of datahasshownthat apparent gravity (or drift) variations
depend upon assumptionsused to model and removeoffsets
(HARNISCH et a. 1997). Several long term experiments
wereperformed at Bad Homburg, Germany (1995—1996),
Miami, Florida, USA (1989 — 1990) and Boulder,
Colorado, USA (1993 —1994) wheretwo superconducting
gravimeterswereoperated side-by-sidefor at |east oneyear
to study instrumental effects. These experimentsshow that
instrumentally induced disturbancesare usually seenonly
inoneinstrument so that the undisturbed signal of the other
instrument can be used to detect and correct any offsets
or drift anomalies that occur. In spite of the success of
these experiments, it isobviously too expensive and time
consuming to operate two instruments at every location.
In co-operation with GWR, San Diego, USA the

Bundesamt fir Kartographie und Geodasie (BKG) these
observations spawned the idea to develop a new dua
sphere” superconducting gravimeter (DSG) whichwould
combinetheadvantageof twoin-situregistrationsand the
possibility of more simple and cost effective operation.
The prototype has been installed in Wettzell after a short
test seriesin Frankfurt / M. (RICHTER and WARBURTON
1998).

Different gravity signal s(tidesand free oscill ations) were
used to comparedifferentinstrumentsat the samelocation
(Black Forest Observatory, Schiltach). A superconducting
gravimeter wascompared with aL aCoste-Romberg earth
tide meter and broad-band seismometers (RICHTER et al .,
1995a, 1995b; ZURN €t al., 1995).

At GFZ Potsdam the registration of SG T018 end on
October 8, 1998 after 2250 daysof successful registration.
After modifications it will be reinstalled in Sutherland /
South Africa (DITTFELD 1999). Similar the registration
series of SG 103 the first prototype of the successful
compact SG series endsin Wettzell after 2 %2 years. It is
replaced by the dual sphere SG-C029 (HARNISCH et al.
1999).

Theory and data analysis

Theforcesof themoon and the sun (forced nutation) cause
a motion of the rotation axis in the Earth fixed frame
(polhodie, OPPOL ZER-terms). SCHWAHN (1995) reminded
that these terms must be taken into account and showson
the basisof the corresponding variation of the centrifugal
forcetheir influenceonthediurnal gravimeter factors. The
order is 0.5% depending from the Earth model.

Thereareat |east two annua termsinthegravity variation:
Theannual tide Saand theannual variationinthecentrifu-
gal force due to the annual term in polar motion. The
global pattern of Sahasazonal feature, whereasthelatter
is of tesseral character, moving around the globe in the
courseof ayear. For central Europesitesthephaserelation
between thesetwo wavesis90 degrees (SCHWAHN 1998).

Toimprovethe capabilities of thetidal analysisprogram
package ETERNA the tidal generating potential of sun,
moon and the planets has been developed up to 12935
waves so that theoretical precision of 10** ms? can be
achieved (HARTMANN und WENZEL 1995, WENZEL 1996).

SCHWAHN (1999) suggested the separation of M, and S,
by appropriate wave group formation with regards to
modern potential developments.

In a study of tidal dissipation in planetary models
WIECZERKOWSKI und WOLF (1997) demonstrated that the
typeof viscoel asticity isthe dominant featurewhereasthe
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core radius and the density contrast at the core-mantle
boundary is of secondary importance.

Data inter pretation and modelling
Gravity observations

Continuousgravity registrationsare used to study environ-
mental effectsof theatmosphere (air pressure, snow cover,
rainfall) and the hydrosphere (groundwater, soil moisture)
in various region in the world. A overview paper on the
different effectsisgiven by NEUMEYER et a. 1999. More
detailed studiesaregivenin e.g. ELSTNER und SCHWAHN
1998, NEUMEYER et a. 1998, HARNISCH und HARNISCH
1999. ZURN and WIDMER (1995) showed that the
correction for barometric pressure in gravity dataworks
well up to about 1.5 mHz.

The complexity of long-term gravity variations has been
investigated by HARNISCH et al. (1998). Usingtheregistra-
tion series of BKG in Bad Homburg and Boulder gravi-
meter factorsfor the CHANDL ER-term have been deter-
mined. Similar investigations are undertaken with the
gravity dataregistered by SG T018 at Potsdam (NEUMEYER
und DITTFELD 1997).

To determine the secular change in gravity due to the
Fennoscandia uplift or due to melting ice capsin Island
models are derived at GFZ by WOLF et al. 1997, THOMA
und WOLF 1998.

TheUniversity of Dresdenreported on earth tide observa-
tionsin Antarkia and Greenland (DIETRICH et al. 1998,
SCHEINERT et al. 1998). ZURN et al. (1995) summarisethe
resultsof gravity observationsat the geographic South Pole
in a wide frequency band. The BFO describes gravity
signals observed during catastrophic volcanic eruptions
with frequenciesof afew mHz (ZURN und WIDMER 1996).

Tidal tilt and strain

WESTERHAUS (1997) reports on tidal tilt measurements
along the North Anatolian fault and discusses temporal
variationsof tidal admittancesinrelation to stresschanges
associated with earthquakes. Tidal tiltswere measured at
the BFO by OTTO et a. (1998) using a120 m differential
pressurefluidtubetiltmeter. Inthe sameobservatory tides
and earthquakes could be observed using direct stress
measurementswith Gl 6tzl stress sensorsin shallow bore-
holes (EMTER et a., 1996).

PoLzERet al. (1996) used gravity, tilt and strain datafrom
BFOtoretrievewobbleparameters. The FCN period found
israther low (about 412 sidereal days).

Well tides

Tidal fluctuationsof thegroundwater level arefrequently
observed phenomena in confined or sufficiently deep
aquifers. Tidal stress causes pore pressure variations in
confined aquifers. They can be monitored by observing
fluid level changesin wells that are in contact with this
formation. Knowing the forcing functions, in-situ petro-

hydraulic rock properties can be derived (KUMPEL et al.
1998, SCHULZE et al. 1998).

Reviews

Several review articles on tidal phenomena, including
effects on gravity can be found in the book edited by
WILHELM, ZURN and WENZEL (1997). These articlesare
based on lectures presented at a seminar in Oberwolfach,
Black Forest in 1994 aimed at advanced studentsin geo-
physi csand sponsored by the German Geophysical Society.
The subjects treated comprise: tidal potential, tidal
responseof theearth, tidal analysis, earth tideobservations,
nearly diurnal freewobble, oceantides, tidal |oading, tides
and rotation, Chandler Wobble, atmospheric tides, solar
irradiance, geomagnetictides, tidesinwells, tidal trigger-
ing, tidal tilt modification, satellite orbit perturbations,
tides of lo, binary star systems and tidal interactions of
galaxies.

A historicreview onthescientific gravity work from 1870
to 1991 in the old Geodetic Institute of Potsdam and the
former ZIPE isgiven in ELSTNER et al. 1997.
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Sea level and ice sheet variations

R. DIETRICH

Geodetic research in arctic and antarctic
regions

A precisegeodetic positioningisanimportant prerequisite
to study ice-ocean-solid earth interactionsin polar regions.
As a part of the working program of the working group
on Geodesy and Geographic Information within the
Scientific Committeeon Antarctic Research (SCAR) and
of the Special Commission 8 of the IAG Germany has
contributed to a large extent to the SCAR GPS Epoch
Campaigns since 1995 (DIETRICH 1996, DIETRICH et al.
1996b, 19983, 1998b). In afirst step adensification of the
ITRFinAntarcticawascarried out. Thiswasfollowed by
adetermination of crustal deformations, e. g.intheregion
of the Antarctic Peninsula(DIETRICH et al. 19983, 1998D).

In Greenland aprecise GPS network was set up to investi-
gateice-induced vertical crustal deformations(DIETRICH
et al. 1996a, 1998e).

Gravimetric Earth tide observations were carried out in
Greenland and Antarcticain order to study ocean tidal
loading effects and thus to improve GPS positioning
concerning ocean loading corrections (DIETRICH et a.
1998d, DITTFELD et al. 1998, SCHEINERT et a. 1998).

The geodetic investigation of ice massdynamicsand ice
mass balance was concentrated on regional scales in
Antarctica. One decade of repeated field observationsin
Dronning Maud Land revealed areas with a significant
negative mass balance (KORTH, DIETRICH 1996, KORTH
et al. 1996, KORTH 1998). A combination of surface data
andinterferometric SAR (ERS-1/ERS-2 tandem mission)
could be used to confirm the 1 cm level accuracy for ice
surface displacements determined by INSAR (DIETRICH
et al. 1999) and to study tidal signals and the grounding
line location in the grounding zone area (DIETRICH et al.
1998c, METzIG et a. 1999). The InSAR technique could
be applied to monitor parts of the Antarctic ice sheet and
glaciers (MULLER et a. 1997).

| ce sheet topography could be mapped by satellite radar
atimetry from GEOSAT (HEIDLAND 1995) and ERS-1
mission (SIEVERS et al. 1995). Remote sensing datawere
also one important source for multi disciplinary
applications in glaciology (VAUGHAN et a. 1995) and
satellite topographic mapping (MANTRIPP et al. 1996).

The validation and improvement of global geoid models
in Antarctica was carried out for the Weddell Sea based
on satellite altimetry data (SCHONE et al. 1996a, SCHONE
1997, SCHONE, SCHENKE 1997, 1998) and for the region
of Schirmacher Oasis using surface gravity observations
(KORTH 1998, KORTH et al. 1998).

Sealevel variations, ocean currentsand gr een-
house effect

Further improvements of the accuracy in the field of
satellitealtimetry provided excellent possibilitiesto study
themean seasurfaceand itstemporal variations. A global
high resolution mean sea surface model was determined
(ANZENHOFER et a. 1996), and investigations how to
generate a long-term mean sea surface model including
satellite missionsof the80swascarried out (BOSCH 1999).

A refined analysis of ERS-1 altimeter data over 3 years
could be applied to generate a time series of global
monthly means for the global sealevel with an obtained
changerateof +2mm sealevel riseper year (ANZENHOFER
et al. 1997, 1998).

Regional studies were carried out in the Caribbean to
investigate absol ute seasurfacetopography (BoscH 1998)
and in European seasto understand the sea surface varia-
bility onlow and medium frequencies (FENOGLIO-MARC
1999).

For the South Atlantic region transport estimates could be
derived from ERS altimeter data (ROMANEESSEN 1997).

Tide gauge records at the German Baltic Sea coast over
150 years could be analyzed, a variability with a20...30
years cycle was detected (LIEBSCH 1997).

Verification of mean sea level variations by
combination of observation techniques

Satellitealtimeter dataof each mission needto bechecked
by independent observationsto monitor thealtimeter bias
and a possible altimeter drift.

A multi-mission calibration of satellite radar atimeters
including ERS-1, ERS-2, TOPEX and POSEIDON was
carried out by OskAM (1999). Inthe Baltic Seatidegauge
data in combination with GPS could be used to verify
TOPEX altimeter data(L1EBSCH, DIETRICH 1998, 1999,
1999b).

Studies on the vertical datum

Space geodetic techniques (GPS) and improved geoid
modelsprovideexcellent possibilitiesto study thevertical
datum realization. GRAFAREND AND ARDALAN (1997)
computed the primary geodetic parameter W, for the
Finnish height datum N60.

An analysis of the sea surface determination with respect
to several European vertical datum was carried out by
FENOGLI0 (1996).

The reduction of historical German Baltic tide gauge
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recordsinto onevertical datum was carried out (LIEBSCH
1997, LIEBSCH et al. 1999).

Thecombination of GPSheight determination, tidegauge
observations and geoid models could also be applied to
study thevertical datumrealizationin Antarctica(SCHONE
et al. 1996b, 1998, IHDE et al. 1997, KORTH 1998).
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Earth rotation variation and its geodynamic causes

E. GROTEN

Earthrotation studiesfor theinterval 1995-99 arebasically
summarized in this paragraph according to the following
subdivision or scheme

— Nutation and Precession

— Polar Mation

— Tidal Effects

— Ocean and Atmospheric Influences

— Core-effects

— Reductions of Observations

— Theoretical Investigations and Analysis
— Special Observations

— Various other Rotational Effects

The results of related research are, however, presented
withintheframesof theinstitutionswherethestudieshave
been carried out. Insofar thisparagraphisbasically acom-
pilation of theoriginal reportsby instituteswhose authors
arereferredtoasfar aspossible. Oneof thecorner research
topicsin Germany of theaf orementioned interval wasthe
construction of the laser-ring gyro table by the Satellite
Center of TU Munich (Prof. SCHNEIDER) and IfAG (now
BKG) built in connection with earth rotation studies (by
VLBI, GPS, SLR and superconducting gravimetry) at the
Fundamental Station Wettzell.

1. Polar motion and nutation studiescarried
out at TU Darmstadt

Polar Motionand Nutationintheir longer-period part was
investigated by SM. MOLODENSKY and E. GROTEN
(G&M, 1996a,b,c; 1999; M&G 1995a,b, 1996, 1997,
1998a,b,c, 1999) where the influence of the atmosphere,
the core-mantleboundary, an el asticity of themantle, inner
and outer core effectsweretakeninto account and related
guantitative estimates are given within the ranges of
observability.

High-frequency earth rotation analysisand modelling:

Sincethediscretedeterministic modelling of variousparts
of the short-period spectrumin Earth rotation datadid not
yet lead to conclusive results and spurious systematic
variationsin Earth rotation data, such as seasonal effects
obviously do exist (ARFA-KABOODVAND et al., DGK,
1998), so asystematic search on the degree of variability
of periods including tidal (diurna etc.) frequencies
appeared useful. The basic problem of such studies lies
inthefact of imperfection of eliminating direct tidal effects
which inducein the various bands apparent variability of
periods which simply reflects imperfection of the tidal
model containing nearly tidal frequencies which cannot
be exactly taken into account in the dataanalysis. On the

other hand, in the subdiurnal frequency range, mainly
oceanic influences could be identified by detecting
pronounced frequency modulation or non-linearities.

Intheprediction of polar motionfor high-precision satellite
orbit modelling two-dimensional approachesarebasically
superior to conventional one-dimensional polar motion
approaches asthey better take account of correlation bet-
ween x- and y-components which reflects the physical
meaning of the motion of the Earth rotation axis. Inview
of interruptionsof satellite orbit datawe consequently used
different spectral analysis techniques like Fourier trans-
formation method and M aximum Entropy M ethod (M EM)
intwo-dimensional form asreference (with fixed periods)
in the non-tidal and tidal bands of the subdiurnal ranges
and compared the associated results with the results
obtai ned fromtwo-dimensional Wavel et-analyses. Further
information relating to the propertiesof the Fourier method
and MEM for analysing the Earth rotation data and the
advantages of using 2D-Wavelet method have been
proposed in paper of ARFA-KABOODVAND et a (Studia
geophysica& geodaetica, 1998).Consolidateinformation
relating to the ulterior motivations of using the Wavelet
transform for analysing the Earth rotation dataand some
detailed theoretica background of Wavel etsaswell astheir
application have been proposed in papers of ARFA-
KABOODVAND et al (ZfV, 1998). Inall threecasesspecial
software-packageshad to be prepared. Theseanalyseswere
mainly based by us on 21-days data sets taken over the
aforementioned total data set length of about two years.

The results of the Earth rotation analysis indicate some
irregular variationsin polar motion and LOD. These may
have a common geophysical cause. Also the effective
atmosphericangular momentum could bein daily/subdaily
frequency band one of the responsible sources for the
irregular variations in x- and y-pole coordinates and
depends on the epoch of computations. As mentioned
before the data contains some systematic contents which
could beused for deterministic modelling of polar motion
in subdiurna domain. In the results of 2D-Wavelet
transformation of the Earth rotation using asubsidefactor
of 1 to subdaily prograde and daily retrograde period
variations were recognisably significant. We notice in
daily/subdaily frequency band (within thewholedataset)
that the retrograde part of the polar motion spectrum is
moreenergeticthanthe progradepart of it. Thisindication
leads to the fact that the daily oscillations are mainly
clockwise and the subdailies are counterclockwise.
Additionally a prograde band width of 14 day was
ascertainable followed by a 7 days band lack which are
generally covered by the retrogrades. Since the tidal
forcing of the oceans dominate the rotational variations



SECTION V: GEODYNAMICS 115

at periodsof oneday andless, soweexpect theoceantides
asthe main exciting force for these phenomena. Further-
more, wediscovered within thewhol edatamaximain pro-
gradeandretrograde spectral density, especialy in spring
and autumn, i.e. rotationdata. So, itis18.06/3/1995-10/4/
1995 and 8.96/9/1995-29.75/9/1995 etc. which may be
attributed to the seasonal variationsin the polar motion.
Inserting a higher subside factor (i.e. 4) in the Wavelet
analysisalowsustocrystalisemoreinformationreferring
to the variation behaviour of Earth interesting to see the
dominance of the prograde polar variations in the early
spring and whole summer as well asthe retrograde polar
variations in the whole spring and late summer. Also in
the second half of the year some retrograde subdaily
variationshave been detected. Because of the conciseness
and short total length of Earth rotation data, it is not
possibletoreaiseany significant yearly coherencebetween
the prograde and retrograde spectraaswell asLOD. We
also discover some dependencies between the prograde
and retrograde spectrain the polar motion (i.e the yearly
appearance of pro- and retrogradesin April and Septem-
ber). Finally, wefound out some special casesinthepolar
motion, whereboth daily progradeand subdaily retrograde
periodsoccur (i.e. May 1995, December 1995, September
1996, December 1996 and March 1997). Sincethe daily/
subdaily variahility dueto AAM isquite small compared
to oceanic tidal effects, so further research is necessary
to model, investigate and reduce the Earth rotation data.

It seems necessary to study longer data series before
stochastic studiesasdescribed heregiveway and sufficient
apriori information to systematic deterministic modelling.

2. Earth rotation studies at DGFI (Munich)

Analysis of nutation data observed by VLBI

The wavelet transform was applied on nutation data
observedby VLBI. Beforethewavelet analysiswascarried
out, thel ERS correction model (1996 |ERSAnnual Report,
1997), which contains 25 astronomical terms including
an annual variation, had been subtracted from the data.
Inthe complex-valued nutation parameters (Ae- iAPsine,)
the retrograde Free Core Nutation (FCN) can be seen
clearly around aperiod of 430 days(SCHMIDT and SCHUH,
1999). The wavelet transformation reveals a significant
decrease of energy in the range of the FCN since
1989/1990. From acloser |ook at the output of thewavel et
analysisof the nutation series, it can be seen that not only
the energy related to the FCN has changed, but also the
period which corresponds to the highest energy in the
wavel et spectrum at aparticular timehasvariedinthe span
from 1984 till 1996. A about modulation period of 4.8
yearscan beextracted, which wasdiscussedinmoredetail
by ScHUH and HAAS (1998).

Resonance of the free core nutation in the solid earth
tides
In the last three years progress has been achieved in the

determination of tidal deformation parametersdirectly by
least squares adjustment of VLBI data. About 800.000

VLBI observables covering atimeperiod of 17 yearsand
measured by theglobal geodetic VLBI network wereused
for themost recent global solution. Second degreeand third
degree Love and Shida numbers of the solid Earth tide
model weredetermined. Theresultsfor thedifferent parts
of thetidal spectrum (long-period, diurnal, semi-diurnal)
were published by HAAS and SCHUH (1996), HAAS et al.
(1996), HAAS and SCHUH (1997), SCHUH and HAAS (1997),
SCHUH and HAAS (1998). They are slightly different for
the various frequency bands, and a clear resonancein the
tidal deformation can be seen around the Free Core
Nutation [FCN]. In a more general approach, complex
Love and Shida numbers are used. This correspondsto a
phase lag of the tidal deformation, e.g. due to the
inelasticity of the Earth. Imaginary parts of the Love
numbers h,, and 1,;, were computed for the strongest
semidiurnal and diurnal tides. Finally, the complex
eigenfrequency of the FCN resonancewasdetermined, with
an FCN period of 427 +21 daysin the celestial reference
frame and a quality factor Q of 1730 (1240 < Q < 2840).
Thisdirect determination of Q based ontidal deformations
measured by VL BI agreesrather well with superconducting
gravimeter measurements but disagrees with former
analyses of VLBI nutation data.

Further investigations of geodynamical effectsrelatedto
thetidesusing VL BI observationswerecarried out. HAAS
and SCHUH (1998) determined ocean tidal loading para-
meters for the main geodetic VLBI sitesand HAAS et al.
(1998) compared different atmospheric loading models
with results obtained from VLBI.

Wavelet analyses of earth rotation parameters

Thewavelet analysis has several remarkabl e advantages
compared with the classical Fourier or spectral analysis.
It allows the time localization of an unstable quasi-
harmonic signal within agiven dataset (SCHMIDT 1996).
Series of the Earth rotation parameters published by the
IERS and of atmospheric angular momentum data have
been analyzed by SCHMIDT et . (1997) and by SCHMITZ-
HUBSCH (1998). Theanalysisof lod (length of day) series
yieldsin the high frequency range periods of 28 days, 14
days down to 5.6 days caused by lunisolar tides and
irregular periodic variations between 40 and 100 days.
Theseare mainly excited by zonal winds. For the circum-
polar semi-annual variations of lod a strong correlation
with El Nifio events and with the antarctic current can be
seen. The main components of polar motion are the
prograde Chandler wobble with a period of about 1.18
years and a prograde annual variation. |f the Chandler
wobbleissubtracted first fromthe observed polar motion,
thewavel et analysisof theresidual datashowsasignificant
variation of the amplitude of the annual period. In
particular after El Nifio events large annual variations of
polar motion are found. Additionally, variable periods
between 3 and 5 months can be seen in the wavelet
spectrum of the short period range (SCHMITZ-HUBSCH
1998).

Thedifferencesbetween thenutati on coefficientsobserved
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by VLBI and thebest-known astronomical nutation model
wereinvestigated, too. Thel ERScorrectionmodel (IERS
Annual Report 1995, Paris 1996) which contains25 astro-
nomical termsincluding aconstant annual variation, had
been subtracted first from the data. The wavelet trans-
formation of thenutation datatreated inthe complex plane
(Ae-i - AY - sinAe,) shows an additional nutation com-
ponent around 430 dayswhich can bereferred to the Free
CoreNutation (FCN). Thedecrease of itsamplitudesince
1990 isclearly revealed by the wavelet analysis (SCHUH
and HAAS 1998). When looking closer on the output of
thewavel et analysisit can be seenthat not only theenergy
related to the FCN has changed but al so the period which
correspondstothe highest energy inthewavel et spectrum
at acertain time (ridge function) has varied considerably
in the span from 1984 till 1997. There is probably a
modulation of the FCN period close to 430 days with at
least one other non-astronomical nutation term. Such a
modulation could be caused for instance by anirregular
atmospheric excitation of theannual nutationwhichisstill
contained in the residual nutation data.

First stepstowardsreal-time measurementsby VLBI

Based on the inertial reference system of extra galactic
radio sources, VLBI is an extremely precise modern
geodetic technique for monitoring the Earth rotation and
for therealization of theglobal reference system. However
thecostsarerelatively highandthereisstill adelay of one
week minimum between the time of observation and the
availability of the results. If this gap could be shortened
to a few hours this would alow to monitor the Earth
rotation parameters quasi in real-time which could be
extremely useful, e.g. for the prediction of the Earth
rotation parameters. Asafirst steptowardsreal-timeVLBI
adirect transmission of thereceived signalsfromtheradio
telescopes to the correlator or to a central computer for
further processing was proposed by SCHUH (1995). High
bandwidth communication networks using optical fibre
or communication satellites will soon alow intra- and
intercontinental transmission of signalsat some Ghit/sec.
Inthefinal dataanalysis many stepswhich arecarried out
manually can be supported by artificial intelligence
methods. The concept of an expert system (XPS) for
processing Very Long BasdlineInterferometry (VLBI) data
was presented by SCHUH (1996). It is an intelligent
knowledge-based assistant for theMarkl Il DataAnalysis
System (one of the most widely used VLBI software
packages) and supports and guides the analysts to make
the data analysisfaster even if they are less experienced.
ThisXPSisbeing developedinaresearch project at DGFI,
Munich. TheXPSguidesand controlstheoperationsdone
by theanalyst and doesall necessary checksautomatically.
It gives detailed explanations to the analyst (decision
support system) in particular when he/she has to choose
between different options or hasto select specific models
or parameters. When failures or problems in the process
of dataanalysishaveoccurred, the X PSadvisestheanal yst
how to overcome the problem (diagnostic system). The
system containsaflexibleand extensibleknowledgebase.

First examplesof anautomated editing of stationlog-files
showed that the program flow can be considerably accel er-
ated.

3. Research activitieson earth rotation at the
GeoFor schungsZentrum Potsdam (GFZ)

Research on earth rotation at the GFZ isfocussed on data
analysis and the interpretation of geophysical causes of
variations of the length of day (LOD) and polar motion
(PM).

ERP products of the IGS analysis center at the GFZ.

Sincethebeginning of thel GSin 1993 thegloba GPSdata
have been analysed by the international 1GS Analysis
Center at the GFZ Potsdam. Theexcellent datadistribution
(compared to the other space techniques) allowed for a
daily resolution in the ERPs from the very beginning.
Today acontinuous daily seriesfor aninterval of 6 years
isavailable.

Therearetwo categoriesof products, rapid and final ones.
The rapid product is based on an optimized set of about
30 well distributed sites and is computed 12 hours after
the end of the day. It is the most important input for the
Bulletin A. Thefinal product isderived on aweekly basis,
four days after the end of the week, and it uses about 60
sites.

During the first years the accuracy for polar motion and
the length of day was 0.2 — 0.3 mas and 0.06 ms,
respectively. Thisaccuracy isof coursestrongly connected
with the accuracy reached in the realization and
maintenance of the terrestrial reference frame. This
realization crucialy depends on the quality of the GPS
stations (data, environment, monumentation) and of the
orbit models. On both fields a remarkable improvement
could be gained from year to year, so that the ERP
accuracy was improved until 1997 by afactor of two.

In May 1997 the LOD determination could be improved
on about 0.04 mshy introducing orbital arcswithalength
of 3 days, instead of theformerly used 1 day. At the same
time GFZ started to submit results for UT1, which are
aligned on the first day of each week to Bulletin A. The
accuracy withintheweek isbetter than 0.1 ms. Additional -
ly, the daily polar motion rates are estimated, here the
accuracy level is about 0.2 mag/d.

Thisalready highlevel wasevenimprovedinMarch 1998
by switching from ITRF94 (with 13 fixed core sites) to
ITRF96 (with 74 fixed coresites). Thisenlargementinthe
set of coresites stabilized thereference framerealization
during the daily analysis.
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Rapid Final
ITRF94 | ITRF96 ITRF94 ITRF96

xp[mas] +0.29 +0.16 +0.11 +0.07
yp[mas] +0.29 +0.14 +0.15 +0.09
LOD[ms] |[+0.036 |+0.031 |+0.026 |=*0.016

The largest improvement can be stated for the rapid
products, which havenow an accuracy of 0.15mas, which
corresponds to the former accuracy of the final products
(GENDT et al. 1998 a,b)

Geophysical causesof variationsof theearth'srotation.

Geophysical processes accompanied by mass redistribu-
tions cause variations of polar motion and the length of
day. Theimpact of atmospheredynamics, ocean dynamics,
and core dynamics on these variations are subjects to
investigations at the GFZ. Variations of polar motionand
thelength of day can easy beestimated if sufficientinfor-
mation on the corresponding processisavailable. Thisis
valid for atmospheric mass redistributions which are
sufficiently monitored by meteorological observatories.
Seasonal variations of polar motion and the length of day
areexpected to bemainly excited by atmospheredynamics.

In (HOPFNER 1995d-g, 1996a,b) it was studied whether
the Atmospheric-Angular-Momentum functions (AAM)
published by the [IERS can compl etely explain the annual
and semi-annual periodsof polar motion. It wasfound that
the non-atmospheric excitation is much larger than ex-
pected. For the annual component the influence of the
atmosphereisreduced by the non-atmospheric effect, for
the semiannual component it is enlarged.

Imbalancesin seasonal variationsof theearth-atmosphere
axial angular momentum budget are re-examined in
(HOPFNER 1995Db,c, 1996¢-e, 1997a-c, and 1998a-d) on
the basis of LOD and AAM series. The seasond
oscillations are separated by filtering from different time
series. Their characteristicsareillustrated by thetemporal
variability of the amplitudes, periods, and phases of the
annual and semi-annual oscillations. The results derived
from different LOD and AAM systems show to which
extent the variations reflect systematic differences and
significant signals, respectively, which is important for
future activitiesin thisfield. Theimbalancesin seasona
variationsmay belargely eliminated, if themissingimpact
of wind from the 10-1 hPaisincluded in the solid earth-
atmosphereaxial momentum budget. Attheachievedlevel
of uncertainty, theearth'saxial angular momentum budget
for the annual oscillation is most likely closed with the
missing wind contribution alone and for the semiannual
oscillation with the missing wind contribution and the
hydrological contribution, asestimated quantitatively. An
excitation source such as the Antarctic Circum-Polar
current is not any more negligible on a higher level of
certainty.

L ong termvariationsof thelength of day and polar motion
aregeneraly attributed to geophysical processinthemore

solid spheres of the earth, particularly core dynamicsis
said to be a candidate for decade variations of the
parameters of earth rotation, but an estimation of the
atmospheric excitation function of polar motion and the
length of day for the interval of time 1900 — 1989 shows
that long term influences of the atmosphere can be
expected.

In (JOCHMANN, GREINER-MAI 1996 and GEINER-MAI,
JOCHMANN 1998) the studies of long term variations of
LOD are focussed on explaining the climate cycles con-
tained in thistime series. It was found that the 11 and 22
years cycles are mainly caused by variations of
atmospheric circulation, while the remaining decade
fluctuations are probably produced by theimpact of core
mantle coupling. Investigating the variations of polar
motion for the period 1900 — 1989 a number of climate
cycles could be identified (JOCHMANN 1998b). These
cycles were also found in the amplitude modulations of
the Chandler-wobble. The source of this modulation is
difficult toexplain becauseit needsonly asmall excitation
with respect to the large transfer function in the area of
the Chandler wobble. Comparing the amplitude spectra
of polar motionwith those of the corresponding excitation
function it was found that the 11 years period and the 80
years Gleisberg cycle are partly caused by atmospheric
mass redistributions. The relations between these cycles
and their atmospheric excitation are similar to that of the
annual wobble. Consideringinner coremotionasapossible
candidatefor exciting decadefluctuationsof polar motion
it could be proved that the 11, 22, 30, and 80 yearscycles
aremainly caused by thisprocess. An obtained phase shift
between inner core excitation and polar motion supports
this result because it corresponds with the Alfven wave
velocity intheouter core. Thisindicatesthat climatecycles
inearth rotation seemtobemorerelated to coredynamics
than to atmospheric circulation.

Investigations on magnetic core-mantle coupling were
continued using improved data series of variations of the
length of day and thegeomagneticfield. Variationsof LOD
were reduced because of atmospheric effects (GREINER-
MAI 1995, JOCHMANN and GREINER-MAI 1995,1996;
GREINER-MAI and JOCHMANN 1998). Then the coupling
model works with an electric conductivity in the lower
mantle which is reduced by about 14% towards a more
reasonablevalue. A new L OD dataserieswasconstructed
using modern and historical data(L1A0 and GREINER-MAI
1998) and compared with coupling parameters derived
from the spherical harmonic coefficients of the
International Geomagnetic Reference Field (IGRF). This
showsno essential improvement of theprevioudy obtained
results in the interval of decade fluctuations. In the
interannual time scal ethe atmospheric excitation of LOD
variations can play an important role. Common periods
arefound near 4.55, 4.10, 3.57, 257, 2.35, and 2.19 years
with good consistencies in amplitudes and phases.
However, the dominant period of 5.39 years in the
observed L OD variations must be mainly caused by other
geophysical processes.
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Rel ationsbetween geomagneticfield variationsand polar
motion were studied, taking into account the hypothesis
of inner core motion. According to this hypothesis the
figure axis of the oblate inner core coincides with the
dipole axis of the geomagnetic field. The motion of the
figure axis of the inner core, which is expressed by
temporal variations of the dipole axis, causes mass
redistributions because of the density difference between
the inner and outer core. These mass redistributions
influencevariationsof polar motion and thegravity field.
In (GREINER-MAI 1997) the above mentioned hypothesis
was checked taking into account a dynamo process
simulated by a prescribed electric current system within
the electrically conducting outer core. It was found that
the assumed coincidence between both axesis given, if
the magnitude of the angular velocity of theinner coreis
sufficiently high and the current system is concentrated
in athin sheet at the outer-inner core boundary.

In (GREINER-MAI et al. 1998) the influence of inner core
motion on polar motion and on the gravity field was
calculated, using the above mentioned hypothesis and
standard density models of the earth. Comparing the
obtained theoretical values of polar motion with the
observed one, corrected for atmospheric effects, it was
found that polar motion variations caused by inner core
motion are of the same order of magnitude as the decade
variationsof polar motion derived from pole coordinates.
Calculationsof thegravity potential show that therotation
of theinner causes gravity changes detectable by modern
satellite missions (see REIGBER et al. 1997 and TAPLEY
1997). The predicted rates of change of the Stokes coeffi-
cientsfor thelast 10 yearsare 10 exp-12 per year for C2m
(m=0,1,2) and S22, 10 exp -11 for S21. If these values
arecompared withtheaccuracy of present gravity models
(e.g. GRIM4 SCHWINTZER et al. 1997) and with the
accuracy of future satellite missions (CHAMP and
GRACE) it seemsto be possible to check the hypothesis
of inner core motion within the next decade.

Theinfluenceof oceantideson polar motionandthelength
of day were treated in (SEILER and WUNSCH 1995 and
WUNSCH 1995, 1997). Basing on the Seiler model of ocean
tides more complete results for tidal induced periodic
changes of Universal Time and polar motion weregiven.
24 smaller tidal constituents were added to the 10 pre-
viously published.

The increasing accuracy of satellite missions alows an
improved determination of the gravity field and its
temporal variation. In (JOCHMANN 1997b) it wasdiscussed
whether the combined use of temporal variations of the
gravity and the earth's rotation reduces the ambiguity of
inverse solution for identifying global geophysical
processes. It could be shown that these type of inverse
solution allowsto differ between motion and matter terms
of the excitation functions of earth rotation without
knowledge on the exciting geophysical process.

An example of inverse solution is given in (JOCHMANN
19973,1998a). Since the annual wobble of polar motion
can not be completely explained by atmospheric mass

redistributions, inverse solution was used to identify the
unknown excitation. As a possible candidate for this
excitation the seasonally varying water storage at the
continentswas chosen, which isrelated to thetemporally
varying precipitation. The relation between these two
phenomena could be described by alinear relation with
two coefficients depending on evapotranspiration and
runoff. These coefficients could be assumed to be
independent of the geographical position in case of polar
motion. This allowed a successful inverse solution.

4. Coordinated research into earth rotation
(M. SCHNEIDER, Munich)

Research on Earth Rotation in Germany funded by the
Deutsche Forschungsgemeinschaft (DFG) is coordinated
since several years as a cooperative effort. Within this
research project three round-table discussions of the
scientists involved on topics relevant to Earth Rotation,
e.g. on measurement and modelling activities and on
reference frames (SCHNEIDER, 1999), have been held.

M easurement activities

Measuring Earth Rotation using Space Geodetic Tech-
niques (VLBI, GPS, SLR/LLR) isaprime goa of FGS
(Forschungsgruppe Satellitengeodasie). Within FGS the
Bundesamt fur Kartographie und Geodéasie in Frankfurt
(BKG) and the Forschungseinrichtung Satellitengeodéasie
of the Technische Universitét Minchen (FSG/TUM) are
operating the Fundamental Station Wettzell in aseries of
internationally coordinated programmes.

FGS is considering also the development of new earth-
bound rotation sensors, e.g. thedevel opment of aRinglaser
of very high sensitivity for geodynamical applications as
well asfor fundamental physics. A prototype of Imx 1m
effective area has successfully been developed in close
cooperation with the University of Canterbury in New
Zealand to about 0.5-1ppm. This ClI ring laser is fully
documentedin (FRIESCH et al., 1999). Latest resultsfrom
thislaser gyro areregularly shownintheworld wideweb

(Www.fesg-tu-muenchen.de).

Thereisalso shown the output froma G0, a3.5mx 3.5m
ringlaser devel oped for demonstrating singlemodeopera
tion being feasiblein alargeringlaser. The Cll aswell as
the GO are being operated in the Cashmere Cavern near
Christchurch, New Zealand which providesgood environ-
mental conditions. A 4m X 4m ringlaser is now under
construction to be installed underground at the Wettzell
Stationin 2001, asensitivity of 1ppb or better envisaged.

Publicationsrelevant tothesering laser devel opmentscan
be found also under

www.phys.canterbury.ac.nz/~ physges.

Furthermore FGS is developing in cooperation with the
University of Tubingen (FRIESCH et al., 1999) also a
rotation sensor using quantized superfluid vortices in
helium 3 or 4, These vortices created in an orifice are
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detected with a Squid device. A review of helium gyro-
scopesisgiven in (EskA, 1999).

Modelling earth rotation and its determination

Anoverview of modelling activitiesaswell asof process-
ing observables from space geodetic techniquesis given
in (SCHNEIDER, 1999), at far asthese are funded through
DFG.

Since severa years the member institutes of FGS are
contributing on aregular basisto the IERS by delivering
EOPfromtheanalysisof observablesfrom spacegeodetic
techniques(VLBI. SLR/LLR, GPS). Analysisof LLR data
isdoneusing LUNAR, aprogramme package devel oped
within FESG/TUM. Its theoretical background is docu-
mented in (BAUER, 1989; MULLER, 1991), themost recent
achievementsincluding theresultsfromprocessingall LLR
normal pointsavailablesince 1969 using LUNAR aregiven
in (REICHHOFF, in print).

FGStogether with cooperating institutes has prepared an
illustrated bookl et on Earth Rotation (SCHNEIDER, 1998).

Concerning the Bundesamt fiir Kartographieund Geodasie
(BKG), B. RICHTER reports: The SLR Analysis Centre at
the Bundesamt fir Kartographie und Geodasie (BKG)
submitted thesolution EOP(BK G)98L01tothe | ERS. This
solutionwasbased on observation dataof 86 SL R stations
from January 1988to January 1998. The EOPsweredeter-
minedfor 3-day intervals. For theyear 1997, thermsdiffe-
rences between this solution and EOP(IERS)97C01 was
about 0.14 mas for the x and y pole coordinates.
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