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Preface

The 13

th

Working Meeting on European VLBI for Geodesy and Astrometry took place near the Fun-

damental Station of Wettzell in the town of Viechtach in the Bavarian Forest, Germany, on February

12-13, 1999. These proceedings contain contributions about many aspects of Very Long Baseline In-

terferometry (VLBI) from experts in this �eld working as operators at radiotelescope sites, developers,

data analysts, researchers and scientists in various parts of the world.

The proceedings are structured in the following manner:

� International VLBI Service

The results of the initial meeting of the directing board of the International VLBI Service (IVS)

had been presented at the workshop. We expect that IVS will play an important role for the

geodetic and astrometric VLBI activities in the future.

� Reports from Stations

This chapter illustrates the various activities at the observatories at Wettzell, TIGO, E�elsberg,

Medicina, Noto, Matera, Madrid, Yebes, Onsala, Ny Alesund, Kashima, Tsukuba, stations

involved in the Key Stone Project and the current status of the Bonn correlator. Special concern

is given to the observations of the reference point of the radiotelescopes and its tie to a local

survey network. Monitoring of local motions of the reference point of the radiotelescopes is

believed to help to eliminate systematic errors and to improve accuracy.

� Analysis and Modelling

Various analysis strategies, results of analysis of VLBI observations and their interpretation

are presented. Several contributions touch topics of general relativity, methods of constructing

reference systems, signal propagation in the atmosphere, variations of Earth orientation, ocean

loading e�ects, crustal dynamics. Comparisons of VLBI with GPS techniques have also been

used to evaluate the consistency of techniques. Methods for investigation of source structure

of radio objects which are observed in geodetic observation programmes are considered in some

articles.

� New Developments and Ideas

A technique which is not continuously improved will become obsolete very easily. Therefore

the next steps in VLBI developments concern the compatibility of di�erent data formats, new

recording systems, electronic VLBI in near real-time and in general more automatization of the

processing of VLBI-data. Project of new generation of water-vapour radiometer is considered.

In the future the determination of Earth rotation parameters by laser gyroscopes may be feasible

as well as as the determination of the orbits of transmitters of satellites by the means of VLBI

phase-referencing techniques as completion to existing orbit determinations based on satellite

techniques.

Wolfgang Schl�uter and Hayo Hase Wettzell, March 4, 1999
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IVS Is Established

N. R. Vandenberg

IVS Coordinating Center Director

1. Summary

IVS is the International VLBI Service for Geodesy and Astrometry. IVS groups geodesy

and astrometry together because they use the same observations and the same analysis gives both

types of results. 

IVS is established under the International Association of Geodesy’s (IAG) Commission

VIII –  the International Coordination of Space Techniques for Geodesy and Geodynamics, or

CSTG, chaired by Gerhard Beutler of the University of Berne, Switzerland.

IVS is the third of this type of service to be established. The first was the IGS

(International GPS Service) which has been highly successful as a service for GPS. The second

service was the ILRS (International Laser Ranging Service) which started in late 1998.

2. Chronology

This section presents a brief history of the events leading up to the formation of IVS.

In May 1997 the CSTG Chairman initiated discussions about a VLBI service that would

operate in a manner similar to the IGS. By September the CSTG VLBI Subcommission, chaired

by Thomas Clark of NASA Goddard Space Flight Center, published a draft Terms of Reference.

At the end of the year Dr. Clark resigned as chairman of the VLBI Subcommission and James

Campbell of the Geodetic Institute of the University of Bonn was appointed as chairman.

Community response to the draft Terms of Reference was strong, and an electronic

workshop was convened to re-write the Terms. The workshop members met only via e-mail

during February and March 1998. Different members of the workshop with varying areas of

expertise re-wrote sections of the Terms and all the members reviewed them. It was at this point

that the name IVS was determined, following a lively debate among the workshop members about

the mandate for the organization.

In April 1998 the new Terms of Reference were presented to the CSTG Executive

Committee for approval at a meeting held in Nice, France. See section 3 for a summary of the

Terms. At this time the VLBI Subcommission formed a Steering Committee to do the work of

establishing the IVS.

The Steering Committee released the Call for Participation in IVS on 1 June 1998, and

proposals were received through the end of September. At its meeting in October in Munich,

Germany, the Steering Committee evaluated the proposals and decided to accept all of them. See

section 4 for a summary of the results.

In mid-November 1998 the Steering Committee released the Call for Nominations for

representative positions on the Directing Board. Also released was the Call for Proposals for the

positions of Network, Analysis, and Technology Coordinators. Following the close of

nominations the general elections were held via e-mail ballots.

The Steering Committee held its final meeting in January 1999 at Goddard Space Flight
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Center to form the initial IVS Directing Board. The Board members were selected based on the

proposals for Coordinators, the elections, and nominations for At Large positions. See section 5

for the list of the members of the initial Directing Board.

3. Summary of IVS Terms of Reference

This section provides a summary of the bylaws, or Terms of Reference, by which IVS as

an organization is governed. The full text of the Terms of Reference may be found at

http://ivscc.gsfc.nasa.gov/org/tor.html. 

The objectives of IVS are stated first in the Terms of Reference. They are 1) to provide a

service to support geodetic, geophysical, and astrometric research and operational activities; 2) to

promote research and development for VLBI; and 3) to interact with users of VLBI products.

The service aspect of IVS is meant to serve both outside users and the geodetic and astrometric

community itself. Both the contributors and users of data will be served.

IVS provides data and products for the scientific community. Some of the products are a

terrestrial reference frame (TRF), the international celestial reference frame (ICRF), and Earth

orientation parameters (EOP). All IVS data and products are archived and are publically available.

IVS products contribute to research in many areas, including areas such as the solid Earth, tides,

studies of the vertical, and VLBI technique improvement.

The goals of IVS are realized through seven types of components:

� Network Stations are high performance VLBI stations that acquire data. 

� Operation Centers coordinate the activities of a network of Network Stations. 

� Correlators process data, provide feedback to stations, and provide processed data

to analysts. 

� Analysis Centers analyze data and produce results and products. 

� Data Centers distribute products to users, and provide storage and archive

functions. 

� Technology Development Centers develop new VLBI technology. 

� The Coordinating Center coordinates the daily and long-term activities of IVS.

In addition to the above types of components, IVS has the following:

� The Directing Board determines policies, standards, and goals. The Board is

composed of elected and ex officio members.

� Associate Members are individuals participating in the work of any of the IVS

components.

� Corresponding Members are individuals who want to be informed of IVS

activities.

� The Network Coordinator is responsible for station data quality and performance

standards.

� The Analysis Coordinator is responsible for VLBI product development and

delivery.

� The Technology Coordinator is responsible for VLBI technique advancement and

system compatibility.

4. IVS Components

At the initiation of IVS there were 73 components, representing 29 organizations in 15

countries. The distribution of types of components is as follows:
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IVS Structure

D irecting B o ard I E R S

C oo rd ina ting
C en te r

D ata
C en te rs

A nalys is
C oo rd ina to r

Ne two rks
C oo rd ina to r

T e chno lo g y
C oo rd ina to r

A nalys is
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C orre lato rs
Ne two rk
S ta tio ns

O pe ra tio n
C en te rs

T e chno lo g y
D eve lop m e nt

C en te rs

N R V  9 9 0 2 0 7

30 Network Stations

   3 Operation Centers

  7 Correlators

  6 Data Centers

17 Analysis Centers

  9 Technology Development Centers

  1 Coordinating Center

There are 229 Associate Members.

By country, the 73 IVS components are

distributed as follows:

Brazil 1

Canada 3

China 3

France 2

Germany 8

Italy 7

Japan 14

Netherlands 2

Norway 3

Russia 5

South Africa 1

Spain 2

Sweden 3

Ukraine 2

USA 17

There are noticeably no IVS components from

Australia. This is an issue that the IVS Board is

working on.

The structure and interactions of IVS are shown in the figure above. The link to the IERS

(International Earth Rotation Service) indicates that the IVS is now the VLBI Coordinating

Center for IERS. The Directing Board provides overall guidance. The Coordinating Center and

the three Coordinators work closely together. Each Coordinator has a special relationship with

the components they work with. All of the components interact with each other on a daily basis.

5. Directing Board

The initial IVS Directing Board is listed in the table below. There are ex officio positions

for persons representing the International Association of Geodesy (IAG), the International

Astronomical Union (IAU), and the International Earth Rotation Service (IERS). The IVS

Coordinating Center Director is also an ex officio position. The three Coordinators are each

Board members. There are five Representative positions and two At Large positions.

The Chairman of IVS is one of the Board members, chosen by the Board themselves. All

Board members will eventually serve staggered 4-year terms. Some of the initial terms had to be 2

years to achieve this.
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IVS Directing Board

Name Affiliation Country Position Term

Gerhard Beutler Univ. of Berne Switzerland IAG Representative ex officio

Wayne Cannon Space Geodetic Laboratory Canada At Large Member 2

Nicole Capitaine Paris Observatory France IAU Representative ex officio

Marshall Eubanks U.S. Naval Observatory USA Correlators and Operation

Centers Representative

4

Ed Himwich NVI, Inc./Goddard Space

Flight Center

USA Network Coordinator 4

Tetsuro Kondo Communications Research

Laboratory

Japan Technology Development

Centers Representative

2

Chopo Ma Goddard Space Flight Center USA IERS Representative ex officio

Shigeru Matsuzaka Geographical Survey Institute Japan Networks Representative 4

Axel Nothnagel University of Bonn Germany Analysis and Data Centers

Representative

2

Wolfgang Schlueter Bundesamt fuer Kartographie

und Geodaesie

Germany Networks Representative,

Chairman

4

Paolo Tomasi CNR Bologna Italy At Large Member 4

Nancy Vandenberg NVI, Inc./Goddard Space

Flight Center

USA Coordinating Center

Director

ex officio

Alan Whitney Haystack Observatory USA Technology Coordinator 4

tbd Analysis Coordinator 2

6. First Board Meeting

This section summarizes the highlights of the first Directing Board Meeting.

As its first act the IVS Directing Board elected Wolfgang Schlueter as Chairman. The

Board feels that Dr. Schlueter’s links to the other techniques and his experience managing a

fundamentalstation will be very valuable to the initial growth and collaborations of the new IVS.

The Board named NEOS (National Earth Orientation Service, a joint effort of the U.S.

Naval Observatory and NASA’s Goddard Space Flight Center for VLBI) as the acting Analysis

Coordinator. NEOS will develop an initial plan for IVS product presentation and write a new

solicitation for the Analysis Coordinator activities.

Each of the Coordinators and the Coordinating Center presented their initial plans for

activities. The plans are:

� The Technology Coordinator will focus on the proposed standard VLBI interface,

and visibility of technology at meetings.

� The Network Coordinator will develop written station performance standards and

9



establish a regular program of station visits.

� The Analysis Coordinator will make existing VLBI products easily available

through IVS.

� The Coordinating Center has set up the initial version of the IVS web site and will

announce the IVS e-mail service. The IVS web site may be found at

http://ivscc.gsfc.nasa.gov. The site aims to be the center of communications and

information for all IVS components and members.

The Board discussed the appropriate method for interaction with astronomy organizations

such as JIVE, NRAO, and ATNF. Because we use many of the same facilities as the astronomers

and share the same reference frames we need to have a formal relationship with these groups.

The Coordinating Center will announce a contest for the IVS logo. First prize will be free

t-shirts with the logo on them for all of the Associate Members at the winner’s institution. The

Board will select the winning entry.

Presented at the 13th Working Meeting for European VLBI Geodesy and Astrometry

February 12, 1999

Nancy R. Vandenberg

NVI, Inc./GSFC Code 920.1

Greenbelt, MD 20771

nrv@gemini.gsfc.nasa.gov

phone 301-286-9019

fax 301-286-0213
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Status Report of 20m-Radiotelescope-Wettzell

R. Kilger

�

Abstract

This report presents the activities of the 20m-radiotelescope in Wettzell since our last meeting in

Hoenefoss/Norway in 1996. Our telescope is fully dedicated to geodetic application and participates

only occasionally in astrometric or astronomical observations, if telescope-time allows it. The report

has a section dealing with the observations Wettzell has participated and a section describing hard-

or software changes.

1 Observations

A fully geodetic focussed VLBI-telescope has no big changes in its observing program over the years.

Table 1 shows our VLBI-activities since the beginning of regular observations in 1983.

In spite of this two major changes will happen in our geodetic observations in the next future. Starting

at July 1st, 1999, 20m-RT-Wettzell shall participate in Wednesday-CORE-session every week; there

is still a strong question mark behind it, since Wettzell does not have its Mark-IV formatter (ordered

from and paid to GSFC in 1995); assuming this problem can be solved, participation in Wednesday-

CORE-session has the consequence for Wettzell (and the users), that we run observations every week

through the following years:

� from Tue, 18:00 until Wed, 18:00 NEOS-A,

� from Wed, 18:30 until Thu, 18:30 CORE-3.

Additionally it is planned, that 20m-RT-Wettzell will increase the amount of observations with

Japanese telescopes after having a K-IV DAT and the ability to run it with the Field System. Up

to now we participated with a K-IV unit on loan from CRL in VLBI-time transfer observations and

24h-sessions to improve the connection of RT-Wettzell with the Japanese telescope family. Thereby

we operated the K-IV-DAT with an old HP computer and the antenna including IF-distributor and

VC`s with the Field System PC.

Regarding the already mentioned daily Intensives with Greenbank and the ability of running K-IV

sessions at Wettzell there are plans to combine 2 INTENSIVE-sessions:

� INTENSIVE: between RT-Greenbank and RT-Wettzell, Mk IIIA>Mk IV, recorded on magn.tape,

with correlation at USNO, as done since 1984,

� INTENSIVE: RT-JAPAN and RT-Wettzell, K-IV, recorded on cassette, with correlation at

TOKYO, (the telescope in Japan still has to be determined; RT-Tsukuba or 26m-RT-Kashima).

Attempting to realize two INTENSIVES Gb-Wz and Wz-Japan following aspects could be considered:

�

Forschungseinrichtung Satellitengeod�asie der Technischen Universit�at M�unchen, Fundamentalstation Wettzell,

Email: kilger@wettzell.ifag.de
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1. Both INTENSIVES should run as simultaneously as possible, to have a

� better comparison of the two INTENSIVE series,

� smaller interupt of parallel observed 24h sessions (a smaller hole in Europe, IRIS-S).

2. That means INTENSIVE Wz-Japan should precede INTENSIVE Gb-Wz. (This helps avoiding

regular observations during inhuman observing times . If we cannot avoid it totally, is our

technique safe enough to try an unattended observation?)

3. Can sources with high declination (or all sources visible from all three places) be observed with

Mark-IIIA/IV on tape and simultaneously with KIV on cassette? (thereby reducing observing

time and leading to a better comparison of the two techniques?)

4. Can we add a third INTENSIVE between Gb and Japan to close a ring of daily ) UT1-UTC

measurements? (Greenbank would need a K-IV DAT.)

5. In the future: Can we run INTENSIVE in real time transferring the observed data via �ber link

to the (or better one) correlator?

Anyhow Wettzell follows a project REAL TIME VLBI ([1], [2]) having in mind the Japanese KEY-

STONE project, where 4 VLBI-telescopes are connected with the correlator by 2,5 Gbps ATM com-

munication link. The Japanese have successfully performed fringes during observation. This technique

seems to be a desirable alternative for projects, as daily INTENSIVE, to determine UT1 { UTC in

the fastest way.

2 Hard- and Software Changes

Regarding hard- and software changes I should mention, that we replaced

� antenna pointing computer by VERTEX-ACU, (With this change the antenna pointing software

has been adapted. Also we experienced a lot of ACU-computer failures after the upgrade.

Meanwhile with the aid of our crew (Mr. Kronschnabl) we reached an even tolerable level of

failures.)

� CAMAC interface unit by serial interface, (between FS-PC and antenna pointing computer; with

this change the communication software between FS-PC and the pointing computer (ACU) had

to be programed new. This task has been solved by Mr. Zeitlh�o
er excellently.)

� Az+El-encoders ROC-Dual 63.6 by Az+El-encoders RCN 723.5 DSK, resolution 20 bit resolution

23 bit

� analog rotation speed control by digital rotation speed control of the motors.

Regarding Field System we have implemented version 9.3.25 with Debian Kernel 2.0.34 into 2 new

PC`s; Ed Himwich kindly assisted Wettzell in these days to adapt the K-IV DAT (Wettzell has

presently on loan) to the Field System. Then Wettzell can run K-IV VLBI-sessions or Mk-IIIA or

Mk-IV sessions with the same FS-software and schedules made by DRUDG from SKD-�les. Our

Mark-IIIA DAT will be upgraded to Mark-IV at the end of February 99 by Haystack to be compatible

with the requirements of a participation in CORE-3 in July 99.
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Tab. 1: Summary of VLBI-Sessions observed at the 20m-Radiotelescope Wettzell 1983-1998

Observations 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 �(1998)

IRIS-A, NEOS-A+B 3 67 72 72 72 73 73 73 59 48 60 62 52 53 52 45 936

Intensive �(UT1) - 73 211 276 281 282 287 287 292 236 281 225 287 200 277 247 3742

IRIS-S - - - 4 5 3 3 12 12 12 12 12 12 12 12 10 121

EUROPE - - - - - 5 2 4 3 5 4 6 6 6 6 5 52

NASA-Geodesy - 2 12 12 12 5 1 - 21 22 15 23 15 33 5 6 184

NASA-Astrometry - - - - 2 2 - - - - - - 2 - 8 3 17

USNO - - - - - - - - 1 11 6 14 4 4 - - 40

Uni, MPIfR - - - - - - - 3 5 - 2 2 3 5 2 4 26

Mobile Campaigns - - - - - - 10 - 4 21 4 4 - - - - 43

1 : : : 8 h Measure-

ments

- 16 13 25 27 1 19 23 22 1 1 2 6 10 1 - 167

Other 24 hjMk2 - - 1j- -j- 1j- 7j3 18j3 3j4 9j1 13j- -j- 2j- -j- 2j- - - 56j11

Wettzell sta� [h] 344 2640 3688 3908 4032 3976 3408 3976 3842 2921 2703 3468 2957 3140 2701 2203 49.907

Students [h] - - - 192 224 56 1140 56 443 1690 1365 808 390 504 214 175 7.457

Total Obs. [h] 344 2640 3688 4100 4256 4032 4548 4232 4285 4611 4068 4276 3347 3644 2915 2378 57.564
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Seasonal Variations in Height

demonstrated at the Radiotelescope Reference Point

R. Zernecke

March 8, 1999

Abstract

Due to thermal expansion the height of a radiotelescope shows daily and seasonal variations.

Since February 26, 1997 the height variations of the reference point are continuously monitored.

The maximum of variation is up to 1 mm during a day and more than 3 mm a year, which is

regarding the precision of VLBI not negligible.

The air temperature di�erence between summer and winter are in the domain of +30

�

C in summer and

�20

�

C in winter. Due to the thermal expansion of steel and concrete the height of the telescope shows

the temperature in
uence. With an expansion factor of approximately 11:0 � 10

�6

m

�

C

for steel and

concrete and 1:5 � 10

�6

m

�

C

for invar one can expect more then 3 mm height variation of the reference

point (12 m above the ground) over the year. This is regarding the precision of VLBI not negligible.

Therefore the height variations of the radiotelescope in Wettzell are continuously monitored. Figure

1 shows the set up of the invar measuring system. The reference point is the intersection between

vertical and horizontal rotation axes. The invar wire (length 11.05 m, diameter 1.65 mm) is �xed

below the reference point. There is a visibility from the reference point down to the ground through

a steel pipe, which was useful for the purpose of surveying and was also suitable to hang up an invar

wire. Because of the rotation of the reference point during observations, the ends of the invar wire

are �xed with revolving swivels to prevent the wire from twisting, as they are used at a distometer.

A weight of 1 kg at the lower end of the invar wire is �xed in this way that it can move up and down,

but not rotate (�gure 2). An anchor is �xed at the lower end of this weight and sticks into a inductive

detector measuring the height variations precisely.

Figure 4 and 6 show the results of 2 measuring periods. The gap between these periods is due to

an installation of a new servo and drive system inside the radiotelescope. The temperature ( T ) is

measured in the middle of the central pipe in a small air chamber inside the steel construction. This

temperature has the highest correlation with the measured height variations ( L ), compared to other

temperatures measured at other places. The height variations are not corrected by the expansion of

the invar wire due to temperature. This correction ( C ), which should be subtracted from ( L ), is

shown separately.

Figure 4 and 6 show the results of a simple computation which was done to elucidate the grade of

correlation between temperature and height variations. Starting with the values of �gure 4 and 5, the

average value of each day ( T

0

and L

0

) is taken. In this case the time lag of about 2 hours up to 4

hours between the two curves does not play a role. The di�erence curve ( D ) is derived from

D[mm] = L

0

[mm]� 0:126[

mm

�

C

] � T

0

[

�

C]

The factor 0.126 is chosen in this way that the di�erence curve is as 
at as possible. The value of this

factor is slightly higher than expected. At October 26, 1997 the anchor was carefully readjusted and

for this moment a jump in the di�erence curve ( D ) becomes visible. Little peaks occur persistently

at each 24-hour-observation, maybe due to movements of the telescope during the observations and

the waste heat of the motors. These temperature rise have little or no e�ect on the height.
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Fig. 1: Principle of Measurements.

Fig. 2: Inductive Detector and the Principle.
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Fig. 3: Measurements of the First Period.

Fig. 4: Correlation between Temperature and Height of the First Measuring Period.
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Fig. 5: Measurements of the Second Period.

Fig. 6: Correlation between Temperature and Height of the Second Measuring Period.
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The First Campaign of Observations with theVLBI-Module of TIGOHayo Hase�, Leonid PetrovyAbstractThe new 6m radiotelescope TIGO located in 60 meter distance from the 20 meter WETTZELLantenna participated in several VLBI experiments since November 1997. The purpose of thisobservations was to evaluate performance of the antenna and to acquire experience in short baselinephase-delay VLBI. The results of these �rst experiments are presented. VLBI measurements oflength of the short baseline TIGOWTZL{WETTZELL show submillimeter repeatability and agreewith results of local survey within its formal uncertainty.1 Design of the TIGO-RadiotelescopeThe Transportable Integrated Geodetic Observatory (TIGO) is designed as a fundamental station.Fundamental stations are the backbone for the realization of the terrestrial reference system sincethey are equipped with all relevant geodetic instruments. Therefore TIGO includes currently a VLBI-module, a SLR-module, GPS-receivers, super conducting gravity meter, seismometer, meteorologicalsensors including a water vapour radiometer.The ideal terrestrial reference system would be based on a globally uniform distribution of ob-serving sites. A poor representation of Earth by observing stations within the terrestrial referenceframe will result in systematic errors. The reality shows wide areas without fundamental stations,especially in the southern hemisphere. Within the international e�orts to improve the distributionof observing sites supporting the terrestrial reference frame, the Bundesamt f�ur Kartographie undGeod�asie has developed and built the transportable fundamental station TIGO. The transportabilityof TIGO enables to setup a fundamental station at the most bene�cial site for the realization of aterrestrial reference system [2].The largest component of TIGO is the radiotelescope for VLBI which had to be designed to �t ina 12m-container. This requirement is a strong restriction for the design and the construction of theradiotelescope for geodetic VLBI. It requests� high slewing velocity,� re
ector as large and as sti� as possible with high surface accuracy,� high antenna e�ciency,� truly intersecting axes for the de�nition of the geometrical reference point as invariant pointregarding source tracking,� accessibility of the geometrical reference point for control surveys for veri�cation of site stability.In order to �t these criteria the concept of an o�set-antenna with a receiver in the primary focushad been chosen. The asymmetrical construction allowed to tilt the receiver from the vertex axis ofthe primary mirror by 35.8�. The full dish is illuminated and the re
ected signal is completely used.The optical scheme of the antenna is shown in �gure 1.�Bundesamt f�ur Kartographie und Geod�asie Fundamentalstation Wettzell, e-mail: hase@wettzell.ifag.deyGeod�atisches Institut der Universit�at Bonn e-mail: petrov@kuestner.geod.uni-bonn.de (on leave from PulkovoObservatory)
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Fig. 1: Optical scheme of the antennaAt the primary focus of the o�set re
ector a NASA standard S/X dualband cryogenic receiver isinstalled. Its �rst ampli�er stages consist of HEMTs operated at about 22K resp. 60K. It is possibleto observe right hand circulated polarization in the frequency spectra of 2:216 : : : 2:350 GHz and of8:108 : : : 9:036 GHz. The TIGO VLBI-module is equipped with a VLBA4 terminal, which supportsthe Mk4 and the Mk3a standard. Recording is done on one-inch-video-thintapes with a VLBA4 taperecorder.2 First ObservationsThe �rst fringe test was carried out on November 11, 1997.TIGO has participated in a number of EUROPE, NEOS-A and some Wettzell{tie experiments.Table 1 shows successful experiments.Tab. 1: Successful experiments with TIGO.N Date Experiment1 02-FEB-98 Europe-412 19-MAY-98 NEOS-A-2643 22-JUN-98 Europe-434 20-JUL-98 Wettzell{tie{15 17-AUG-98 Europe-446 14-DEC-98 Europe-46
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3 System PerformanceThe conducted experiments allowed to investigate the reached system performance in detail. Thedependence of system temperature at X- and S-band is shown in �g. 2).

Fig. 2: System temperature in X- and S-band versus time in hours during EUROPE-46.A number of air masses was computed on the basis of elevation angle using Chao wet mappingfunction [1]. It was found that the system temperature has a weak dependency on a number air massexcept slight increasing in observations near zenith (�g. 3). This indicates a little spillover of groundnoise due to the small dish diameter.

Fig. 3: System temperature in X- and S-band versus number of air masses.TIGO and Wettzell used their own H-masers in all experiments. Therefore the clock performancecould be studied. The analysis of clock performance didn't reveal any problems. Plots of the TIGOclock behaviour relative to Wettzell during the experiment 98JUL20XK as a function of time obtainedfrom the baseline TIGOWTZL{WETTZELL (after subtraction of a linear trend) are shown in �gure4 (phase delay solution left and group delay solution right). We see only smooth variations within[-100, +100] psec interval which indicate both a good quality of hydrogen frequency standards andthe lack of strong instrumental errors of clock-like nature. There is no substantial deviation betweenthe clock function derived from phase and group delay measurements.Under the best sky conditions (clear night) the system equivalent 
ux density (SEFD) is about7000 Jy at X-band and 13000 Jy at S-band. Aperture e�ciency is 70% at X-band. The S-bandperformance is not as good as in X-band.One of the reasons might be that the S-band polarizer is realized by outcouplers from the feed anda coaxial combining networking. It therefore requires a piece of cable to guide the S-band signals intothe dewar. This is di�erent for the X-band which is guided through waveguides and via a waveguidepolarizer directly into the dewar. Therefore the signal 
ow between the feed and the dewar withits �rst, cryogenic ampli�er is di�erent for both bands. Dual frequency feedhorns require always acompromise in their optimization. Since the wavelengths in X-band are shorter and therefore more
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Fig. 4: Clock behavior of TIGOWTZL relative to WETTZELL in phase delay and group delay solution afterremoval of linear trend. Argument is time in hours.accurate, the TIGO feedhorn was optimized for X-band reception. However the losses in the shortpiece of cable before the ampli�er are critical for the performance in S-band and can still be optimized.Another possible cause for the high SEFD in S-band might be spillover in S-band, which has beenexperienced and is a known problem with primary focus antennas. In addition a parasite leakage ofleft hand circulated polarization is possible. These suggestions are still under investigation.TIGO participated in too few campaigns to gather su�cient statistics for the investigation of itsrepeatability on long baselines. We can compare formal uncertainties of TIGO position adjustmentswith uncertainties of station position adjustments of the 20-meter antenna WETTZELL. A specialanalysis of the experiment Europe43 has been made. The data set was slightly reduced: only thosescans where both TIGOWTZL and WETTZELL provided observations of good quality were left, otherscans where one of the stations didn't observe or yielded observations of bad quality were not usedin this analysis. Two solutions were produced: all observations of WETTZELL had been excludedin the �rst run and all observations of TIGOWTZL had been excluded in the second run. Formaluncertainties of the stations position obtained in these solutions are presented in the table 2.Tab. 2: Comparison of station coordinates from two analyses of EUROPE-43 with either TIGOWTZL orWETTZELL as a network station. The network con�guration is almost exactly the same.Comp TIGOWTZL WETTZELLU-comp 16.0 mm 10.7 mmE-comp 3.8 mm 2.4 mmN-comp 5.0 mm 3.6 mmWe modeled the situation what would occur if the 6-meters TIGO radiotelescope would replace the20-meter WETTZELL antenna in that experiment. The geometry of the network is almost identical,the number of measurements is the same, the only factors which a�ect the results are di�erences instations performance. The answer is: the formal uncertainties of the station position would increaseby 50%.Phase delay and group delay solutions were obtained using only observations at the short baselineTIGOWTZL{WETTZELL (see �g 5). Phase delay ambiguities can be easily resolved for a shortbaseline. Residual plots of the baseline length are presented in �gure 6.The values of the baseline length agree very well with the results of measurements of the baselinederived from local surveys. Up to now only two independent local surveys have been carried out. In1996 one survey of the control network of existing Wettzell station was carried out by H. Lang withhigh precise theodolites, ranging instrument Mekometer 5000 and GPS receivers [3]. At that time theTIGO reference markers for the TIGO network had not been installed. In 1997 another local survey ofthe TIGO network and its reference markers which can be seen as an appendix to the Wettzell controlnetwork had been conducted by C. Jocham with a tachymeter Sokkia Net2B and leveling instrumentZeiss DiNi10 [4]. Both independent campaigns have been transformed using identical points of bothnetworks and resulting in the baseline length derived from the local survey given in table 3. A new
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4 ConclusionsThe participation of 6-meter TIGO antenna in real VLBI experiments is considered as successful.Formal uncertainties of vertical position are in the range 10{20mm and formal uncertainties of de-termination of horizontal position are in the range 2{4mm. Accuracy of determination of the shortbaseline TIGOWTZL{WETTZELL shows the lack of systematic e�ects exceeding 1mm level. TheVLBI-Module is ready for its operational use. The major remaining problem is the sensitivity atS-band which is lower than expected. Ways of increasing the sensitivity at S-band are being investi-gated.AcknowledgementThe authors would like to thank the radiotelescope group at Wettzell, the VLBI group at the GeodeticInstitute of the University of Bonn, the VLBI teams at Goddard Space Flight Center NASA and MITHaystack Observatory for their support.References[1] Chao, C.C.: A model for tropospheric calibration from daily surface and radiosonde balloon mea-surements. Technical Memo, 391-350, Jet Propulsion Laboratory, 1972[2] Hase, H.: TIGO and its Future Application for the ITRF, Proceedings of the GEMSTONE Meet-ing, Tokio-Koganei, January 25-28, 1999, (in preparation)[3] Jocham, C.: Einmessung und Koordinierung eines Radio- und eines Laserteleskopes auf der Funda-mentalstation Wettzell, Fachhochschule M�unchen, unpublished diploma thesis, 1998 (in German)[4] Lang, H.: Das 3D-�Uberwachungsnetz der Fundamentalstation Wettzell als Kombination von GPS-und terrestrischen Messungen. Allgemeine Vermessungsnachrichten, S. 203-213, Karlsruhe, 1996(in German)
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Local Survey at the E�elsberg Radio Telescope 1997
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E-mail: nothnagel@uni-bonn.de

Abstract

In summer 1996 a major repair of the E�elsberg 100 m radio telescope's ground track had to be carried

out due to cracks in the tracks surface. This led to a signi�cant permanent displacement of the VLBI

reference point. A local survey was, therefore, organized to measure the position of the reference point

with respect to three permanent ground markers which had also been used in earlier measurements

of this type. Since the reference point is not accessible physically an excentric target mark close to

the reference point had to be used which complicated the work extraordinarily. For the analysis of the

measurements a model is developed which a) describes the movements of the excentric target mark

when the telescope is moved in azimuth and elevation and b) which corrects for thermal expansion

e�ects. In order to compare the 1997 survey with another one carried out in 1992 a re-computation of

the earlier measurement is done on the basis of the model mentioned above. The comparison of the

two surveys yields a signi�cant increase in height of the E�elsberg telescope of +25.4 � 3 mm from

1992 to 1997.

Fig. 1: Location of target mark at telescope in the middle of the cross-bar

1 Introduction

After 24 years of operation the E�elsberg 100 m radio telescope of the Max- Planck-Institute for Radio

Astronomy su�ered severe damage of the ground track on which the antenna rotates. Cracks in the

metal distorted the horizontal plane and satisfactory pointing accuracy which is necessary at higher

observing frequencies could not be maintained any more. The telescope was jacked up temporarily and
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the track was replaced completely. In addition, the wheels were milled into a conical shape with the

tip of the conus being �ctitiously located at the azimuth rotation axis. Through these modi�cations

the telescope could not be placed in the same position as before the repairs when it was lowered onto

the track again.

In geodetic VLBI all parameters estimated in the data adjustments are refered to the so-called VLBI

reference point. In the case of an azimuth-elevation mount as the E�elsberg telescope is constructed the

reference point is either the point where both axis intersect or, if they do not intersect, it is the point

of the azimuth axis where the distance to the elevation axis is minimal (e.g. Ma 1978; Nothnagel

et al. 1995). This point is invariant to any antenna movements necessary for the observations. Since

any man-made changes in the 3-dimensional position of the reference point causes discontinuities in

the time series measured with geodetic VLBI the displacements have to be determined to permit a

correction of the time series.

Fig. 2: Location of target mark within cross-bar. The little sphere is mounted at the end of the rod in the middle

of the circular plate.

2 Measurement setup

The VLBI reference point of the E�elsberg 100 m telescope, as of almost all other telescopes, is,

unfortunately, not physically accessible and has to be represented indirectly. Here, the reference point

lies within the main support beam which serves as the physical elevation axis (Fig. 1). In 1978 an

excentric marker was, therefore, brought in place by mounting a target mark to this beam relatively

near the VLBI reference point (Miebach and Werntgen 1980). The target consists of a little sphere

of 15 mm in diameter (Fig. 2). In order to check the behaviour of the main beam the target was �xed

to a rod which was mounted vertically in the beam and which has an additional target mark close

to the geometrical elevation axis (Fig. 3). The rod was placed as centric as possible in the middle of

the cross-bar supporting the vertex of the parabola. The middle of this intersection should mark the

azimuth axis if the telescope points towards zenith.

However, measurements at the time of the implementation of the marker yielded an o�set of the

elevation axis in front of the azimuth axis of 10.3 mm. The mounting point of the rod holding the

marker was determined to be 9.5 mm in front of the azimuth axis (Fig. 3). In the vertical the little

sphere was mounted 1186.5 mm below the elevation axis.

The little sphere was used as the sole representation of the reference point. When the telescope is

driven to di�erent azimuth and elevation positions the little sphere describes a body with the VLBI

reference point as the center. Therefore, the coordinates of the little sphere in di�erent positions of

the telescope had to be determined in a �rst step.
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Fig. 3: Location of target mark at the end of the vertical rod at the bottom of the main support beam as seen

from elevation bearing.

On the basis of earlier measurements three ground markers served as the ground network which was

checked by precise angle and distance measurements before and after the locations of the target mark

were measured. For the determination of the coordinates of the target mark the three ground points

were occupied with electronic theodolites (2 Wild TC 1600, 1 Geodimeter 520 S). In order to compute

the horizontal coordinates of the sphere by the surveying method of "Cut by Angles" in each position

the sphere had to be aimed at by at least two theodolites simultaneously. The vertical positions were

determined by measuring zenith distances.

Fig. 4: Layout of ground network.

From an error propagation point of view it would have been preferable to determine coordinates of

the sphere with a homogeneous distribution of azimuth and elevation angles. However, the beams of

the parabola support structure and the extended dimensions of the elevators at the elevation bearing

towers inhibited an unobstructed view onto the sphere in all orientations of the telescope. During a

�ve hour period the little sphere was aimed at in 52 di�erent positions simultaneously by pairs of

theodolites. Only for three positions at elevation angles above 85

�

elevation the sphere was visible by

all three theodolites and the respective redundant readings could be taken.

3 Data reduction

The initial reduction of measurements and the computations of the set of coordinates of the sphere

yields a cloud of raw point coordinates. In order to end up with the coordinates of the VLBI reference

point there has to be a two step approach. In a �rst step the raw points have to be corrected for

thermal expansion of the telecope and for gravitational deformation of the main support beam. In a
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second step the movements of the sphere when the antenna turns in azimuth and elevation has to

be modelled in order to estimate the VLBI reference point which is, as mentioned already, invariant

against any movements of the telescope.

3.1 Temperature corrections

The thermal expansion of a telescope depends on the temperature of the metal rather than on the

ambient temperature which needs some time to creep into the metal structure. The metal temperature

was available from several sensors mounted at di�erent locations of the telescope structure and an

average was computed for further use. During the course of the measurements which started at 8h00

in the morning the temperature rose steadily from 8

�

to 13

�

C at 1h00 p.m.. Due to the height of the

support beams of 50 m a temperature correction of

dh[mm] = �0:625 � (T � T

0

)[

�

C] (1)

had to be applied leading to a 3 mm height di�erence between the beginning and the end of the

measurements.

3.2 Bending corrections

The main re
ector surface of the E�elsberg radio telescope is constructed as a paraboloid which,

if tilted, will always appear as a paraboloid but with slightly di�erent parameters and a di�erent

focal point owing to homologeous deformation. Most of the weight of the re
ector, therefore, presses

upon the center of the main horizontal support beam. Although manufactured as rigid as possible the

middle of the beam encounters a vertical bending of 19 mm with respect to a straight line when the

antenna points at zenith (Miebach and Werntgen 1980). At the same time the beam is not bent

horizontally or, in other words, it lies in a vertical plane (Fig. 5a).

Fig. 5: Displacement of reference point due to gravitational bending as seen from one of the elevation bearings.

The dashed pro�le represents the middle of the beam where the target is mounted.

When the antenna points at a lower elevation the main beam relaxes towards the radio source but, at

the same time, bends towards the ground in the direction perpendicular to the main axis (Fig. 5b). In

the extreme case of an observation at zero degrees elevation there is maximum bending towards the

ground and zero bending in the direction where the antenna points at (Fig. 5c). Earlier measurements

of a reference marker in the middle of the hollow beam produced a non-linear relationship between

the position of the marker and the elevation (Fig. 6) (Miebach and Werntgen 1980). With a

semi-analytical function the corrections in the vertical and in the direction of the tilted telescope were

computed and applied as corrections to the respective local coordinates of the target points.
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Fig. 6: Movement of a point in the middle of the main beam depending on the elevation angle of the telescope.

Forward in this context means towards the tilting direction. The zero point for the vertical is chosen for the

geometry when the telescope aims at zenith.

3.3 Envelope model

After correcting the raw coordinates the target sphere is supposed to describe an envelope which

consists of two components. When the telescope points at zenith and rotates about the azimuth axis

the target mark describes a circle due to the excentricity of the marker. A second component is added

when the telescope turns about the elevation axis rotating the target mark upwards on a segment of

a circle (Fig. 7).

Fig. 7: Geometry of the target mark relative to elevation bearing. When the telescope points at zenith and it

is turned about the azimuth axis the r

2

vector with the target mark at the end describes a conus. Tilting the

telescope about the elevation axis moves the target mark on a circle about the elevation axis with the radius

r

2

.

The movements of the target mark can be described by simple functions of three dimensional coordina-

tes X

i

; Y

i

; Z

i

depending on azimuth �, elevation angle �, the center point X

M

; Y

M

; Z

M

, the excentricity

r

1

and the length of the rod r

2

. Due to the fact that the little sphere is not mounted directly vertically
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underneath the elevation axis an additional constant elevation angle �

c

= 0:46

�

has to be added.

X

i

= X

M

+ r

1

� cos�� r

2

� cos(�+ �

c

) cos� (2)

Y

i

= Y

M

+ r

1

� sin�� r

2

� cos(�+ �

c

) sin� (3)

Z

i

= Z

M

� r

2

� sin(�+ �

c

) (4)

Unfortunately, this function was available only shortly before the presentation of this paper. Therefore,

a coarse approximation had to be used for the preliminary computations. In a least squares adjustment

the coordinate triplets corrected in 3.1 and 3.2 served as observations with the above observation

equations for the coordinates of the center point and the distance r

2

as unknown parameters. The

least squares �t yielded the coordinates for the reference point in table (1).

Tab. 1: Preliminary coordinates of VLBI reference point in the Gau�-Kr

�

uger coordinate system from 1997

measurements

X

M

5 599 160,434 m � 0.7 mm

Y

M

2 562 702,079 m � 0.7 mm

Z

M

368,978 m � 1.0 mm

r

2

1.1601 m � 0.9 mm

It should be mentioned here that the vertical component is refered to a metal temperature of 0

�

C.

3.4 Recomputation of 1992 measurements

In order to determine the displacement of the VLBI reference point two sets of measurements, one

before and one after the replacement of the ground track, have to be performed. In 1992 the surveying

authority of the state of North Rhine-Westfalia had carried out a similar set of measurements which

could be used as a zero-epoch basis. For a rigorous determination of the displacement these measure-

ments were re-computed on the basis of the corrections and models described above.

Tab. 2: Preliminary coordinates of VLBI reference point in the Gau�-Kr

�

uger coordinate system from 1992

measurements

X

M

5 599 160,429 m � 1.2 mm

Y

M

2 562 702,078 m � 1.2 mm

Z

M

368,954 m � 2.5 mm

r

2

1.1623 m � 1.4 mm

Again the vertical component is refered to 0

�

C. However, the temperature correction could only be

applied through an approximation since only one temperature reading was taken during the measu-

rements. Thus, there is no way of correcting for any changes in temperature during the course of the

measurements.

4 Results

Table 3 contains the di�erences in the local topocentric coordinates between the epochs of 1992 and

1997. Due to the fact that the model of the movement of the target mark with respect to the VLBI

reference point as described in formulas (2) - (4) was applied only in a coarse approximation the results

have to be considered preliminary and the formal errors were, therefore, in
ated by a factor of 3.
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Tab. 3: Preliminary coordinate di�erences between the 1997 and 1992 measurements in the sense 1997 - 1992

�North 0,001 m � 5 mm

�East 0,005 m � 5 mm

�V ertical 0.0254 m � 8 mm

Considering that the movements of the target within the main elevation axis support beam as described

by �gure 6 were determined already 20 years ago the results contain some further uncertainties. In

order to check the response of the elevation beam to tilting in elevation the measurements within

the beam as carried out by Miebach and Werntgen (1980) should be repeated. In addition, the

determination of the VLBI reference point within the adjustment of individual positions of the target

mark has to be repeated with the correct model as described in formulas (2) to (4). Furthermore, this

type of measurement has to be repeated in closer intervals in order to monitor the stability of the

E�elsberg telescope with respect to the surroundings.
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Observatory Report from E�elsberg

W. Alef, R. Porcas (MPIfR, Bonn)

February, 1999

1. The new 8.4 GHz receiver has not yet been installed on the telescope but it is now planned to

support the \R&D" wide frequency range at X-band.

2. A vacuum switch has been installed on the MK4 terminal to permit both thick and thin tape

operation.

3. The tape drive electronics of the MK4 recorder is being upgraded to VLBA style, to permit its

use as a second recorder with the VLBA terminal, and to increase its reliability. This is planned

for March 1999.

4. An additional 4 BBCs have been ordered for the VLBA terminal, to bring the total to 8, making

better compatibility for joint observations with the VLBA. An upgrade of the VLBA formatter is

also planned, to permit dual-recorder (\double burst mode") operation together with the VLBA.

5. Replacement of the outer antenna panels with perforated aluminium panels has now been com-

pleted.

6. The "friend of VLBI" in E�elsberg (Reinhard Schulze) will retire in the middle of this year. It

is planned to appoint a new person to support VLBI observing.
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Medicina and Noto Stations Report

Alessandro Orfei, Gino Tuccari, Franco Mantovani

Istituto di Radioastronomia, Bologna, Italy

Abstract

In this contribution we report on the progresses made after the 12th Working Meeting held

in H�nefoss, Norway, at the two Radioastronomy Stations of Medicina and Noto run by

the Istituto di Radioastronomia di Bologna del Consiglio Nazionale delle Ricerche.

Introduction

In the last couple of years, the main goal at both the Medicina and the Noto Stations

was to get the telescope agile in changing the observing frequency. Achiving this goal will

greatly increase the observational e�ciency of the telescopes. Moreover it will make the

operation of changing the receivers more safe and it makes this task independent to the

weather conditions.

The �rst part of the project has been completed at both telescopes and the new subre-


ector is fully in operation at both stations. The increased 
exibility in changing frequency,

together with the facility of recording both thick and thin tapes implemented at all the

European VLBI Network (EVN) stations, has immediately produced an increase in the

number of geodetic VLBI observations to which mainly the Medicina Station will take part

in 1999.

On the other hand, the increased observational e�ciency asks for more time to be

spent as telescope operators to the technicians during the observations. In order to get

a reasonable compromise between the time spent checking and upgrading hardware and

software, and the time spent as operator by this personnel, we have implemented the remote

control for both the observations and the equipment, working at the same time for a greater

reliability of the telescope as a whole. The goal is to safely run absentee observations.

Medicina Station Report

In the following we list the main upgrading in both hardware and software done at the

Medicina Station:

Tape Recording

a) The thin tape capability has been installed at the station with good results.

1
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b) A problem due to the sliding of thin tapes has been solved adopting a new capstan with

deeper grooves.

c) The write-head has been replaced at the end of 1998, since it worned out. The new one

is of the old Metrum type. The read-head is also on its way to die. The new ordered head,

made by Spin Physics, will have two triple cap heads to be mounted.

Computer Control

a) A new version of the remote control programme for the SX receiver has been imple-

mented. It allows a monitoring of the receiver status (criogenic temperature, vacuum

pressure and so on) in real time.

b) To serve di�erent type of observational projects, the computers facilities have been

reorganized. Three computers are now available:

- a computer runs the Field System. It can be used to prepare schedules and procedures.

The Fiels System version implemented is 9.3. This machine is connected to the server of

the computer centre in Bologna.

- a computer with the Windows NT operating system, serves equipments like the po-

larimetre and the antenna levelmeters. Moreover, it acquires the GPS-Formatter clock

o�sets data, it keeps under control the receivers and it drives the movements of the sec-

ondary mirror.

- a computer with either Linux or Windows95 operating systems, is used as a general

purpose machine and for data acquisition during spectroscopic observations making use of

the autocorrelator, etc.

Upgrading of the telescope

There are two projects for upgrading the telescope. The �rst is the completion of the

frequency agility project. The second aims to a better e�ciency at higher frequencies.

a) In order to complete the frequency agility project for the Medicina dish we are planning

to place in the secondary focus room a series of receivers which covers the frequencies

between 4.3GHz and 48GHz. The electromagnetic design of the eight feeds system is

ready and the parameters to design the mechanical support for the receivers are now

available. The design of the electronics part of the eight receivers is also at a good stage.

The priority is to build the 6 cm and the 5 cm receivers �rst, to ful�l the EVN requirements

about the observing bands which should be available at any station.

b) A project is going on for the implementation on the telescope of an active surface to

compensate the loss in e�ciency due to gravity deformation of the primary mirror of the

parabolic antenna. After a series of tests with the prototype of a mechanical actuator,

calculations have been made to �gure out the parameters for an 'actuators network' which

will keep under control the full surface of the dish. In the meantime we are looking

for a proper electronics to be used and for an engineering phase of the linear actuator.

Furthermore, the cost of more accurate panels for the dish and of the actuators itself have

been assessed. A system of this kind, together with new panels of enhanced precision

surface, will rise very much the antenna e�ciency at frequencies up to 43GHz.
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Equipment for Single Dish Observations

a) Polarimetric observations facilities has been implemented. Besides astronomic uses, it

is now possible to measure the amount of crosstalk polarization between Left and Right

Circular Polarization locally.

b) A project is in progress to design a dicroic mirror to observe at two di�erent frequencies

(7GHz and 22GHz) at the same time.

c) By exploiting a new system for very high resolution spectrum analyzer (Serendip IV),

which is working in parallel with the observations, a window on a real time database of the

narrow band interferences situation at Medicina should be open. In the next months the

machine will be enhanced to cover about 15MHz of istantaneous bandwidth. The software

to accumulate �les, processing and displaying the results is almost ready and preliminary

outputs are already available.

d) The software of the 'time and frequency high resolution spectrometer' it has been com-

pleted. A single dish observation with up to 20MHz istantaneous bandwidth and up to

132000 channels can now be automatically performed. Single shot as well as more compli-

cated observing schedule are possible. A real time displaying of the accumulating spectra

is available.

Geodetic Observations

The geodetic experiments run by the Medicina Station in 1998 are listed in Table 1.

Three expriments 'Mars Path�nder VLBI', designed for the determination of the Martian

Tab. 1 - List of Geodetic VLBI observations in 1998

EXPERIMENT DATE TIME STATIONS

CORE-B207 26-JAN 18:30 Ft-Gc-Kk-Ka-Ny-Sm-Mc

EUROPE-7 02-FEB 12:00 Ny-On-Wz-Sm-Ma-Mc-Nt-Yb

VLBA7 09-FEB 14:00 VLBA- Kk-On-Gc-Mc-Gn-Gg-Wf-Ny

VLBA8 15-APR 20:00 VLBA- Kk-On-Gc-Mc-Gn-Gg-Wf-Ny

EUROPE-42 20-APR 12:00 Ny-On-Wz-Sm-Ma-Mc-Nt-Yb

CORE-B208 22-APR 18:30 Ft-Gc-Kk-Ka-Ny-Sm-Mc

CORE-B209 17-JUN 18:30 Ft-Gc-Kk-Ka-Ny-Sm-Mc

EUROPE-43 22-JUN 12:00 Ny-On-Wz-Sm-Ma-Mc-Nt-Yb

VLBA9 24-JUN 20:00 VLBA- Kk-On-Gc-Mc-Gn-Gg-Wf-Ny

CORE-B210 15-JUL 18:30 Ft-Gc-Kk-Ka-Ny-Sm-Mc

VLBA10 10-AUG 14:00 VLBA- Kk-On-Gc-Mc-Gn-Gg-Wf-Ny

EUROPE-44 17-AUG 12:00 Ny-On-Wz-Sm-Ma-Mc-Nt-Yb

VLBA11 01-OCT 14:00 VLBA- Kk-On-Gc-Mc-Gn-Gg-Wf-Ny

CORE-B211 07-OCT 18:30 Ft-Gc-Kk-Ka-Ny-Sm-Mc

EUROPE-45 12-OCT 12:00 Ny-On-Wz-Sm-Ma-Mc-Nt-Yb

EUROPE-46 14-DEC 12:00 Ny-On-Wz-Sm-Ma-Mc-Nt-Yb-Eb

CORE-B212 16-DEC 18:30 Ft-Gc-Kk-Ka-Ny-Sm-Mc

VLBA12 21-DEC 16:00 VLBA- Kk-On-Gc-Mc-Gn-Gg-Wf-Ny
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Precession Constants, of the relativistic precession of the perihelion of Mars to a few parts

per thausands,of the Martian Len gth of Day to about 1 millisecond, were run on the

following dates:

07 Jul MARS-15 (04:00 - 16:00 UT)

14 Aug MARS-16 (03:00 - 15:00 UT)

04 Sep MARS-17 (03:00 - 16:00 UT)

Since the Station has ful�lled the requirements to be a 'CORE' (Continuous Observa-

tions of the Rotation of the Earth) Station (namely: a) 
exible and automatic frequency

change; b) MKIV terminal; c) TAC for station timing system; d) daily GPS acquisition),

it will take part to the 'CORE' projects. Moreover, during the present year 1999, the

Station will continue to observe the EUROPE and VLBA experiments. The 38 scheduled

projects are listed in Table 2. The list contains 20 experiments more than in 1998, which

represents an increase of more than 100% in observing time allowed for geodetic VLBI.

Tab. 2 - List of Geodetic VLBI observations in 1999

DATE EXPERIMENT DATE EXPERIMENT

12-JAN CORE-A053 29-JUN CORE-A065

13-JAN CORE-B401 13-JUL CORE-A066

26-JAN CORE-A054 15-JUL CORE-B404

01-FEB EUROPE-47 27-JUL CORE-A067

09-FEB CORE-A055 02-AUG VLBA17

08-MAR VLBA13 10-AUG CORE-A068

09-MAR CORE-A057 12-AUG CORE-B405

23-MAR CORE-A058 16-AUG EUROPE-50

24-MAR CORE-B402 24-AUG CORE-A069

06-APR CORE-A059 07-SEP CORE-A070

15-APR VLBA14 05-OCT CORE-A072

20-APR CORE-A060 11-OCT EUROPE-51

26-APR EUROPE-48 19-OCT CORE-A073

04-MAY CORE-A061 02-NOV CORE-A074

05-MAY CORE-B403 13-DEC EUROPE-52

10-MAY VLBA15 14-DEC CORE-A077

18-MAY CORE-A062 16-DEC CORE-B406

21-JUN VLBA16 20-DEC VLBA18

28-JUN EUROPE-49 28-DEC CORE-A078
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NOTO Station Report

In the following, the main upgrading done in the recent past at the Noto Station are

described.

The new subre
ector

During 1998 summer the new automatic subre
ector positioning system has been mounted

and successfully tested. The system similarly to Medicina, allows now to switch between

the secondary mirror and the primary focus receiver in few minutes. The new equipment

avoids the possibility to loose geo-experiments due to bad weather conditions.

A 12GHz receiver for holography

A new 12 GHz receiver has been added in the primary focus box, able to work phase-locked

with H-maser. It is mainly oriented to holography of the main dish. Indeed the e�ciency

at 22 GHz is only a little bit increased with respect to the past, due to the use of a new

subre
ector mirror (rms 0.12 mm), and then the determination of the surface errors is

mandatory.

A new primary focus receiver system

The new primary focus receiver system is under construction and is expected to be operative

in middle 1999. It includes 2.5, 3.6, 13, 18, 21, 49, 92 cm bands in dual polarization. It

represents the second phase of the frequency agility program in Noto. The third phase

will get the 0.7, 1.3, 6 cm bands operative in the secondary focus switching in few seconds

through subre
ector movement. In particular the new X will cover 8.1-8.9 GHz (wide

band), and both SX bands will be cryogenically cooled.

New software

New software procedures has been created in order to automatically set the system with

the requested observing band.

The MKIV formatter

The MKIV formatter is fully integrated in the VLBA environment and both formatters,

VLBA and MKIV, are available.

Geodetic Observations

In 1998 the Noto Station took part to 12 Geodetic VLBI experiments, namely 5 CORE-B,

5 EUROPE, 1 NEOS and BF43A.

In 1999 6 CORE-B, 6 EUROPE and 1 CRF experiments involving the Noto Station

have been scheduled.

It is worth to mention that the Noto telescope is deeply involved in the VSOP (plus

ground based telescopes which make use of the Canadian S2 recording terminal) survey, of

compact extragalactic radiosources.



Matera VLBI Station
Status Report

F. Vespe(1),

G.Colucci(2), D.Del Rosso(2), L.Garramone(2)

(1)

(2)

The System

● The Matera VLBI system is operated, on behalf of Italian Space Agency

(ASI), by Nuova Telespazio at Centro di Geodesia Spaziale (CGS) of

Matera.

● The CGS came into operation on 1983 in the framework of an

agreement with the Basilicata Regional Government and ASI.

● A fixed SLR system and a network of permanent GPS receivers

(including one at Matera site) are also operated at CGS.

● The Matera VLBI system includes

– X/S bands receiver

– 20 meter diameter cassegrain antenna;

– MARK-III D.A.T. and VLBA Recorder;
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January 2 48 1.3 2 48 1.3

February 1 24 1 24 2 48 0.0

March 2 48 14 29 1.3 1 21 2 48 19 146 1.3

April 2 48 1 21 21 42 0.4 1 21 2 48 1.1 27 180 1.5

May 2 48 16 31 1 21 1 24 20 124 0.0

June 3 72 1 24 4 96 0.0

July 2 48 0.5 2 48 0.5

August 2 48 1 24 3 72 0.0

September 2 48 0.4 1 9 3 57 0.4

October 2 48 2.2 1 24 0.2 4 9 1 9 8 90 2.3

November 2 48 2 48 0.0

December 3 72 1 26 4 98 0.0

Tot. 25 600 4.3 6 143 0.2 55 111 1.7 3 63 0.0 5 120 1.1 2 18 0 96 1054 7.3
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Performed Upgrade
● In December 1996, in order to upgrade the system to the NASA Wide

Band Standard, a new receiver (by ATSC) front end was installed.

– Input frequencies:

● S-band 2210 MHz to 2450 MHz

● X-band 8180 MHz to 8980 MHz

● In January 1999 Linux FS 9.3.23 PC has been installed; the Antenna

Control SW has been ported on the new platform by Telespazio. The

new system is now ready to go.

Planned Upgrade

● In April 1999 Mark-IV upgrade (DAT and Recorder) will be performed

by MIT Haystack.

Most Significant System
Failures

● January Cryogenic System Rotary Vane Vacuum Pump failure.

● February Cryogenic System failure.

● Marc P.C. Field System Hard Disk failure.

● May MAT board failure in V/C s/n 294.

● June RS 232-422 board failure due to thunderstorm.

● July VLBI recorder failure. Replaced relay on dual reel servo 

amplifier board.

● September Replaced cable from Antenna Unit to Ground Unit of Calibrator

Delay with spares one.

● October Cryogenic System failure.

● October Elevation motor brake failure.

● December Local Oscillator failure on VC s/n 298. (Reported by Jim Martin

of Washington correlator). Replaced by VC spare part.

● January ‘99 Headstack/inchworm failure. Repaired by Haystack.
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On-line resource and contact points

http://geodaf.mt.asi.it

F. Vespe (ASI) ASI CGS Geodesy Activities Manager
vespe@asi.it

D. Del Rosso (Tpz) Telespazio Geodesy Activities Manager
domenico_delrosso@telespazio.it

L. Garramone (Tpz) Station Engeneer
garramone@asi.it

G. Colucci (Tpz) VLBI contact
vlbi@asi.it
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Geodeti
 Control of the Madrid DSS65 VLBI Antenna

Dirk Behrend and Antonio Rius

Institut d'Estudis Espa
ials de Catalunya (IEEC),

Edif. Nexus-204, Gran Capità 2-4, 08034 Bar
elona, Spain

1 Introdu
tion

The NASA Madrid Deep Spa
e Communi
ations Complex (MDSCC), Spain, DSS65 VLBI

antenna parti
ipates in the European geodeti
 VLBI network for determining horizontal

as well as verti
al 
rustal motion in Europe. In order to prevent lo
al (site) movements

from diluting the VLBI-derived plate motions the stability of the antenna over time must

be se
ured. This is usually done by monitoring the stability of the referen
e point of the

antenna whi
h 
an be de�ned as the interse
tion point of the azimuth and elevation axes of

the antenna.

In this report we investigate the stability of the DSS65 antenna using geodeti
 surveillan
e

data taken by the Instituto Geográ�
o Na
ional (IGN), Spain, at di�erent epo
hs. Futher-

more, we dis
uss the possibility of using levelling data of the azimuth runner level in order

to determine the lo
ation of the referen
e point by means of an upward 
ontinuation model

and to infer stability eviden
e from this.

2 Antenna Stability by a Multiple Interse
tion Te
hnique

The standard pro
edure to monitor the stability of an antenna site is to look into geodeti


surveillan
e data. To this end a lo
al geodeti
 network has been set up at the MDSCC site


onsisting of 13 stations and having an inter-station separation of some 100 m. The stations

are realized through massive 
on
rete pillars and are tied to the higher order regional net.

For the determination of the referen
e point of the DSS65 antenna a subnet of 6 stations

was sele
ted (see �gure 1). The sele
tion 
riteria were mainly good visibility of and short

distan
e to the antenna. For the a
tual observations Wild T2 theodolites were mounted

on the pillars of these stations. An additional station (MIRADOR) was 
hosen in order to

have a well-de�ned referen
e for dire
tion measurements. Figure 1 gives an overview of the

lo
al subnet in
luding the DSS65 antenna. In the further evaluation it is assumed that the


oordinates of the referen
e stations were stable over the past de
ade, i.e. that they did not

show signi�
ant 
hanges (> 0:5 mm).

Following the same observation s
heme the IGN performed 4 measurement 
ampaigns (De-


ember 1988, Mar
h 1997, June 1997, and April 1998):

� The VLBI antenna was equipped with two markers (yellow and red) at the two extreme

ends of the elevation axis. They have a diameter of about 3 
m and a height of approx. 2


m.
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Fig. 1: Lo
al geodeti
 subnet (6+1 stations) utilized in the geodeti
 measurements of the

DSS65 VLBI antenna. Adding a 
onstant of 393 000 m to the abs
issae and 4 476 000 m to

the ordinates results in UTM30 
oordinates.

� The VLBI antenna was brought into the zenithal position and steered to the azimuth

of 0

Æ

.

� From the lo
al geodeti
 network dire
tion and zenith angle measurements were taken

to the markers.

� After a 
omplete observation set the antenna was rotated about its azimuth axis and

every 30

Æ

further sets were taken.

The two 
ampaigns in 1997 are due to a repair work of the azimuth runner level (repla
ement

of tra
ks and wheels) in April/May 1997 for whi
h the upper part of the antenna was lifted

up. This 
ould have a�e
ted the lo
ation of the referen
e point 
reating a dis
ontinuity in

the VLBI data. With the help of the two 
ampaigns su
h a dis
ontinuity 
an be bridged.

Using all four data sets it is possible to determine 3D-
oordinates of the referen
e point as well

as 
hanges thereof over time. The evaluation shall be broken down into the determination of

the horizontal position and of the height. The former is used to 
he
k the horizontal stability,

whereas the latter is taken to 
ontrol the verti
al stability.

2.1 Horizontal Stability

The determination of the horizontal 
oordinates is equivalent to �nding the lo
ation of the

azimuth axis. As the antenna was rotated about its azimuth axis in the observation pro
edure

the two markers des
ribe two 
on
entri
 
ir
les with the azimuth axis as the 
entre lo
ation.
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2.1.1 Computational Pro
edure

The 
omputation of the horizontal 
oordinates (UTM30) for the referen
e point shall be split

as follows:

1. 
omputation of the horizontal 
oordinates of the markers for the di�erent positions of

the VLBI antenna;

2. �tting of two 
on
entri
 
ir
les to these lo
ations.

These two adjustment problems will be dis
ussed in more detail in the following.

(a) UTM30 
oordinates of the two markers

The available observables for 
omputing UTM30 
oordinates of the two markers in the dif-

ferent antenna positions are the dire
tion observations taken from the 6 stations of the lo
al

subnet whose UTM30 
oordinates are 
onsidered to be known and errorless. The 
omputa-

tion of the unknown 
oordinates is equivalent to a multiple interse
tion method whi
h 
an

be solved in a least squares adjustment (Gauss-Markov model). The observation equation

reads:

r

i;N

= ar
tan

 

x

N

� x

i

y

N

� y

i

!

+ o

i

:

In this equation the index i represents an arbitrary known station, whereas N stands for an

unknown point. The unknown parameters are the 
oordinates of N(x; y) (i.e. of a marker

position) and the orientation unknown o

i

of the dire
tion observations on the known station.

r

i;N

is the dire
tion observation itself.

After linearization of the observation equation L =  (X) with a Taylor expansion and intro-

du
tion of approximate values for the parameters X

0

a solution to the adjustment problem

is found by

^

X = X

0

+ (A

T

� P �A)

�1

A

T

� P � ` ;

where the design matrix and the redu
ed observation ve
tor are

A =

 

� (X)

�X

!

0

;

` = L�  (X

0

) :

The weight matrix is de�ned as the inverse of the 
o-fa
tor matrix of the observations whi
h,

a

ording to the sto
hasti
al model, is the 
ovarian
e matrix of the observations divided by

the varian
e of the unit weight (a priori):

P = Q

``

-1

=

 

1

�

2

0

�

``

!

-1

:

In the problem at hand there are 48 (= 2 markers � 2 
oordinates � 12 points) 
oordinate

parameters (if all marker positions are to be determined) and 6 orientation parameters to be

solved for. Hen
e, an adjustment problem is given if at least 55 dire
tion measurements are

taken. As the observations are 
onsidered to be un
orrelated and of the same a

ura
y, the

weight matrix be
omes the identity matrix: P = I.
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(b) Fitting of two 
on
entri
 
ir
les

The UTM30 
oordinates of the marker positions (red and yellow) are used as input for the

following least squares �tting of two 
on
entri
 
ir
les. In this 
ase the unknowns are the

UTM30 
oordinates of the 
entre (x




; y




) of the two 
ir
les as well as the two radii R

a

. The

fun
tional model 
an be formulated as follows:

 (L;X) = (x

i

a

� x




)

2

+ (y

i

a

� y




)

2

� R

2

a

= 0 ;

where the subs
ript a represents the red and the yellow marker, resp. A Taylor expansion

(limited to �rst order terms) yields the linearized fun
tional model

B

r;n

�

v

n;1

+

A

r;n

�

x̂

u;1

+

w

r;1

=

0

r;1

with the design matri
es

A

r;u

=

� (L;X)

�X

;

B

r;n

=

� (L;X)

�L

;

and the mis
losure ve
tor

w

r;1

=  (L;X

0

)

where n denotes the number of observations, r the number of 
onditions, and u the number

of unknowns.

The sto
hasti
al model shall be

�

``

= �

2

0

Q

``

where the 
ovarian
e matrix �

``

of the observations equals the 
ovarian
e matrix of the

marker positions determined in the previous adjustment.

A solution of the adjustment problem at hand is obtained by introdu
ing the 
ondition that

the sum of the weighted residuals shall be a minimum. This 
ondition plus the linearized

fun
tional model lead to a Lagrangian extreme value problem whi
h, in turn, leads to the

formation of the normal equations:

2

6
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B
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T
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T

0
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0
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7
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+
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6
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w
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0

u;1

3
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=

0

r+u;1

:

The normal equations are solved by inverting the normal matrix:
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=
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�1

:

The adjusted parameters (position of 
ir
le 
entre, radii) are given by

^

X = X

0

� Q

21

� w :

Their a

ura
y 
an be taken from the 
ovarian
e matrix of the parameters

�

xx

= s

2

0

Q

xx

= � s

2

0

Q

22
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with the empiri
al varian
e of the unit weight

s

2

0

=

�

Q

11

w

�

T

(w + A x̂)

r � u

and f = r � u the degrees of freedom. Here the empiri
al value s

2

0

is favoured before

the theoreti
al one (�

2

0

), as s

2

0

re�e
ts the a
tual 
onditions prevailing during the time of

observation. The theoreti
al value may be used in simulation studies.

2.1.2 Numeri
al Results

Using this evaluation pro
edure all four 
ampaigns have been analysed. After several tests

the a priori standard deviation of the dire
tion observations was 
hosen to s

r

= �1:2 mgon.

The adjustment of the horizontal net resulted in 
oordinates for the single marker positions

with standard deviations of �1 : : : 8 mm. These points were �tted to two 
on
entri
 
ir
les

resulting in UTM30 
oordinates for the referen
e point at the di�erent epo
hs (
f. table 1).

Tab. 1: Horizontal position (UTM30 
oordinates) of the DSS65 referen
e point determined

at di�erent epo
hs.

Campaign Northing Easting s.d. (N) s.d. (E)

[m℄ [m℄ [mm℄ [mm℄

De
ember 88 4 476 130:9987 393 955:9346 �1:2 �1:2

Mar
h 97 131:0053 955:9328 �2:5 �2:6

June 97 130:9983 955:9343 �2:8 �2:9

April 98 130:9984 955:9338 �1:3 �1:3

The standard deviations (1�) of the UTM30 
oordinates of the referen
e point are in the

range of �1 : : : 3 mm. A

ordingly, the DSS65 antenna 
an be 
onsidered stable (i.e. showing

no signi�
ant 
hange) over the time span of 10 years at least in the east 
omponent. In

the north 
omponent there was a 
hange of 7 mm whi
h only showed up in Mar
h 97. The

physi
al meaning and/or the ex
lusion of errors (e.g. human error, modelling error) are still

under investigation.

2.2 Verti
al Stability

The determination of the height of the referen
e point (orthometri
 heights referring to the

tide gauge at Ali
ante) follows a relatively simple pro
edure. As there were no distan
e

measurements taken the ne
essary distan
e information is to be taken from the horizontal

adjustment resp. the 
omputed horizontal 
oordinates (
f. se
tion 2.1).

2.2.1 Computational Pro
edure

The height transfer from the pillars to the single marker positions had to be done by trigono-

metri
 levelling. Thus, the 
ontrol of the verti
al stability was also split into two steps:
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1. trigonometri
 height determination (distan
e taken from horizontal adjustment) for the

di�erent marker positions;

2. 
omputation of weighted means H for the two markers and a simple mean thereof:

H =

g

1

H

1

+ : : :+ g

n

H

n

g

1

+ : : :+ g

n

s

2

H

=

s

2

g

1

+ : : :+ g

n

The weights g

i

are the quotients of an arbitrary unit varian
e s

2

and the varian
e of

the single height determinations:

g

i

=

s

2

s

2

i

Here the largest varian
e of the single determinations is taken as the unit varian
e.

The two weighted means (red and yellow) are averaged (simple mean) to give a height whi
h


orresponds more or less to the height of the referen
e point. There probably exists a small

di�eren
e to the true value as the two markers might not be exa
tly mounted in prolongation

of the elevation axis. Hen
e, the obtained height of the referen
e point is biased by an

unknown value. Sin
e most of the users are solely interested in height 
hanges and not in the

height itself, these heights are still of value. Also the weighted means for the red and yellow

marker 
an be utilized for monitoring height 
hanges.

2.2.2 Numeri
al Results

Following the pro
edure outlined in se
tion 2.2.1 �rst heights of the single marker positions

have been determined. The height values vary during a full 
ompletion of a 
ir
le between

6 mm (De
ember 88) and 16 mm (Mar
h 97). The standard deviations are in the range of

�2 : : : 6 mm. Then weighted means for the two markers separately and a simple average

thereof was 
omputed (
f. table 2).

Tab. 2: Weighted means for the heights of the two markers and simple average thereof for

all 
ampaigns.

Height of Marker s.d. s.d. Simple

Campaign red yellow (r) (y) Mean

[m℄ [m℄ [mm℄ [mm℄ [m℄

De
ember 88 781:2537 781:2612 �0:9 �0:6 781:257

Mar
h 97 781:2682 781:2784 �1:6 �1:1 781:273

June 97 781:2766 781:2844 �1:8 �1:1 781:281

April 98 781:2726 781:2837 �1:8 �1:1 781:278

The standard deviations of the weighted means are in the range of �1 : : : 2 mm. Hen
e, there

are two signi�
ant height 
hanges in the past de
ade: an uplift of about 17 mm in the time

from 1988 to 1997 and a further rise of 6 mm from Mar
h 97 to June 97. The latter 
an

be attributed to the runner level repair performed in between the 
ampaigns. In the time

from June 97 to April 98 the antenna eventually stabilized, i.e. only an insigni�
ant 
hange

of �0:7 mm has been found.
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3 Antenna Stability using Runner Level Data

In se
tion 2 the antenna stability was 
he
ked with the help of four geodeti
 measurement


ampaigns. Unfortunately, there is a large time span between the �rst and the se
ond epo
h

of almost 9 years. Hen
e, the utilization of other data sets for the stability 
ontrol should be


onsidered and investigated in order to be able to �ll this time gap.

As part of the station monitoring program the azimuth runner level is spirit levelled (a

ura
y

of �0:2 mm) relative to the real azimuth of 200

Æ

. The measurements are done on a monthly

basis and have been taken for the �rst time in 1991. For the intended investigation the

levelling results from Mar
h 97 have been 
hosen, be
ause then the data showed the largest

height variation in the runner level of up to 17 mm (
f. �gure 2) and, furthermore, an IGN


ampaign is available for the same period.
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Fig. 2: Height variations of the azimuth runner level w.r.t. the real azimuth of 200

Æ

(Mar
h

97).

X

Y
Z

Reference Point

R

Fig. 3: Simple rigid body model used in the upward 
ontinuation pro
ess.

The upper part of the antenna moves on 4 wheels on the azimuth runner level. In a least

squares sense these wheels de�ne a plane whi
h alters its parameters a

ording to the lo
ation

of the wheels on the runner level (�gure 3). Assuming that the whole antenna follows the

tilting of this plane (simple rigid body model), 3D-displa
ements of the referen
e point 
an

be determined, i.e. height variations of the runner level are modelled into variations of the

referen
e point.
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The upward 
ontinued height variations indu
e displa
ements of the �referen
e point� with

variations of 4 : : : 6 mm where the �mountain� in the runner level shows up as 4 peaks (�g-

ure 4). The error estimates have at least the same size as the signal. Hen
e, it appears

that the simple tilted rigid body model is insu�
ient for upward 
ontinuing the runner level

variations. This is supported by the fa
t that the model displa
ements do not 
orrelate with

the results from the IGN data, i.e. the 
omputed Pearson 
orrelation 
oe�
ients are 
lose to

zero. Hopefully, a re�nement of the upward 
ontinuation model will 
ure this de�
ien
y.
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Fig. 4: Displa
ements (in
luding error bars) of the referen
e point 
aused by variations in

the azimuth runner level (simple tilted rigid body model).

4 Con
lusions

In this study geodeti
 surveillan
e data have been analysed to 
ontrol the stability of the

DSS65 VLBI antenna. A least squares evaluation pro
edure yielded 3D-
oordinates of the

antenna referen
e point with an a

ura
y of a few mm. Thus, the antenna 
an be 
onsidered

stable in position (showing no signi�
ant 
hange) over the past de
ade. This ex
ludes a
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signi�
ant 7 mm 
hange in the north 
omponent in Mar
h 97. The height, on the other

hand, has undergone two signi�
ant height 
hanges: an uplift of 17 mm from De
ember 88 to

Mar
h 97 and an uplift of 6 mm fromMar
h 97 to June 97. The latter 
an be attributed to the

azimuth runner level repair in April/May 97. In the time from June 97 to April 98 the antenna

eventually stabilized. A new observation 
ampaign is planned for this spring/summer.

In order to �ll a time gap of about 9 years in the geodeti
 surveillan
e data a simple model

for propagating height variations of the azimuth runner level to the referen
e point has been

developed. This model proved the general possibility of an upward 
ontinuation, but also

revealed its limitations.
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1 Introdu
tion

The purpose of this report is to summarize the radioastronomi
al a
tivities whi
h have been

performed during the se
ond half of the year 1997 and the year 1998, using the fa
ilities

provided by the NASA Madrid Deep Spa
e Communi
ations Complex (MDSCC).

The proje
ts performed at the MDSCC required the unique resour
es available at the Deep

Spa
e Network (DSN) su
h as large antennas, pre
ise and a

urate 
lo
ks, low noise

re
eivers, wide bandwidth re
orders, and high sensitivity as well as its geographi
al lo
ation

(in the 
ase of interferometri
 observations).

We note that the reported a
tivities have been performed in the spe
i�
 environment of a

NASA spa
e
raft tra
king station. The positive a
tion of many individuals at JPL and

at the MDSCC/INTA have been ne
essary for the su

essful a

omplishment of this work.

We hope that our a
tivities have also 
ontributed to improve the primary a
tivities of the

DSN: tra
king spa
e
rafts.

More details on the radioastronomi
al a
tivities 
an be obtained from the di�erent au-

thors, and in Te
hni
al Reports in
luded in the Web-pages of the DSN radio observatory

and of the MDSCC at the following URL addresses:

http://dsnra.jpl.nasa.gov ,

http://www.iee
.f
r.es/gps/intro.html ,

http://www.laeff.esa.es/~ alberdi/mds

.html .

2 The Radio Astronomy Program in the DSN

2.1 Segmentation

The radio astronomy program in the DSN may be devided into the following segments:

� Applied Radio Astronomy: Dire
t support of the DSN.

� Support of the NASA: OÆ
e of Spa
e S
ien
es and Appli
ations (OSSA).

1

IEEC/CSIC, Bar
elona, Spain

2

LAEFF, INTA, Spain

3

IAA/CSIC, Granada, Spain

4

MDSCC, Madrid, Spain
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� Host Country Observations: These in
lude both single-dish and interferometri


observations.

� Radio Astronomi
al Observations whi
h require the unique 
apabilities of

the DSN: An agreement has been signed with the EVN (European VLBI Network)

permitting the parti
ipation of the NASA dishes in a few proje
ts, requiring very

high sensitivity, in ea
h EVN observing session. The proposals must be submitted to

the Program Committees of the VLBA (Very Long Baseline Array) and of the EVN

(European VLBI Network).

� Co-observations with VSOP at 18 
m: The 
o-observations were taken twi
e a

week. Due to (i) satellite e
lipse problems and (ii) malfun
tioning of the satellite some

planned observations 
ould not be performed.

2.2 Instrumentation

Detailed a

ounts of the available instrumentation 
an be found in the 'Radio Astronomy

and the Deep Spa
e Network' reports generated yearly by the JPL Tele
ommuni
ations and

Data A
quisition S
ien
e OÆ
e, M/S 303-401, Pasadena, California 91109. Here we give a

short outline.

2.2.1 VLBI Antennas

The following radio antennas are available for VLBI work:

� DSS63 (70 m)

� DSS65 (34 m)

2.2.2 Information on the DSS63

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

BAND L S X K

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

Freq. Range (GHz) 1.60-1.70 2.2-2.3 8.4-8.5 18-26*

Antenna Beamwidth

(ar
min) 10.8 6.5 1.8 0.75

Apert. Effi
ien
y(%) 60 72 65 50

Sensitivity (K/Jy) 0.84 1.0 0.9 0.7

Feed Polarization LCP RCP-LCP RCP-LCP RCP-LCP

Low noise Amplifier FET Maser Maser HEMT

Tsys (K) 35 16 21 70

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

* Expe
ted to be operational in May 1999
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2.2.3 Information on the DSS65

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

BAND S X X

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

Freq. Range (GHz) 2.2-2.3 8.4-8.5 8.2-8.6

Antenna Beamwidth

(ar
min) 16.2 4.2 4.2

Apert. Effi
ien
y(%) 57 72 72

Sensitivity (K/Jy) 0.19 0.24 0.24

Feed Polarization RCP-LCP RCP-LCP RCP-LCP

Low noise Amplifier FET Maser HEMT

Tsys (K) 40 21 38

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

2.2.4 Re
ording Terminals

� 1 Mark IV A DAT (with two WCB re
orders). It is 
ontrolled by the standard Linux-

based �eld system.

� The Video Converters have 2, 4, 8 and 16 Mhz �lters, with the 
apability to use them

in the USB or LSB or both at the same time. 4 of the Video Converters have 125 KHz

and 500 KHz �lters available.

2.2.5 The Lo
al Os
illators

� X Band: 8100 MHz

� S Band: 2000 MHz

� K Band: Tunable (from 18 to 26 GHz)

� L Band: 1380 MHz

2.2.6 Time and Frequen
y

� 2 Redundant Hydrogen MASERS.

2.2.7 Other Equipment

� SNR-8 ROGUE GPS Re
eiver.

� Pressure, humidity and temperature sensors integrated in the system.

� Water Vapour Radiometer.
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3 News about the MDSCC

� On Mar
h 23, 1998 a Memorandum of Understanding (MOU) was signed between

the European VLBI Network (EVN) and the NASA/JPL Tele
ommuni
ations and

Mission Operations Dire
torate (TMOD) for the use of NASA Deep Spa
e Network.

The purpose of this MOU is to establish a working relationship between NASA/JPL

and the EVN:

{ The DSN Radio Observatory fa
ilities will have \asso
iate member" status within

the EVN 
onsortium.

{ The EVN will have a

ess to s
hedule DSN antennas in support of EVN VLBI

experiments to provide additional baselines with high sensitivity.

� The MKIV re
ording system is fully operational in Madrid. The MKIV terminal of

the MDSCC 
an utilize both thin and thi
k tapes.

The MkIV terminal is 
ompletely integrated in the station network via new inter-

fa
e systems [Radio Astronomy Controller (RAC) and Equipment A
tivity Controller

(EAC)℄ with other peripherals (e.g. antennae, front ends, phase-
al systems, 
ommu-

ni
ations, et
.).

� The L-band operations at DSS63 are fully automated; the K-band operations will also

be fully automated. X-band and S-band operations are not automated.

� The L-band FET LNAs were upgraded to HEMT at all 
omplexes.

� In Canberra an S-2 VLBI system is already operational. Two S-2 re
orders and S-2

DAS were pur
hased in order to equip also the Madrid and Goldstone 70 m teles
opes.

The �rst S-2 re
order will be installed in Madrid in Spring 1999.

� The DSN is developing a software 
orrelator: the 
orrelator will be 
ompleted by spring

1999. Later, the 
opies of this 
orrelator will be installed at ea
h 
omplex in order to

provide real time monitoring of the VLBI performan
e.

4 Experiments Performed at the MDSCC During the

Year 1998

� Euro4165: DOY 33 { DSS65 { S/X Band

� 
9811 - EVN: DOY 52 { DSS63 { L Band

� GM033 - global VLBI: DOY 53 { DSS63 { L Band

� 
b10765 - CORE-B: DOY 70 { DSS65 { S/X Band

� GM33-15: DOY 95 { DSS63 { S/X Band

� 
b30965 - CORE-B: DOY 126 { DSS65 { S/X Band

� GB27B - global VLBI: DOY 154 { DSS63 { S/X Band { Dual Polzn

� ER006 - EVN: DOY 155 { DSS63 { L Band

� GM33-15: DOY 157 { DSS63 { S/X Band
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� GG036 - global VLBI: DOY 158 { DSS63 { L Band

� Euro4398: DOY 173 { DSS65 { S/X Band

� BM87 - VLBA: DOY 185-186 { DSS63 { X Band

� BR053B - global VLBI: DOY 193 { DSS63 { X Band { Dual Polzn

� CORE-B 310: DOY 210-211 { DSS65 { S/X Band

� BR053C - global VLBI: DOY 219-220 { DSS63 { X Band { Dual Polzn

� Euro4498: DOY 229-230 { DSS65 { S/X Band

� BR053D - global VLBI: DOY 259-260 { DSS63 { X Band { Dual Polzn

� Euro4598: DOY 285-286 { DSS65 { S/X Band

� GP018 - global VLBI: DOY 331 { DSS63 { L Band

� GM035C - global VLBI: DOY 334 { DSS63 { L Band

� GB033B - global VLBI: DOY 340-341 { DSS63 { X Band { Dual Polzn

� Euro4698: DOY 348-349 { DSS65 { S/X Band

� CORE-B 312: DOY 362-363 { DSS65 { S/X Band

� Multiple non-VLBI radioastronomi
al observing sessions.

� Multiple VSOP 
o-observing sessions (2 per week).

5 Observational Problems

Last year, di�erent 
ir
umstan
es have a�e
ted the VLBI system and prevented the fringes

to be found. In parti
ular, fringes were not found between DOY 139 and DOY 160. There

were several reasons:

� Station Power Failure on DOY 146.

� FTS hydrogen maser swaps on DOY's 153-160.

� Failure in the MkIV asso
iated TCT (Time Code Translator) Unit: The TCT unit

supplying 1 pps and 
ode data to the PCFS 
omputer was adding an extra time of

+7:783 �se
 to the individual experiment reported station time delay between GPS

and station standard.

Besides that, some other experiments have failed due to operational problems.

6 S
ienti�
 Obje
tives and Results

The s
ienti�
 obje
tives in
luded the following items:

� Study of the angular expansion of SN1993J. A sequen
e of images from VLBI

(DSS63 and DSS14 were essential part of the array due to their very high sensitivity)

shows that the young radio supernova SN1993J has expanded with 
ir
ular symmetry

for nearly 5 years. Its expansion has su�ered a slight de
eleration and has pro
eeded in

general a

ord with models of sho
k ex
ited emission. To date SN1993J is the radio su-

pernova whose evolution has been monitored in greatest detail and the one whi
h holds
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best promise for a 
omprehensive theoreti
al-observational analysis. Dual frequen
y

monitoring of the evolution of its stru
ture at present stages, where hydrodynami
al

instabilities may develop, is essential for providing data needed for modelling and theo-

reti
al analysis. The pre
ise determination of the de
eleration allows to parametrize the

density pro�les of the supernova eje
ta and 
ir
umstellar medium (CSM) in standard

supernova explosion models.

� Study of the young radio remnant of SN1979C. SN1979C in M100 has been one

of the strongest radio supernovae, but the distan
e to M100 and the emission de
line

typi
al of RSN 
onspired to prevent a study of the stru
ture of the radio emission by

VLBI. Now the radio emission is in
reasing again due to the onset of a young remnant

phase. The size of the remnant 
an be large enough to be studied by a sensitive

VLBI array at 13
m and 18
m (in
luding DSS63 and DSS14). The stru
ture of this

radio remnant might be anything from a simple shell to a very 
ompli
ated stru
ture

generated by the intera
tion of the sho
k with the material deposited by a presupernova

mass loss.

� Study of the parse
-s
ale relativisti
 jets asso
iated with quasars and A
tive

Gala
ti
 nu
lei. DSS63 has taken part in dual polarization VLBI experiments at X-

band .

� VLBI di�erential astrometry. High pre
ision VLBI di�erential astrometry ob-

servations have permitted to i) study the stability of the 
ores of the 
ompa
t radio

sour
es and ii) determine absolute motions of the VLBI 
omponents with pre
isions

better than a tenth of a milliar
se
ond.

� Single-dish monitoring of variable radiostars and gala
ti
 plane variable radio sour-


es. The 70 meter antenna (DSS63) has been used to monitor the 
ux density of

variable radiostars (as X-ray binaries, 
are stars). Several 
ampaigns were performed


oordinated with X-ray, millimetre and sub-millimetre observations at other observa-

tories.

� VLBI astrometry, using the phase-referen
ing te
hnique, provides submilliar
se
ond-

pre
ision positions of weakly-emitting radio stars. Combining multi-epo
h VLBI

astrometri
 observations and Hippar
os satellite data, a low-mass 
ompanion (0.08 {

0.11M

�

, on the boundary between a brown dwarf and a very low-mass star) was de-

te
ted orbiting the radio star ABDoradus, a member of the Pleiades Moving Cluster.

This result is the �rst dete
tion of a low mass stellar 
ompanion using the VLBI te
h-

nique, a te
hnique whi
h will be
ome an important tool in future sear
hes for planets

and brown dwarfs orbiting other stars. In fa
t, a whole sample of radio stars (spe
tral

types F, G, K, M) is under study with the extremely sensitive baseline DSS63 - DSS14

at S/X bands.

� VSOP observations at 1.6 GHz. During the last year, DSS63 has been regularly


o-observing with VSOP 
ompa
t radio sour
es at 18
m. These observations have not

been in
luded in the previous list.
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� Appli
ations of VLBI to Geodynami
s. The antenna DSS65 has parti
ipated in

geodeti
 VLBI 
ampaigns, in parti
ular in the Europe and in the CORE experiments.

The DSS65 antenna has again been surveyed in this period to determine possible dis-

pla
ements of the VLBI referen
e point. The results of di�erent surveillan
e 
ampaigns

have been analyzed and inter
ompared.

� Appli
ations of GPS to Ionospheri
 Studies: During the report period the GPS

data from the MDSCC has been pro
essed to study the ionosphere. The main results

have been obtained with the appli
ation of o

ultation te
hniques.

� Appli
ations of GPS to Meteorology: Data obtained at the MDSCC and in a lo
al

network of GPS re
eivers, have been used to study the spatial and temporal distribution

of the atmospheri
 delays for meteorologi
al appli
ations. With the beginning of this

year, we have started to produ
e \near real time estimates" of the total zenith delay

at Madrid and Wettzell using the data stored hourly at the BKG (formerly IfAG) and

CDDIS servers.

7 Re
ent Publi
ations Containing Data From DSS63-

DSS65
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Observatorio Astron�omico Nacional { Yebes

Status report

13

th

Working Meeting on European VLBI for Geodesy and Astrometry

Viechtach, February 12

th

1999

� OAN{Yebes has successfully become a network station in the International VLBI Service

for Geodesy and Astrometry (IVS). Associate IVS members are Jes�us G�omez{Gonz�alez

(OAN director), Paco Colomer, Pablo de-Vicente, and Maria Rioja.

� The new MKIV system arrived in january and is now being installed. We will resume our

participation in the EVN and geodetic campaigns, stopped since the failure of our VLBA

formatter more than a year ago.

� A new PC has been installed to control the MK IV terminal. The system now runs the

Field System version 9.3.25 on Debian 2.0rb1 (kernel 2.0.34) Linux.

� OAN has purchased 45 thin tapes, 30 of which have already been sent to the EVN pool

for astronomical VLBI observations.

� The construction of a 22GHz receiver continues, and is expected to be installed at the 14

meter telescope by the end of 1999.

� The design study of a new 40 meter radiotelescope by MAN GHH GmbH to be placed

at Yebes has been completed. Works on the telescope foundation and pedestal will start

before the summer of 1999.

Table 1: Available receivers at the Yebes 13:7{m radiotelescope

Band Tunable range Bandwidth SEFD

a

Pol Rec

b

(GHz) (MHz) (Jy)

Q 41:0� 49:0 400 4160 LCP CS

S 2:21� 2:35 140 3800 RCP HEMT

X 8:13� 8:63 500 3300 RCP HEMT

a

All numbers include radome e�ects.

b

Receiver: CS = Schottky diode. HEMT = High Electron

Mobility Transistor ampli�er. All cooled to 20 K.

Francisco Colomer, Pablo de Vicente, and Maria Rioja.

vlbi@oan.es
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Geodetic Very-Long-Baseline Interferometry at the Onsala Space
Observatory 1997–1998
Gunnar Elgered and Rüdiger Haas

Onsala Space Observatory, Department of Radio and Space Science, Chalmers University

of Technology, SE–439 92 Onsala, Sweden

Abstract.We summarize the performed geodesy VLBI activities at the Onsala Space Obser-

vatory for the period 1997–1998. This presentation concentrates on the observations and the

technical issues, whereas data analysis and studies of error sources are reported in other contri-

butions to this meeting. A total of 35 experiments were planned for the two year period. Two

of these were never carried out due to a failing inch-worm motor in the tape recorder. The

development of a new S/X-band feed system resulting in an improved efficiency and dual po-

larizations is ongoing. An update of the results from the measurement system for continuous

monitoring of the height of the concrete foundation of the 20 m telescope is reported.

1 VLBI Observations

The Onsala 20 m antenna participates regularly in the experiments of the European network. Six

experiments were planned and carried out during 1997. Of the six experiments planned for 1998,

five were carried out. Other experiments with Onsala participation have been in the CORE–B net-

work (five in both 1997 and 1998); and RDV experiments including the US Very-Long-Baseline

Array (VLBA) (six each year). In November 1997 a TIGO test experiment was carried out between

Effelsberg, Onsala, and TIGO (at the Wettzell site). All the experiments are listed in Table 1.

2 Technical Developments During 1997–1998

The development of a new S- and X-band is ongoing. It consists of two feed reflectors used for both

the S- and the X-band. A description of the feed was reported at the previous meeting [Elgered and

Haas, 1997]. Two dual-band corrugated horns have been manufactured. The rescaled version was

measured and showed a good antenna diagram for both bands. The coaxial waveguide transformer

(COWAT) is the component which makes it possible to have access to the X-band ports (RCP and

LCP) that are inside the coaxial S-band waveguide, before transforming the S-band coaxial waveg-

uide into the S-band septum polarizer in circular waveguide. The prototype COWAT was found to

have the centre frequency slightly off the desired value and it is now being redesigned. Earlier

simulations show that a reduction in length of some parts of the COWAT will lower the centre fre-

quency. The amount of reduction has not yet been decided. For X-band a polarizer has been built

and measurements show that it works though more measurements are needed before it can be de-

cided if it fully meets the specifications. The S-band polarizer will be a scaled version of the X-band

polarizer and has not yet been manufactured.

The Mark-IV data acquisition terminal has been equipped with new power supplies and the

formatter is connected to an uninterruptable power supply (UPS). The input connector for the in-

termediate frequency (IF) band has been connected to a microwave switch in order to reduce the

changeover time between the different receivers used in the VLBI observations.

In addition to our long term VLBI activities and the operation of the Onsala GPS station in the

“International GPS Service for Geodynamics (IGS)” we are since October 19, 1998 participating

in the International GLONASS experiment (IGEX). These observations are made with the same

antenna using an Ashtech Z18 receiver. It is a combined two frequency receiver with 18 channels

for both GPS and GLONASS satellites. This means that 18 satellites can be tracked at the two

frequencies simultaneously.
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Table 1: Geodetic VLBI experiments at Onsala Space Observatory 1997–1998

Experiment Date Remark

EUROPE–35 1997 January 13

RDV–1 1997 January 29

CORE–B101 1997 February 3

EUROPE–36 1997 March 17

RDV–2 1997 March 31 Two tapes lost in shipment

CORE–B102 1997 April 16

RDV–3 1997 May 19

EUROPE–37 1997 June 16

CORE–B103 1997 June 25 Cancelled centrally

CORE–B104 1997 July 23

RDV–4 1997 July 24

CORE–B105 1997 August 20

EUROPE–38 1997 August 25

RDV–5 1997 September 8

CORE–B106 1997 October 29

EUROPE–39 1997 October 30

TIGO TEST 1997 November 12 3 hours long

EUROPE–40 1997 December 8

RDV–6 1997 December 17 Unstable fringes, unexplained

EUROPE–41 1998 February 2

RDV–7 1998 February 9

CORE–B107 1998 March 11

CORE–B108 1998 April 8

RDV–8 1998 April 15

EUROPE–42 1998 April 20

CORE–B109 1998 May 20

EUROPE–43 1998 June 22 50% data loss, tracks overwritten

RDV–9 1998 June 24

CORE–B110 1998 July 1

RDV–10 1998 August 10

EUROPE–44 1998 August 17 50% data loss, tracks overwritten

CORE–B111 1998 August 26 antenna pointing problems

RDV–11 1998 October 1

EUROPE–45 1998 October 12

CORE–B112 1998 November 4

EUROPE–46 1998 December 14 inch-worm motor failure

RDV–12 1998 December 21 inch-worm motor failure
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3 Measurements of the Stability of the Antenna Tower

A data acquisition system for monitoring of the temperature and the vertical motion of the concrete

tower of the 20-m antenna was described at the Onsala meeting [Elgered, 1996] and results were

reported in Hønefoss [Elgered and Haas, 1997]. Figure 1 shows the data acquired from October

1, 1996 to December 31, 1998. The estimates of the height variations in Figure 1 are corrected for

the expansion of the invar rod estimated by measuring the temperature of the rod (at the mid point)

and using the theoretical temperature coefficient of invar, 1:5 � 10

�6 (� C)�1. Using all the data we

find that the time lag between the air temperature and the mean concrete temperature is typically

6–8 hours which is consistent with earlier results [Carlsson, 1996]. Furthermore it is interesting to

note that the time lag obtained from a cross-correlation analysis of the time series in Figure 1, of

the observed height variation and the mean concrete temperature, is less than one hour.
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Figure 1: Approximately two years of data from measurements of the temperature and the vertical

motion of the concrete tower of the 20 m antenna. The upper plot shows the mean concrete temper-

ature and the lower plot shows the vertical motion. The mean temperature is the arithmetic mean of

all readings from the 16 temperature sensors.

A least squares fit of the data in Figure 2 gives a height change of 0.11 mm(� C)�1. This is

slightly less than the expected value for an 11 m high concrete tower, which is 0.13 mm(� C)�1.

This is consistent with previous results and indicates that the temperature sensors are not located

correctly in order to yield a representative mean for the effective temperature of the concrete. For

example, Figure 3 shows that there is not a linear relation between the temperature in the top of the

foundation and the mean temperature.

The agreement between the vertical motion and a linear model with the measured temperatures

as input data is sufficient given the present repeatability in the estimated vertical coordinate. The

rms residual about the estimated straight line in Figure 2 is only 0.05 mm.

Finally, it is interesting to note in Figure 1 that the height of the concrete foundation is an excel-

lent parameter for measuring the quality of the summer weather in the Onsala area. (The summer

of 1998 was significantly colder and more lousy compared to the summer of 1997.)
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Figure 2: The same data as in Figure 1. The strong correlation between the motion and the inferred

mean temperature is obvious.
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Figure 3: The temperature measured in the concrete at the top of the foundation shows the effect of

heating the azimuth encoder of the antenna. The heating is normally switched on when the temper-

ature is below 12�C.
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4 Work Related to the VLBI Observations and the Future

Contributions to this working meeting dealing with the data analysis are:

� VLBI data analysis resulting in estimates of crustal motion in Europe [Haas and Nothnagel,

1999, this meeting]

� The influence of the ocean tide loading on the estimated earth rotation parameters [Haas and

Scherneck, 1999, this meeting]

� The atmospheric influence on atmospheric model parameters such as linear horizontal gra-

dients in the refractivity has been studied using data from VLBI, GPS, and microwave ra-

diometry [Gradinarsky et al., 1999, this meeting].

� A second microwave radiometer is being developed [Stoew and Rieck, 1999, this meeting].

The main application will be comparison measurements at the Onsala site as well as collo-

cations at other sites. A major difference compared to the existing Onsala radiometer is that

the half power antenna beam widths are approximately 2� instead of 6�.

VLBI will continue to be an important component in our regional studies of crustal motions in

Fennoscandia [Scherneck et al., 1998]. In terms of the observation schedule we will begin with a

more frequent participation in the CORE network.
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Measurement of vertical crustal motion in Europe by VLBI

Station report for Ny-Ålesund

Norwegian Mapping Authority

Hans-Peter Plag, Norwegian Mapping Authority, Kartverksveien, N-3500 Hønefoss, Norway,

phone: +47-32118100, fax: +47-32118101, Email: plag@gdiv.statkart.no

Abstract

The Norwegian Mapping Authority (NMA) partici-
pates in the project ”Measurement of vertical crustal
motion in Europe by VLBI” with the space-geodetic
observatory at Ny-Ålesund. This observatory is a
multi-parameter monitoring site contributing to global
geodetic networks. Due to its remote location in the
Arctic, the station constitutes a unique cornerstone
for these networks. The environmental parameters
recorded at the station include sea level, surface
deformations and gravity. Meteorological observa-
tions including daily radio-sondes are available for
the nearby research station of the Alfred-Wegener-
Institute.

In the project, NMA contributes to several of the
tasks defined in the project workplan. For each task,
the status is reported. Up to now, progress has been
close to the workplan with some additional contribu-
tions reported here.

The comparison of horizontal station velocities to
those predicted by the NUVEL-1A model for the
Eurasian plate shows a good agreement. Compari-
son between GPS and VLBI results for station veloc-
ities results in significant disagreement for vertical
velocities, the reason of which remains to be clari-
fied.

1 Introduction

Within the EU-Project Measurement of vertical crustal

motion in Europe by VLBI, the Norwegian Mapping Au-

thority participates with the geodetic observatory in Ny-

Ålesund. The observatory is a multi-parameter environ-

mental monitoring site located at 78.9 �N and 11.9 �W on

the West coast of Spitsbergen, the main island of Sval-

bard. At this research and monitoring facility, surface

displacements of the Earth’s crust are monitored with

mm precision utilising the most advanced space-geodetic

techniques. The geodetic activities at Ny-Ålesund are

strongly interwoven with international programs and or-

ganisations, which provide the background for monitor-

ing the state of the Earth system and for studies of the

system’s dynamics and climate. Thus, the Very Long

Baseline Interferometry (VLBI) station is contributing to

the global VLBI network and all observations are co-

ordinated with international programs such as the one

for Continuous Observations of the Rotation of the Earth

(CORE). The Global Positioning System (GPS) receivers

deliver data to the International GPS Service (IGS), which

maintains a network of more than 150 stations globally

distributed, though with large spatial gaps in the Arc-

tic. Both networks contribute to the definition and main-

tenance of the International Terrestrial Reference Frame

(ITRF) and the monitoring of the Earth Orientation Pa-

rameters (EOP) as available from the International Earth

Rotation Service (IERS). The Global Sea Level Observ-

ing System (GLOSS) includes the tide gauge operated

at Ny-Ålesund. GLOSS strongly recommends the co-

location of tide gauges with permanent GPS receivers and

gravity measurements, conditions which are both met at

the station. The geographical distribution of the sites in

all these nets is characterised by a low number of Arctic

stations, thus emphasising the importance of Ny-Ålesund

for the networks.

According to the workplan of the EU-Project, NMA is

supposed to participate in the following tasks within the

project:

� The post-processing consisting of the fringe analysis

and the geodetic least squares adjustment of base-

lines, site positions and site velocity vectors.

� Securing the operation of the VLBI facilities for the

scheduled Geo-VLBI-experiments including mainte-

nance and test of equipment.

� Survey of antenna stability by local geodetic tech-

niques.

� The processing of GPS data collected at the VLBI

sites.

Below, we will report the status concerning each of these

tasks. Moreover, at NMA work has been carried out,

1
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which is contributing to the following tasks, though NMA

according to the workplan originally was not obliged to

contribute to these:

� comparison of VLBI and GPS results through data

analysis of the continuously operating GPS stations

in Europe;

� separation of vertical crustal motions related to dif-

ferent geophysical phenomena;

� connection of tide-gauges, monitoring of sea level

changes, subsidence of North Sea lowlands.

For these additional tasks, the status is described below

as well. For the last task, it should be mentioned that

the connection of tide-gauges and monitoring of sea-level

changes is restricted to Svalbard and does not include the

North Sea area.

Sections 7 and 8 are slightly more elaborated. In Sec-

tion 7, the scientific background for determining the ver-

tical crustal motion due to ice-load changes is briefly re-

viewed, as this defines the requirements for observations.

Moreover, the available station velocities are compared

to model predictions for tectonic motions. In Section 8,

the tide gauge records for Ny-Ålesund and Barentsburg

are used to emphasise the value of the geodetically deter-

mined vertical crustal motion for the interpretation.

2 Post-processing and Analysis

An initial analysis of the available experiments including

Ny-Ålesund was carried out with the OCCAM software

by B. R. Pettersen in 1997 in co-operation with O. Titov

(see Titov and Pettersen, 1997). Additional processing

and determination of co-ordinates for Ny-Ålesund were

carried out with OCCAM under an external contract by

E. Repstad (see Repstad, 1997). The contract covered

the following parts, which were delivered satisfactorily in

1997:

1. Installation of the program OCCAM 3.4 on a PC.

2. Establishment of a database in NGS-format of corre-

lated data for VLBI observations where Ny-Ålesund took

part.

3. Diverse calculations with OCCAM 3.4 on the basis of

the established database.

4. Presentation of program documentation, user’s hand-

book and results of calculations in a report.

Since autumn 1997, no processing or analysis was done at

NMA. Despite considerable efforts, it was not possible to

fill a new permanent position dedicated to VLBI analyses.

In several rounds attempting to fill the position, no quali-

fied person could be appointed. Currently, another round

is in progress and it is hoped to fill the position soon.

Steps have been taken recently to install the

CALC/SOLVE software at NMA. If the open posi-

tion can be filled, then NMA will be able to contribute

to the processing and analysis of the VLBI data. In this

case, initial focus will be on the European experiments.

As mentioned above, preliminary results of the analysis

were described in a paper published in the proceedings of

the VLBI workshop held in Hønefoss in 1997 (Titov and

Pettersen, 1997). It is interesting to note here that these

authors find a discrepancy between the EW-velocity deter-

mined from the VLBI observations and the NUVEL1-A

prediction. This result is not confirmed by a recent analy-

sis of Ma (1998, personal communication), where a much

better agreement between the horizontal components for

the VLBI site in Ny-Ålesund and the NUVEL1-A pre-

dictions is found. These velocities are also in reasonable

agreement with the horizontal velocities determined from

the GPS record of the IGS site in Ny-Ålesund . How-

ever, the vertical velocities of VLBI and GPS differ signif-

icantly from each other (see Section 7 for numbers and a

more detailed discussion). In 1999, one focus of the anal-

ysis work will be on the reconciliation of these discrep-

ancies between the different analyses as well as the dif-

ferent techniques. Motivated by the significant seasonal

signal found particularly in the GPS-heights, emphasis

will be on the tropospheric effects on GPS and VLBI co-

ordinates.

3 Participation in experiments and
maintenance of the VLBI antenna

In Table 1 all experiments for the period Oct. 96 to Dec.

98 are compiled. The table demonstrates that Ny-Ålesund

managed to participate in all but one of the scheduled ex-

periments.

At Ny-Ålesund VLBI is operated by the observatory staff

of currently one station manger and two engineers. The

VLBI activities are dominated by taking part in inter-

national VLBI-experiments (VLBI Europe, pre-CORE,

NEOS, and VLBA) as well as the testing of equipment

and the maintenance of the station. For example, in 1997,

41 experiments with a total of 35 observing days were

successfully carried out, while six of the scheduled days

were lost due to overhaul of the receiver, broken capstan

motor and problems resulting from an upgrade of the tape

station. In 1998, the level of activity increased slightly

compared to 1997.

To maintain the ever improving technical level required

for international co-operation and participation in future

experiments, several major actions have been necessary,

namely (1) to change the dewar and carry out an overhaul

of the receiver (March 1997), (2) to change the Field Sys-

tem computer and upgrade it from FS 8 to FS 9.3.16 (July

1997), (3) to upgrade the tape station and MARK III to

MARK IV with thin tape (September 1997), (4) to mount

an extra timer for TAC - Formatter measurement during

experiments (October 1997), and (5) to carry out a thor-

ough maintenance of the Maser (March 1997).

The remote location of the observatory requires special

2



67

Table 1: Participation of Ny-Ålesund in the EUROP experiments.

Year Exper. Date Comment

1996 Europ5 3 Nov. Small problems with two video converters within the first hour

Europ6 5 Dec. Field system computer stopped once. No other specific problems

1997 Europ1 participation of NMA not scheduled

Europ2 17 Mar. Not participated due to repair of receiver

Europ3 16 Jun.

Europ4 25 Aug.

Europ5 30 Oct.

Europ6 8 Dec.

1998 Europ41 02.02.

Europ42 20.04.

Europ43 22.06.

Europ44 17.06.

Europ45 20.10. loss of one pointing due software failure in field system (on-off procedure)

Europ46 14.12. a few problems due to short power dip; high SEFD values for S-band

considerations concerning possible break-downs, thus, for

example, a spare FS computer was acquired for the site.

Yielding to the climate conditions, heating cables were

isolated and mounted on the gearboxes to the antenna.

Moreover, the antenna was painted in 1997 in order to re-

ducing effects due to solar warming and thus to increase

the over-all receiving characteristics.

Considerable activity has focused on determining the sta-

bility of the observatory with respect to the surrounding

area and to control the stability of the antenna. The status

of this work is reported in Section 4.

Other activities at the observatory relevant to the EU

Project include the connection of the tide gauge to the ob-

servatory, the observation of Earth tides (relative gravity),

absolute gravity measurements and the operation of the

IGS receivers.

At the IGS site, the old monument was sitting in per-

mafrost and some instabilities were suspected. Therefore,

a new monument firmly attached to the bedrock was con-

structed (in June 1997), and an additional GPS receiver

was installed at the new location. IGS requests to oper-

ate the two receivers in parallel for a total period of one

years. Today, the two receivers continue to observe in par-

allel. Both receivers provide high-quality data. Analysis

results show a clear seasonal signal in the height compo-

nent, which is most likely due to tropospheric effects.

Relative gravity is continuously monitored at a location in

the vicinity of the observatory and the analysis of the time

series indicates high-quality results.

Absolute gravity measurements were carried out (by

BKG, Germany) at the observatory in early July 1998 on a

solid monument attached to the bedrock. Since the small

laboratory planned to be built above the monument could

not be finished in time, a temporary cabin was erected to

shelter the instrument. A preliminary analysis of the ob-

servations shows an extremely low noise level at the site.

It is now planned to finish the laboratory in 1999 and to

install (in international co-operation) a superconducting

gravimeter at this monument.

The tie between the near-by tide gauge and the geodetic

observatory has been re-measured. The measurements in-

dicated that there is no significant movement of the tide

gauge with respect to the land.

4 Surveying the antenna

The local control network in Ny-Ålesund consists of 8 re-

inforced concrete pillars with Wild brass screws for hori-

zontal reference and a brass levelling bolt for vertical ref-

erence (Grimstveit and Rekkedal, 1998). The pillars are

drilled into bedrock and they are insulated and protected

against sunlight. Moreover, the ground around the pillars

is insulated to avoid melting during summer. Addition-

ally, brass bolts have been located in the fundaments of

the different antennas. While most of the local control

network was established in the period 1991 to 1995, the

bolts in the fundament of the VLBI antenna were attached

in 1998.

Major campaigns were carried out in 1992 (levelling),

1995 (directions and zenith angles), 1997 (levelling, some

directions and zenith angles). The main goals of the mea-

surements were to check the axes of the VLBI antenna

and to tie the different techniques together. However, the

severe weather conditions did not allow to fix the orien-

tation of the VLBI with the available instruments. There-

fore, the antenna could not be tied to the other techniques,

and changes in the position of the VLBI antenna could not

be determined.

In 1999, a new attempt to measure the antenna will be

made based on more advanced instruments allowing a

much faster measuring. Moreover, the bolts in the fun-

dament of the antenna have been measured in 1998 and

will be re-measured in 1999.

The analyses of geodetic measurements of the local con-

trol network around the VLBI antenna and the GPS sites
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indicate some deformations in the control network, which

may be due to movements of the pillars in the permafrost.

To assess the regional stability, a regional control network

has been established in July 1998 around Ny-Ålesund

with eight new geodetic markers drilled into what was

considered to be stable bedrock. The network has an

extension of about 50 km in east-west and 30 km in

north-south direction and crosses several major geolog-

ical faults. Apparently, these faults are not active to-

day. In a first-epoch campaign carried out in September

1998, seven of these points could be measured simulta-

neously with GPS for five full days. In addition, simul-

taneous GPS measurements were carried out on a moun-

tain close to the observatory (Zeppelinfjellet), and these

observations are currently being used together with the

data from the regional network for tropospheric and iono-

spheric studies.

It is planned to re-measure the control network in Au-

gust/September 1999 with GPS. This campaign will not

only include all regional but also all local points.

The large east-west extension of the control network,

which is almost perpendicular to the ice sheet east of Ny-

Ålesund may allow to use the observations to determine

the surface deformations due to changes in the ice load.

The application of the GPS and VLBI measurements for

this task is part of a co-operation with GFZ Potsdam (Ger-

many).

5 Processing the GPS data

The processing of the data from the continuously record-

ing GPS (CGPS) sites operated by NMA is carried out

routinely. Using the precise point-positioning technique

(Zumberge et al., 1997), daily co-ordinates are estimated

for all CGPS sites as soon as the precise orbits and clocks

become available from IGS/JPL. For most of the sites,

data have been processed in this way since January 1997.

For Ny-Ålesund , this routine analysis includes the obser-

vations of two GPS receivers. One of them delivers data

to IGS since 1991. This long record has been analysed

by M. Heflin (JPL), and the resulting time series is used

below for comparision with the VLBI series.

6 Comparison of VLBI and GPS
data

In Figures 1 - 2, we compare the time series of GPS and

VLBI for the three components. The VLBI series were

produced in a global analysis (Ma, personal communica-

tion) of all available data up to the beginning of 1998. The

GPS series was taken from Heflin (1998) in Mai 1998. In

the two horizontal components, the linear trends for VLBI

and GPS are in good agreement with each other. This is

also demonstrated by the numbers given in Table 2A for

these two analyses. This agreement lead to correlation

coefficients of the order of 0.8. However, if the linear

trends are removed from the two time series, then there

is virtually no correlation between the VLBI and GPS

co-ordinate variations. Partly, this may be due to differ-

ences in the analyses and the models used to account for

atmospheric effects. But it may also indicate that at time

scale of days, the two techniques may by affected by noise

sources in a different way. For geophysical applications

such as studies of atmospheric loading, it is crucial to un-

derstand the reason for the un-correlated variations in the

co-ordinates as determined by VLBI and GPS.

In the height component, apparently significant discrep-

ancies are found in Ny-Ålesund (see also Table 2). It is

important to mention that the time series given by Heflin

(1998) are continuously up-dated and the velocities given

may change with time. Thus, in May 1998, the vertical

rate for Ny-Ålesund was as large as 5.54 mm/yr while

in February 1999 it has decreased to 4.20 mm/yr. The

uncertainties estimated for the global analysis are formal

errors which are rather optimistic. Thus, a large part of

the discrepancy may still be due to underestimated uncer-

tainties. Moreover, the VLBI time series at Ny-Ålesund

is still short (in the Ma analysis, slightly more than three

years were used) and the trend is likely to change with

increasing length.

A similar comparison of the two analyses for Wettzell

and Onsala (Table 2B and 2C, respectively) results in an

agreement in horizontal velocities on the 1-2 mm/yr level,

while in Wettzell disagreement in height is at the same

level as in Ny-Ålesund , i.e. at 3 mm/yr.

Comparing the results of Titov and Pettersen (1997),

which are based on the EUROPE experiments, only, to

the global analysis, good agreement is found in the north-

south rate while the east-west rate resulting from the Eu-

rope analysis is too small by a factor of two. Titov and

Pettersen (1997) consider the geometry of the network as

a possible explanation for this result.

In height, no significant difference is found between the

two analyses. However, analyses of the VLBI data carried

out in other studies result in vertical rates differing signifi-

cantly from those of Ma (1998). For example, Tomasi and

Rioja (1998) report a vertical rate of 6:4� 1:0 mm/yr for

Ny-Ålesund . However, their value is associated with an

unrealistic result for the horizontal motion.

Comparing NMA’s results of the analysis of the Ny-

Ålesund GPS data to those provide by Heflin (1998) re-

sults in correlation coefficients of the order of 0.7 to 0.8

for the residual time series (i.e. when linear trends are

removed). This indicates that small differences in the

analysis strategies and models used have a large effect on

the day-to-day variations. Again, for geophysical applica-

tions, these differences need to be understood in detail.

The comparison of different techniques and analyses so

far started, emphasises the need for further studies. At

the moment, it is not possible to resolve the discrep-

ancies between the different VLBI analyses as well as
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correlation coefficient:   -0.07125 <    0.14942 <    0.35616
             excess:  x:  0.20069E+00 y:  0.26151E-01
             curtesy: x: -0.33799E+00 y:  0.20908E+00
y = ( 0.68129E+01 +-  0.36188E-01) + ( 0.10401E+00 +-  0.74450E+00) * x
x = ( 0.16503E+01 +-  0.69185E+00) + ( 0.21467E+00 +-  0.74450E+00) * y

Figure 1: Variations of VLBI and GPS heights at Ny-Ålesund

Lower diagram: GPS taken from Heflin (1998); middle: VLBI taken from Ma (1998, private communication); upper: regression of

GPS and VLBI.
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x = (-0.52694E+02 +-  0.80387E-01) + ( 0.83006E+00 +-  0.68681E-01) * y

Figure 2: Variations of VLBI and GPS latitudes at Ny-Ålesund

Lower diagram: GPS taken from Heflin (1998); middle: VLBI taken from Ma (1998, private communication); upper: regression of

GPS and VLBI.
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Figure 3: Variations of VLBI and GPS longitudes at Ny-Ålesund

Lower diagram: GPS taken from Heflin (1998); middle: VLBI taken from Ma (1998, private communication); upper: regression of

GPS and VLBI.
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Table 2: Crustal motion at Ny-Ålesund.

Velocities are in mm/yr. NUVEL1-A (NUV.) are from Ma (1998, personal communication). VLBI rates are from Titov and

Pettersen (1997) (VLBI T&P) and Ma (1998, personal communication; VLBI MA). GPS results are from Heflin (1998) in the

version of 8 February 1999.

A) At Ny-Ålesund

Component NUV. VLBI T&P VLBI MA GPS

Radial 0.00 0:4� 3:6 1:16� :54 4:20� 0:28

Latitude 13.60 13:9� 1:3 13:50� :17 14:63� 0:07

Longitude 12.95 6:0� 2:4 11:75� :17 10:64� 0:08

B) Wettzell

Component NUV. VLBI MA GPS

Radial 0.00 �0:82� :16 �3:75� 0:33

Latitude 13.46 13:58� :12 14:48� 0:09

Longitude 20.34 20:35� :02 21:14� 0:13

C) Onsala

Component NUV. VLBI MA GPS

Radial 0.00 3:40� :20 1:53� 0:16

Latitude 13.61 12:84� :05 13:74� 0:05

Longitude 18.65 17:63� :06 16:61� 0:07

between GPS and VLBI. The discrepancy between the

global VLBI results and the GPS results in Ny-Ålesund

may be due to a problem of the reference frame and the

realisation of the no-net-rotation and no-net-translation

criteria in the VLBI analysis. If we assume, for a mo-

ment, that the global VLBI analysis and the GPS result

provide correct vertical rates for Ny-Ålesund in nearly

the same reference frame, then the differential motion be-

tween GPS and VLBI antenna could be due to a sinking

of the VLBI antenna or a slow uplift of the GPS monu-

ment in the permafrost. These possibilities and the wide

range of vertical rates obtained emphasises the need for

a control of the local ties between the various techniques

with a high temporal resolution.

Unfortunately, the available classical techniques for ob-

taining these ties require considerable human resources

(see also Section 4). Based on these techniques, a high

temporal resolution will be difficult if not impossible to

achieve. The development for techniques that would al-

low a more or less continuous tie between different anten-

nas would be most welcome.

7 Identifying the cause of crustal
motion

7.1 Surface-load induced deformations

Climatologically, Svalbard is located within the northern-

most part of the area with strong seasonal changes in sea-

ice (see, e.g., Barry, 1989). This area is likely to be af-

fected by climate change at an early state. The main ice

drift in the Arctic Ocean is characterised by the Transpo-

lar Drift, which carries ice from the Beaufort Sea and the

eastern Arctic Ocean westward towards the Fram Strait

west of Svalbard, through which most of the ice exits into

the North Atlantic (see Gordienko and Laktionov, 1969).

Moreover, the main current due to the Arctic Ocean In-

terbasin exchange passes along the Fram Strait, too (see,

e.g., Fig.1-1 in Schmitz, 1996).

A large part of Svalbard is covered by ice and it can be ex-

pected that the ice mass responses sensitively to changes

in the climate around Svalbard. In fact, changes in the ice

mass on Spitsbergen can already be deduced from obser-

vations (see, e.g. Amelien et al., 1998). However, our cur-

rent knowledge of changes in the cryosphere is uncertain

in several aspects. Consequently, recent estimates of the

contribution of glaciers and ice sheets to sea level changes

vary by a factor >2 (see Warrick et al., 1996, for a recent

summary). Geodetic measurements of changes in the ice

surface are either sparse (levelling) or still controversial

(satellite altimetry). Mass balance models based on ob-

servations are hampered by large uncertainties in the con-

tributing factors and often poorly constrained by observa-

tions (Warrick et al., 1996). Therefore, additional con-

straints are most helpful in understanding the response of

ice sheets and glaciers to climate variability and, eventu-

ally, climate change.

Changing ice loads induce significant visco-elastic defor-

mations of the Earth’s crust and mantle as is documented

by a wealth of observations related to the post-glacial re-

bound induced by the last ice age. The present-day de-

formations are the results of a convolution of the Green’s

function (i.e., the impuls response of the Earth to sur-

face loading) with the complete time history of the com-

bined ice and water load. Therefore, these deformations

are also affected by recent changes in both the present-

day ice sheets and the ocean waters. The effect of the

present-day forcing potentially is large enough to use the

induced deformations to constrain, for example, concur-

rent changes in the volume of the Antarctic and Green-
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Figure 4: Tectonics of the Arctic Ocean. From (Kearey

and Vine, 1990).

land ice sheets (e.g. Conrad and Hager, 1995; James and

Ivins, 1995; Wahr and Han, 1997). However, the post-

glacial signal in these deformations is of the same order

as the deformations induced by present-day ice changes.

Any interpretation therefore requires the separation of the

two effects. According to the results of extensive numer-

ical experiments carried out by Wahr et al. (1995), the

ratio between gravity and height changes _g= _u associated

with purely viscous deformations due to past mass move-

ments (i.e. ice and water load) is approximately equal to

�0:15 �gal/mm. This constant ratio provides the basis

for the required separation. Presently, the only obser-

vations to test this empirical relation are found in Scan-

dinavia. A comparison of observed gravity and height

changes in the land-uplift area in Scandinavia indicates a

ratio of _g= _u = �0:24 �gal/mm (Ekman and Mäkinen,

1990). However, the � �0:09 �gal/mm in excess of

the theoretically expected value may represent the elas-

tic response to present-day mass changes, which partly

are to be explained by the deloading of the Baltic Sea as

a consequence of the land uplift. In summary, we can

expect that high-precision space-geodetic observations of

present-day deformations in the vicinity of ice sheets to-

gether with gravity measurements, in principle, provide

valuable constraints on changes in the ice cover. However,

the combination of vertical rates with gravity changes is

mandatory for a meaningful interpretation.

7.2 Tectonic movements

Tectonically, Svalbard is located on the north-eastern side

of a long north-northwest striking transform fault (the De

Geer fault, Fig. 4), which connects two parts of the mid-

Atlantic ridge, namely the north-east striking ridge seg-

ment in the Norwegian Sea (north of Iceland) to the more

north-northeast striking segment in the Siberian basin

(Kearey and Vine, 1990). The active mid-Atlantic ridge

passing through Iceland terminates SW of Svalbard at the

De Geer Fault. This dextral ridge-ridge transform con-

nects to the northernmost part of the mid-Atlantic ridge,

which in turn transforms into the Verkhoyansk Mountains

of Siberia by means of rotation about a fulcrum in the

Siberian Islands. However, there are rather large uncer-

tainties in the actual structure of the ridge segment south-

west of Svalbard. For example, in Johnson et al. (1979),

the large DeGeer transform fault is replaced by a north

striking spreading centre. Again another sketch can be

found, for example, in Birkenmajer (1981). Nevertheless,

the distance of the ridge-related tectonically active region

to Svalbard is small (of the order of 100 km) and the ac-

tivity might well have some regional to local effects at the

Kings Bay and Ny Ålesund. At large scales, the motion

across the ridge segment in the Siberian basin and par-

ticularly its change along the ridge leads to a rotation in

the Arctic affecting the position of Svalbard in a global

reference frame.

Detailed knowledge of the present-day motion of the tec-

tonic plates is fundamental for the validation of geophys-

ical and geological models related to plate tectonics. The

plate motion also constitutes a crucial contribution to the

motion of any point on the Earth’s surface. As the plate

move, any fixed co-ordinates for observing sites become

inconsistent. Relative motion between observing sites in

the global geodetic networks are of the order of 5 cm/yr

or larger. Therefore, accounting properly for the motion

is a principle task in the definition and realisation of any

terrestrial reference frame. The 1996 IERS conventions

(McCarthy, 1996) recommend that the NNR-NUVEL1A

model (DeMets et al., 1994) is used to represent the ve-

locities due to plate motion. The residual velocity vectors

at all geodetic sites can then be used to validate and/or

improve this model.

In Table 2, we compare the horizontal and vertical motion

determined in different VLBI and GPS analyses. It should

be mentioned that the uncertainties given for the global

VLBI analysis are too optimistic (Ma, 1998, personal

communication). Taking into account this comment, then

the horizontal velocities determined in the global VLBI

analysis and for the long GPS time series agree well with

each other and with the model predictions.

In summary, the results indicate that this part of Svalbard,

despite its nearness to the Mid-Atlantic ridge, is already

on the stable part of the European plate. This is further

supported by the small base line changes between Ny-

Ålesund and Wettzell (see, e.g. Tomasi and Rioja, 1998).
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8 Monitoring sea-level changes

Sea level changes due to mass exchange between

cryosphere and ocean are not globally uniform (Farrell

and Clark, 1976). Due to the combined effect of the

visco-elastic response of the Earth to ice deloading and

ocean loading and the change in the gravitational poten-

tial, relative sea level will fall close to a melting ice sheet,

while at intermediate distances there will be nearly no

changes. A rise in sea level will only be observed in the

far-field. Thus, melting/accreting Antarctic ice will have

a sea-level signature distinctively different from melt-

ing/accreting Greenland ice. Tide gauges should record

the ”footprint” in relative sea level due to present-day

changes in the large ice sheets. Tide gauges in the near-

field are particularly important for this detection. There-

fore, the tide gauge data observed at Ny-Ålesund com-

bined with space-geodetically observed crustal motion at

the location is an important contribution to the monitoring

of the current pattern in relative sea level changes partic-

ularly in the Arctic ocean.

In Figure 5 the monthly mean values for the tide gauge

records at Ny-Ålesund and Barentsburg are shown. The

data are taken from the global database of the Perma-

nent Service for Mean Sea Level (PSMSL), which con-

tains more than 1700 quality-controlled records (Spencer

and Woodworth, 1993). At both locations, the monthly

means are dominated by a seasonal signal with an ampli-

tude of �150 mm and a maximum sea level in Novem-

ber. Non-seasonal variations are generally of the order of

�150 mm with a few exceptional sea levels exceeding �

200 mm. Also shown is the monthly difference between

the two time series. The distance between Ny-Ålesund

and Barentsburg is roughly 100 km and long-period sea

level changes should be rather similar at both sites. In

fact, for most of the months the difference is of the order

of �50 mm, while only a few months show differences

of more than �200 mm. Particularly for 1980, large dif-

ferences occure indicating data errors in one of the two

records. After 1993, the differences contain a strong lin-

ear trend, which is due to an apparent decrease of the rel-

ative sea level at Barentsburg. This may be related to an

poor maintenance of the local tide gauge benchmark or a

problem with the tide gauge itself. However, the overall

trend in Barentsburg is not significantly affected by this

possibly erroneous part of the record.

To determine the trend in RSL, a model consisting of a

seasonal cycle and a linear trend is fitted to the two time

series in a least squares fit. The seasonal cycle is rep-

resented by an annual and a semi-annual harmonic con-

stituent. The trends resulting from the fits are compiled in

Table 3 together with other relevant parameters of the two

time series.

A change in sea level measured relative to a benchmark

on land is the difference between geocentric sea surface

changes and geocentric vertical motion of the tide gauge

benchmark (ideally this is identical to the vertical motion
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Figure 5: Tide gauge records at Ny-Ålesund and Barents-

burg.

Upper diagram: Ny-Ålesund; middle: Barentsburg; lower: Ny-

Ålesund - Barentsburg. The time series are monthly mean sea

levels in mm.

of the crust). For linear trends, we therefore can write

r = t+ v (1)

where r is the geocentric sea level trend (positive for rise),

t the RSL trend (positive for rise), and v the geocen-

tric vertical crustal motion (positive for uplift). The de-

termination of the geocentric sea-level changes thus re-

quires knowledge of the vertical crustal motion v. At

Ny-Ålesund, the tide gauge is regularly connected to the

space-geodetic benchmarks by precise levelling. As re-

ported in Section 4, the measurements so far do not indi-

cate a relative movement of the tide gauge with respect to

land. VLBI and GPS provide information on the three-

dimensional movement of the crust. Unfortunately, the

results from the two main techniques monitoring crustal

movements in Ny-Ålesund do not agree for the height

component (see Table 2 and Section 7). Possible expla-

nations for the discrepancies may be in problems of con-

necting VLBI and GPS in a unique way to the solid Earth

or local effects at the VLBI and/or GPS antenna in Ny-

Ålesund. A more detailed investigation is required before

reliable estimates of v can be deduced. Nevertheless, after

eliminating known contributions by using available mod-

els we can extract useful information from the RSL trends.

Currently, a major contribution to RSL changes is com-

ing from the on-going post-glacial rebound induced by

the disintegration of the large ice sheets at the end of the

last ice age. To decontaminate RSL trends from the post-

glacial signal (pgs), Peltier and Tushingham (1989) used

a geophysical model to compute the pgs in RSL, p, and

computed a decontaminated geocentric sea level

r̂ = t� p: (2)

In another approach, Zerbini et al. (1996) used

v

o

= �(t� p� r

0

); (3)

assuming r

0

= 1:8 mm/yr to determine crustal vertical

motion in the Mediterranean and found small (of the or-

der of �1 mm/yr) and spatially consistent values for the

10
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Table 3: Trends in sea level at Ny-Ålesund and Barentsburg.

N is the number of monthly values in the record. t is the linear term and �t the standard error resulting from the fit of a trend plus

annual and semi-annual constituent to the time series. r̂ is computed from eq. 2, while v

o

results from eq. 3 assuming r = 1:8

mm/yr. The indices 1 and 2 refer to the two models for the pgs (see text). All rates in mm/yr.

Station Long. Lat. Begin End N t �t p

1

p

2

r̂

1

r̂

2

v

o1

v

o2

Ny-Ålesund 11�56’E 78�56’N 1976 1996 175 -1.373 0.8 -0.9 -1.3 -0.5 -0.1 2.3 1.9

Barentsburg 14�15’E 78�04’N 1948 1996 560 -2.253 0.3 -2.0 -2.6 -0.3 0.3 2.1 1.5

crustal motion. In Table 3, r̂ and v

o

are given for the two

stations using two different post-glacial rebound models

provided by Mitrovica (1996, personal communication).

Model 1 has an elastic lithosphere of 120 km, and upper

and lower mantle viscosities of 1� 10

21 Pas and 2� 10

21

Pas, respectively. Model 2 is identical to Model 1 except

for a lower mantle viscosity of 4:75 � 10

21 Pas. The ice

model used is ICE-3G (Tushingham and Peltier, 1991).

For both post-glacial rebound models, the values for r̂ are

close to zero indicating that any vertical crustal motion

others than post-glacial rebound is nearly compensating

any geocentric sea level change. Assuming tentatively a

geocentric sea level rise of 1.8 mm/yr (Douglas, 1997),

non-post-glacial vertical crustal uplift rates of the order of

2 mm/yr can be deduced. However, since both steric and

non-steric sea-level changes are likely to display a large

spatial variability, this assumption is not very helpful.

The determination of vertical crustal motion with an ac-

curacy of better than 1 mm/yr would allow to separate the

crustal motion and geocentric sea-level changes. Using,

for example, the GPS-determined rate of v = 4:20 mm/yr,

we get a geocentric sea-level rate r of+2:93mm/yr at Ny-

Ålesund . It would be interesting to compare this trend to

sea-level rates determined from satellite altimetry.

For further interpretation, it will be helpful to separate the

pgs in RSL according to p = p

s

� p

v

with p

s

the geocen-

tric pgs in sea level and p

v

the geocentric pgs in vertical

crustal motion. Thus we get

r

0

= t� (p

s

� p

v

) + v

o

(4)

with v = v

o

+ p

v

and v

o

the vertical crustal motion oth-

ers than the pgs. The uncertainty of the pgs predicted by

geophysical models is for the Svalbard area at least of the

order of 1 mm/yr. Nevertheless, using model predictions

of the pgs would help to explain a part of the 3 mm/yr

geocentric sea-level rate quoted above.

9 Additional comments

The Earth tide observations have resulted in a long and

high-quality time series, which has been used to deter-

mine preliminary Earth tide parameters for Ny-Ålesund .

Particularly in the semi-diurnal band, a large ocean load-

ing signal is found. Preliminary computations of ocean

loading carried out by Scherneck (1998, personal com-

munication) and Baker (1998, personal communication)

reveal considerable discrepancies between the observa-

tions and the model predictions as well as between dif-

ferent ocean tidal models. Using the observed parameters

in the processing of the absolute gravity measurements,

small residual tidal signals were left in the absolute mea-

surements indicating that the tidal parameters were not ad-

equate. The distance between the Earth tide observatory

and the absolute point is about 1.8 km. Due to the large

ocean loading signal and the short distance to the coast, a

large spatial gradient in the Earth tide parameters can be

expected. Moreover, significant temporal variations have

been detected in the Earth tide parameters, and these may

be due to seasonal changes in the semi-diurnal ocean tides

or to unaccounted variations in the calibration factor of the

gravimeter.

To get precise Earth tide parameters for the geodetic ob-

servatory to be used in the VLBI analysis, it will be im-

portant to carry out tidal measurements at the observatory

with a superconducting gravimeter.

10 Conclusions

The VLBI station at the geodetic observatory of NMA in

Ny-Ålesund has participated in the European VLBI ex-

periments nearly as scheduled. A proper maintenance of

the antenna and the equipment has been provided. Due

to a lack of human resources, analysis work has been de-

layed. However, it is expected that new analysis work can

be started in 1999. The discrepancies between GPS and

VLBI determined vertical rates will be one of the prob-

lems to focus on. In this context, the contribution of un-

modelled tropospheric effects to station co-ordinates will

be investigated.

Summarising the results of the interpretations reported

above, we can state that the geodetic multi-parameter ob-

servations collected at Ny-Ålesund are of high potential

value for global change studies and the value of the data

set is expected to increase greatly as the observation pe-

riod is extended into the future. Nevertheless, results rel-

evant to the EU project can be expected from a continua-

tion of the exploitation of the available data. In particular,

more advanced analyses of the space-geodetic observa-

tions will allow to reduce the uncertainty of the geocentric

vertical crustal motion and thus provide a better estimate

of the geocentric sea-level trend.

11
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Bonn Correlator Report

A. M�uskens

Geod�atisches Insitut der Universit�at Bonn (GIUB), Nussallee 17, D-53115 Bonn, Germany

W. Alef

Max-Planck-Institut f�ur Radioastronomie (MPIfR), Auf dem H�ugel 69, D-53121 Bonn, Germany

Abstract. The correlator at the Max-Planck Institute for Radioastronomy, Bonn has played an important role

in European VLBI since the mid-seventies, catering to the needs of astronomers and geodesists. The operation

in Bonn has been additionally supported by the Geodetic Institute of the University of Bonn (GIUB) and later

by the Institute for Applied Geodesy in Frankfurt (IFAG: now BKG). This report will give a short description of

the status and future activities at the Bonn VLBI Correlator.

Playback Recorders

8 of the 9 Metrum/Honeywell playback drives have already been upgraded with Mk4/VLBA

style control electronics and thin tape capability; the 9th drive will be �nished in February. Due

to problems (oscillations) in 3 of the 5 drives with MPIfR modi�ed playback electronics, and in

order to prepare for the MK4 correlator (32 tracks) we have started to change these 3 drives

to the VLBA/MK4 "standard" read electronics. We expect to have 9 operational playback

drives available by the end of February. The Penny&Giles prototype playback recorder has been

removed from the correlator.

Figure 1. Playback Recorders (all and one single rec. front)

Throughput

Due to the above mentioned problems and the preparations for the MK4 processor the priorities

at the correlator were changed. The highest priority is now preparing the tape drives for the

MK4 correlator, the delivery of which is expected in summer or autumn of this year. The

number of tape drives that can at present be used for correlation has gone down to 5 or 6.

As a consequence of that the throughput went down from 90 to about 60delays in the delivery

of replacement heads. We expect to reach about 90throughput again in March using both the

MK3A and the old MK3 correlators. The present backlog for astronomical projects is about 3

1
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months, while there is no backlog for the correlation of geodetic observations. History usage of

the passed year 1998 was 36/64 percentage (geodesy/astronomy) for the CPU proccessor time.

Operations

The playback quality of thin tape recordings has improved in the last year. It is now comparable

to that of thick tape recordings. Log access via the ftp areas at CDDIS (geodesy) and Bologna

(astronomy) is routine. Logs are stored on these 2 computers promptly, with few exceptions.

NRAO's tape tracking program TRACK is used by all stations now, again with the exception

of places where access to the Internet is di�cult or impossible. In general tapes arrive at the

correlator within 2 weeks after the observation.

EVN Support

EVN in absentia correlation is now supported by Bob Campbell from Dwingeloo. Correlation of

EVN projects has been made easier and more reliable by using GPS measured clock and clock

rate o�sets for the correlation; fringe search is nearly never needed any more for preparing the

correlation of EVN observations. The reliability was increased as clock rates and jumps are

monitored and compensated.

Figure 2. Mk3A and Mk3 processor

Mark IV Correlator

Haystack's schedule for the installation of the MK4 correlator in Bonn is as follows:

Jan/Feb Physical con�guration of the MK4 correlator is �nalised

Jun/Jul Final testing of the BKG correlation hardware at Haystack

Observatory and acceptance from BKG and MPI

Jul ship all hardware to Bonn (processor, station units, control computer)

Aug Arrival and installation of correlator by Haystack crew;

training of Bonn personnel

Bonn: The upgrade of the 9 tape drives to full MK4 compatibility will have been �nished by

the end of February. The old MK3 correlator will be removed by the end of May to make space

for the MK4 correlator and the station units. In August start correlating with both the MK3A

and the MK4 correlator: each with 4 to 5 tape units. After September phase out correlation on

the MK3A correlator with end open. Note: the MK3 correlator can still correlate on 1.1.2000.
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Abstract

Communications Research Laboratory (CRL) has led the development of VLBI

technique in Japan and is keeping high activities in both observations and technical

developments. CRL has promoted Key Stone Project (KSP) dedicated to monitoring

the crustal deformation around the Tokyo metropolitan area using the space geodetic

technique such as VLBI and SLR. In the KSP, real-time VLBI technique was developed

and it has been applied to form a large big radio telescope connected by a high

speed communications link. As for the next generation VLBI terminal, the Giga-

bit VLBI system consisting of a high speed sampler (1Gsps/4ch/2bit) and a high

speed digital data recorder (1024 Mbps) has also been developed. The �rst fringes

using this system were successfully observed. Besides these developments, optical-

linked RF interferometer has been investigated to measure phase delay precisely. The

performance of GPS frequency reference receiver was tested to evaluate the possibility

of its adoption as a frequency standard in VLBI observations in order to deploy VLBI-

like techniques widely.

1. Introduction

A VLBI group in the Communications Research Laboratory (CRL) has a long history

more than 20 years. In this report, we introduce our recent activities related to VLBI.

CRL has developed a compact VLBI network named KSP consisting of four stations in

and around the Tokyo metropolitan area, which is dedicated to monitoring the crustal

deformation there. In 1995, the KSP started regular observations. Observations and

analyses are fully automated in the KSP. Real-time VLBI technique was also developed

on the KSP network. Now routine observations spanning 24 hours are carrying out every

other day using the real-time VLBI technique. This real-time VLBI technique is now

expanded to connect a 64-m antenna at USUDA and a 34-m antenna at Kashima besides

KSP stations to increase sensitivity to detect very weak radio sources. Test observation

was successfully carried out in December 1998. In parallel with the KSP operation, the

1

E-mail: kondo@crl.go.jp



81

.RJDQHL

0LXUD

7DWH\DPD

���NP

$URXQG�7RN\R

-DSDQ

.DVKLPD

.63

9/%,

1HWZRUN

Figure 1. Location of the Keystone Project VLBI network.

Giga-bit VLBI system consisting of a high speed sampler (1Gsps/4ch/2bit) and a high

speed digital data recorder (1024 Mbps) has been developed to increase the sensitivity of

observations. The test observation using this system was made in July 1998, and the �rst

fringes were successfully obtained. In addition to these developments, di�erent approach

to increase the accuracy of measurements has been investigated. It is optical-linked RF

interferometer aiming to measure phase delay precisely. In the meantime, a GPS time

and frequency reference receiver has shown remarkable progress in performance in recent

years. It can supply stable signals at low cost. In order to deploy VLBI-like techniques

widely, the performance of GPS frequency reference receiver was tested to evaluate the

possibility of its adoption as a frequency standard in VLBI observations.

2. Key Stone Project

In 1993, CRL started the establishment of the VLBI network dedicated to monitoring

the crustal deformation around the Tokyo metropolitan area in Japan. This VLBI network

consists of four stations (Fig.1), and was named \Key Stone Project" (KSP) network after

the Japanese traditional saying that relates to earthquake prevention [Koyama et al., 1998].

In September, 1996 the KSP entered a full operation phase consisting of daily observations

spanning 5 to 6 hours using a conventional tape recording method system. Along with

these daily observations, we established a real-time VLBI in cooperation with the Nippon

Telephone and Telegraph Co [Kiuchi et al., 1999]. Real-time VLBI means a correlation

processing in real time using high-rate transmission links (maximum network speed is 2.4

Gbps) between the four KSP stations (Fig.2). This real-time processing has been used in

routine operations since June 4, 1997. Since then the length of a session, which is a series of

scans of quasars, has become free from a restriction arising from the correlation processing

in the case of a tape-recording-based VLBI. We began routine 24-hour observations every

two days on September 30, 1997.

Thus we have been making continuous improvement both in system hardware and

in the observation method to improve measurement accuracy. Now repeatability reaches

about a 2-mm level in baseline length in our VLBI network [Kondo et al.,1998].
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Figure 3. Evolution of baseline length between Kashima and Ko-

ganei (a), repeatabilities (b), and mean formal errors (c) of �ve con-

tinuous samples of baseline length.
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izontal station positions and vertical station positions, for the two

sub-periods.

Figure 3 shows the evolution of measured baseline lengths for the Kashima-Koganei

baseline, and the standard deviations and mean formal errors of the �ve continuous sam-

ples of the baseline length data for the period from January, 1995 to September, 1998.

The formal error obtained from each baseline analysis almost corresponds to the stan-

dard deviation of O-C residuals after parameter �tting in a session. We can see stepwise

structures in the plot of mean formal errors, in particular at three epochs (at the end of

October, 1995, at the middle of February, 1997, and at the end of September, 1997). This

demonstrates a drastic improvement in system. The �rst two correspond to improvements

in the system hardware (such as an increase in temperature stability in a receiver room)

while the last one corresponds to the extension of the session time. As a seasonal e�ect

can be seen in Figure 3, we divided a year into two sub-periods representing winter and

summer seasons (i.e, October, 1997 to March, 1998 and April, 1998 to September, 1998)

and made statistical calculations for the two sub-periods. In Figure 4, averaged repeata-

bilities and mean formal errors of station positions are plotted for these two sub-periods.

The simple average of repeatabilities (formal errors) of station positions for all stations

for east-west, north-south, and vertical components for the winter season are 1.9 mm (0.9

mm), 1.8 mm (1.0 mm), 9.5 mm (4.7 mm), those for the summer season are 3.0 mm (1.3

mm), 3.0 mm (1.4 mm), and 15.0 mm (6.8 mm), and those for full year are 2.5 mm (1.1

mm), 2.4 mm (1.2 mm), and 12.3 mm (5.9 mm), respectively.

Both repeatability and mean formal error become worse in the summer season by

factors about 1.6 and 1.4 compared with those in the winter season. Moreover the re-

peatability is worse than the mean formal error by about a factor of two.

The real-time VLBI technique realized on the KSP-VLBI network has been expanded

to connect a 64-m antenna at USUDA and a 34-m antenna at Kashima to form a \large

virtual radio telescope" to increase sensitivity to detect very weak radio sources [Takahashi

et al.,1998]. Test observation was successfully carried out in December 1998.
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Figure 5. Schematic diagram of the Giga-bit VLBI system for ob-

servations.

3. Giga-bit VLBI System

We started the development of the Giga-bit VLBI system in 1995 to improve sensi-

tivity of the VLBI system. Test observations were carried out on the Kashima-Koganei

baseline of KSP VLBI network on July 10, 1998. And the �rst fringes were successfully

detected[Koyama et al.,1998].

Figure 5 shows the block diagram of the giga-bit VLBI system. Baseband IF signals

are sampled by TDS784 (Tektro) sampler with a speed of 1 Gsps (=1024 Msps). TDS784

can digitize four analog data channels at 1 Gsps with 2 bits per sample. A DD-1 sampler

interface selects one channel data and transfer the 1 Gsps 1 bit per sample data to a high

speed digital data recorder TOSHIBA GBR-1000. The original GBR-1000 recorder has

a recording speed at 958 Mbps. The internal clock rate was hence increased by 7 % to

achieve the recording speed of 1 Gsps.

Data were processed by GICO (Giga-bit COrrelator) which consists of UWBC (Ultra

Wide Band Correlator) originally developed for the Nobeyama Millimeter array of the

National Astronomical Observatory. The processor is an XF type correlator with the 256

lags of cross-correlation function capable to process at 2048 Mbps.

4. Optical-linked RF Interferometer

The concept of optical-linked RF interferometer is a connected-element interferome-

ter. RF signals received by antenna are directly converted into optical signals and then

transmitted through a �ber optic link instead of use of metal lines like a coaxial cable.

In a connected-element interferometer, common local oscillator signals are used for the

frequency conversion of RF signals from each antenna. Thus no clock parameter esti-

mation is necessary in a baseline analysis unlike an general VLBI analysis for geodetic
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Figure 6. System con�guration of the optical-linked RF interferom-

eter.

purpose. Even though higher stability against the temperature change is expected for

optical �ber link than metal lines, delay change occurred in the transmission line should

be compensated for the application of precise geodetic observation.

Figure 6 shows the con�guration of the optical-linked RF interferometer that can

compensate the �ber delay with high accuracy [Amagai et al.,1998]. Signals received by

antenna at each site are ampli�ed by a low-noise ampli�er (LNA) and converted to optical

signals on the carrier at a wavelength of 1310 nm by a laser diode. The optical signals

are then transmitted through optical �ber to the analysis center. There optical signals

are converted to electronic signals and they are further converted into video signals using

common local signals. Then video signals are cross-correlated. In this system, delay

changes occurring in the optical �bers are compensated by using phase calibration signals

injected in front of LNA. This is the same method used in the geodetic VLBI. Further

delay changes caused by refractive index di�erence are compensated by using calibration

signals optically re
ected from each site.

Maximum �ber length capable to use in this system was estimated from signal-to-

noise ratio analysis at �ber optic links. It was estimated to be about 40 km when the

combination of Ortel 3541A laser diode and Ortel 4515A photo detector is used.

5. GPS Receiver for Use of VLBI Frequency Standard

The performance of GPS time-and-frequency reference receivers has advanced to the

point where they are now widely used to supply a highly stable signals (1 � 10

�12

/day)

at a low cost. Although their stability is less than that of the hydrogen-maser frequency

standard (H-maser clock) (� 1�10

�14

/day) conventionally used for VLBI, their lower cost

is attractive when we consider the wide deployment of VLBI and VLBI-like techniques. We

evaluated the performance of a GPS receiver by measuring its phase stability to determine

whether it is suitable for supplying a standard frequency for VLBI observations.

We conducted test VLBI observations on May 13, 1998 on the Kashima-Koganei base-

line (about 109 km in length) to con�rm the performance of a GPS time-and-frequency

reference receiver. The con�guration of the test observation is shown in Fig. 7. At the
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Figure 7. Con�guration of test VLBI observation using GPS fre-

quency standard.

Kashima station, the system-reference frequencies were supplied by a GPS reference re-

ceiver (HP 58503A) instead of an H-maser clock, while an H-maser clock was used at

the Koganei station. Both \real-time" VLBI and \tape-based" VLBI were carried out.

Cross-correlation processing was carried out in real time at the Koganei station using data

transmitted through an asynchronous transfer mode network. Cross-correlation processing

using the recorded data was performed later. The correlation-period units were set to 3 s.

Two types of fringe searches were used in integrating the time-segmented correlation data.

One was a normal fringe search in which only the linear-phase change with respect to time

was compensated for. The other one was a fringe search using a third-order polynomial

function with respect to time.

The coarse delay search functions obtained using these fringe searches are shown in

Fig. 8. The received radio source was 3C273B, and the integration period was 90 s. Only

one channel in the 8-GHz band is shown in the �gure. There was a scattered structure in

the delay rate direction for the normal fringe search (Fig. 8(left)) due to a higher-order

phase change that could not be compensated for by the linear phase-change correction.

There was a simple peak structure and a larger correlation amplitude when a third-order

polynomial function was applied (Fig. 8(right)).

To compare these results with those for conventional VLBI observation, we conducted

the same observation two days later and using H-maser clocks at both stations. The

relation between the correlation amplitude and integration period for both observations is

shown in Fig. 9. A third-degree polynomial search was used for the observation made using

the GPS clock. For the H-maser experiment, no di�erence was observed between search

methods. For the GPS experiment, the correlation amplitude fell when the integration

period exceeded 100 s. In other words, we can say, a GPS time-and-frequency reference

receiver can be used to supply a standard frequency for VLBI for frequencies up to 8 GHz

if a third-order fringe search is used and the integration period is less than 100 s.
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Figure 8. Coarse delay search function for normal (left panel) and

third-order (right panel) fringe search.

������

�����

����

�� ��� ����

 ÅË¼¾É¸ËÀÆÅw§¼ÉÀÆ»w�Ê¼º�

�
Æ
ÉÉ
¼
Ã¸
ËÀ
Æ
Å
w�
Ä
Ç
ÃÀË
Ì
»
¼

+�PDVHU

���������

*36

���������
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period for two test observations: in one H-maser clocks were used at
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one station.
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����PP� �RQH� VLJPD�� YHUWLFDOO\�� *6,� LV� SODQQLQJ� WR� KDYH� IRXU� GRPHVWLF� H[SHULPHQWV�ZLWK� WKH
QHWZRUN� WR� GHWHFW� FUDVWDO� PRYHPHQW� LQ� ������ *6,� LV� DOVR� � SODQQLQJ� WR� KDYH� VRPH� UHVHDUFK
H[SHULPHQWV�WR�LPSURYH�DFFXUDF\�DQG�WR�WHVW�QHZ�DXWRPDWLRQ�WHFKQLTXHV�

���7VXNXED�9/%,�&���7VXNXED�9/%,�&HHQWHQWHUU

,Q������*6,�RSHQHG�7VXNXED�9/%,�&HQWHU�DV� DQ�RSHUDWLRQ��FRUUHODWLRQ�DQG�DQDO\VLV
FHQWHU��*6,�LQVWDOOHG�D�QHZ�FRUUHODWRU�V\VWHP�IRU�WKUHH�VWDWLRQV�WKUHH�EDVHOLQHV��&RVPR�5HVHDUFK
&RUS�PDNHV�WKH�FRUUHODWRU�XQLW��.HW\�&RUS��/WG��PDNHV�WKH�VRIWZDUH�WKDW�FRQWUROV�WKH�HDFK�XQLW�
6RIWZDUH� IRU� %DQGZLGWK� 6\QWKHVLV� DQG� GDWDEDVH� SURGXFLQJ� LV� GHYHORSHG� E\� &5/�� 62/9(� RI
1$6$�*6)&�LV�ZRUNLQJ�DV�D�EDVHOLQH�DQDO\VLV�VRIWZDUH�

���-*'������-*'�����

*6, is preparing a new geodetic framework named JGD2000 (Japanese Geodetic Datum 2000),

planning to publish in 2000. GSI VLBI group is contributing to JGD2000. JGD2000 is being built by VLBI

experiments and GPS campaign. Coordinates of the JGD2000 are based on ITRF94 and GRS80. JGD2000 is

connected at the Kashima VLBI station to ITRF94 by international VLBI experiments. VLBI group

determined three baselines precisely by mobile VLBI experiments. These baselines and permanent GPS

stations are the backbone of JGD2000.
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Overview of performance of European VLBI Geodetic

Network in the Europe campaigns in 1998

Mauro Sorgente and Leonid Petrov
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Abstract:

Six VLBI sessions have been carried out in 1998 under the program \Measurement of Vertical

Crustal Motion in Europe by VLBI". From 6 to 9 stations took part in each experiment. The data

were correlated at the Bonn correlator. This report summarize the problem disclosed during analysis

of these experiments. The range of variation of the system temperature at zenith for each antenna

is shown and our judgment about the system performance is presented. An analysis of the presence

of spurious signals in the phase calibration signal is made.

1 Introduction

Six VLBI sessions have been carried out in 1998 under the program \Measurement of Vertical Crustal

Motion in Europe by VLBI". From 6 to 9 stations took part in each experiment. Transportable 6 meter

antenna TIGO has been included in this network since December 1997 for testing its performances

before it will be moved to another place. The radiotelescope Yebes did not participate in observations

in 1998 due to malfunction of the formatter. Magnetic tapes with recorded signal were sent to Bonn for

processing at the correlator of Max-Plank-Institut f�ur Radioastronomie and for consecutive parametric

analysis using CALC/SOLVE software.

Dates of the experiments during 1998 and the list of stations successfully participated in observa-

tions are presented in table 1.

Experiment Date Stations

Europe41 02-Feb-98 Cri-Mad-Mat-Med-Not-Nya-Ons-Tig-Wet

Europe42 20-Apr-98 Cri-Mat-Med-Not-Nya-Ons-Tig

Europe43 22-Jun-98 Cri-Mat-Not-Nya-Ons-Tig-Wet

Europe44 17-Aug-98 Cri-Mat-Med-Nya-Ons-Tig-Wet

Europe45 12-Oct-98 Cri-Mad-Mat-Med-Not-Nya-Ons-Wet

Europe46 14-Dec-98 Cri-E
-Mad-Mat-Med-Not-Nya-Tig-Wet

Table 1: Experiments under program \Europe" in 1998.

Detailed reports about each experiment are available at Web:

http://giub.geod.uni-bonn.de/vlbi/experiments/experiments.html

2 Summary of the problems

The following problems were detected during the correlation and parametric data analysis:

� No fringes were found in some channels. Some experiments had massive channels losses what

led to appearance of group delay subambiguities due a false detection of sidelobes in delay
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resolution function. Such data were processed by a special procedure REFRINGE developed by

A. Nothnagel what allowed to recover substantial part of data.

� Phase calibration amplitude recorded at some stations was sometimes too weak. If the phase

calibration amplitude is lower than 1% of the noise level then it cannot be used in data analysis.

Manual phase calibration is used in such cases as a last resort. When manual phase calibration

is applied we lose information about phase 
uctuations in individual video converters what may

considerably degrade accuracy of measurements of group and phase delays.

� Local radio interference a�ected S-band at some stations.

� Incorrect frequency setup before the begging the session due to mistake of an operator. It is an

expensive mistake! It is absolutely impossible to use such data.

� Incorrect heads setup before the begging the session. Sometimes it was possible partly to recover

the data by the price of substantial degradation of the performance.

� Some channels have fringe amplitude lower than 50% the average fringe amplitude probably due

to radio interference?

� Unfortunately all station are a�ected by spurious signals in phase calibration. This problem was

reported in early MARK-III observations in late 70-s and is not yet solved.

In
uence of spurious signals is seen in the plots of dependence of normalized phase calibration

amplitude versus phase of phase calibration signal (in rad). We can classify a pattern on these

plots according to three main categories: one cycle periodicity (�g. 1) due to the presence

of an additive coherent signal; two cycle periodicity due to a band �lter imperfection (�g. 2)

and peculiar variability (�g. 3). Spurious signal in phase calibration results in appearance of

systematic errors in group and phase delay.

�g. 1 �g. 2

� Considerable variations of system temperature were found for some stations during experiments.

� Cable calibration was not available for some stations or was unrealistic.

3 Particular problems of stations

CRIMEA

1

No fringes were found at all scans at channel �=2292.99 MHz in Europe42, Europe43 and

Europe44 sessions due to a wrong frequency setup.

1

Alternative name: Simeiz.
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�g. 3

The single band delay was not stable in Europe41 and Europe45 sessions. Jumps in both single

band and multi band group delay during Europe41 experiment occurred during power breaks.

To �nd jumps in single band delay larger than 400 nsec requires substantial additional correlator

resources.

System temperature records frequently had values in over
ow at one or more channels, f.e. at

the vc05 and vc06 (�=8420.99, 8500.99 MHz) at X-band and at the vc12 (�=2267.99 MHz) at

S-Band, although fringe amplitude were normal what allows us to conclude that it was a failure

in recording system temperature values.

Cable calibration unit was not switched on for all experiments and therefore cable calibration is

not available.

DSS65

2

Station did not participate in Europe42, Europe43 and Europe44 experiments. Only 4 hours of

good data were collected in Europe46.

The phase calibration amplitude was generally too weak and lower than the minimum acceptable

threshold. It was generally necessary to introduce a manual phase calibration.

There were two jumps in amplitude of phase calibration signal at X-band and at S-Band during

Europe45 experiment.

No fringes were found at �=2292.99, 8570.99 MHz for all scan in Europe41 session.

Cable calibration unit was not switched on for all experiments.

System temperature was not recorded in all experiments.

EFLSBERG

3

This station took part only in Europe46 experiment. Sensitivity at S-band was 50% of expected.

Antenna failed to reach sources in time for 10 scans due to a wrong schedule setup.

MATERA

A fringe amplitude lower than the average was found at the channels �=2212.99, 2227.99 and

2237.99 MHz. It was due to the presence of emitter of a television company RAI close to the

station at azimuth 240 degree. A diagram of the distribution of all sources a�ected by a radio

interference during Europe41 session is shown in �g 4. Letters are the source codes. Azimuths of

2

Alternative name: Madrid.

3

Alternative name: E�elsberg.
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the sources seen from Matera are put at the horizontal axis and elevations are put at the vertical

axis. It was noted that the amplitude of this interference was weaker in Europe44, Europe45,

Europe46 experiments. The radio interference a�ected 10{20% scans.

�g. 4 Interference in Matera due to TV emitter

Another source of radio interference was noticed in Europe44, Europe45 and Europe46 at the

channel �=2287.99 MHz. The average fringe amplitude at this channel was more than 50% lower

than the average fringe amplitude in all scans. The origin of this new interference is not yet

identi�ed. Probably it doesn't have azimuth dependence. System temperature for this channel

was in over
ow.

MEDICINA

High error rate in data recording was found in Europe45 experiment. The higher threshold of

allowable fraction of bytes in error was used for processing the data (0.1 instead of 0.01) what

resulted in increasing scatting in fringe phases.

Cable calibration was wrong for all experiments and its usage would degrade �t considerably.

NOTO

The main problem which still is not solved is that phase calibration has a constant systematic

o�set about +25

�

and -10

�

at channels �=8420.99 and 8570.99 MHz respectively. Additional

phase o�sets were introduced in fringing in order to compensate this error.

Incorrect triple cap heads setup in Europe41 and Europe42 experiments did not allow to register

data correctly and high parity error rate was detected in reading the tapes. The threshold of

allowable fraction of bytes in error was raised during fringing (0.1 instead of 0.01).

A tape with poor quality was used in Europe45. Probably checking the tape before the experi-

ment was not adequate.
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NYALES20

4

Error parity rate was detected: (10

�3

{10

�4

) in all experiments except Europe41 instead of 10

�5

.

No fringe and no phase calibration amplitude at frequencies �=2212.99, 2287.99 MHz were found

in Europe42 and Europe43 sessions in 60 scans. All these scans were recorded in forward passes.

Observed SNR at S-band was only 30% of expected in Europe46 experiment.

A big di�erence in the phase calibration amplitude at three channels: �=2212.99, 2227.99 and

2237.99 MHz (about 150, 120 and 100 units arbitrary units respectively) with respect to three

another channels �=2267.99, 2287.99 and 2292.99 MHz (about 40, 60 and 60 units) was found.

ONSALA60

5

Heads had wrong setup before the Europe42, Europe43 and Europe44 experiments and the

signal was written in forward and reverse passes on the same tracks. The threshold of allowable

fraction of bytes in error was raised from 0.01 to 0.1, but even this trick didn't help to recover

all data.

The station did not take part in Europe46 experiment because the head assembly and the driver

unit was under reparation.

System temperature varies up to 50% during experiments.

TIGOWTZL

6

SEFD of TIGOWTZL at S-band is 13 000 Jy what is at one order of magnitude less than SEFD

for other stations.

Not all baselines with TIGOWTZL were correlated in earlier experiments since predicted SNR

was too low.

A peculiar interference was found during correlation the data of 60 meters baseline TIGOWTZL-

WETTZELL at channel 2212.99 MHZ when the antennas looked in direction at azimuth about

0 and 180 degrees. The fringe amplitude was more than 80 higher than the average fringe

amplitude. This frequency was discarded in the �nal fringing of this baseline. Since this problem

a�ected only a short baseline its origin is probably some local source of coherent interference.

WETTZELL

The presence of strong additive spurious signals in phase calibration signal at some channels at

X-band was detected.

4 System temperature performance

System temperature is written in log �le and is available for analysis

7

. Measured system tempera-

ture varies with time and with elevation angle. The following model was used to represent system

temperature:

T

sys

= T

o

(1 + a t)(1 + b

1

m+ b

2

m

2

+ b

3

m

3

)

here T

o

, a, b

1

, b

2

, b

3

| parameters obtained in non-linear least square adjustments, m(E) | is

a number of air masses as a function of elevation. Chao wet mapping function [1] was used for

computation of m(E). Two typical cases of dependence of system temperature (in K) in zenith

direction on time during an experiment are shown in plots 5{6.

4

Alternative name: Ny Alesund.

5

Alternative name: Onsala.

6

Alternative name: TIGO.

7

DSS65 and NYALES20 not always recorded system temperature.
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�g. 5

�g. 6

The lowest and the highest values of system temperature in zenith direction for each station are

presented in table 2.

Station T

SY S

8.2 GHz T

SY S

8.2 GHz T

SY S

2.3 GHz T

SY S

2.3 GHz

lower values higher values lower values higher values

CRIMEA 45 100 80 160

DSS65 45 90 50 120

EFLSBERG 40 55 140 160

MATERA 45 180 55 200

MEDICINA 40 45 60 85

NOTO 105 120 110 160

NYALES20 55 80 30 200

ONSALA60 75 140 55 120

TIGOWTZL 65 80 70 90

WETTZELL 55 90 40 50

Table 2: System temperature at zenith direction.

We see that system temperatures 40K are achievable but unfortunately rather higher values were

obtained during the experiments. It is a reserve for improving performance.

5 Conclusions

Performance of the station is still far from ideal. In order to get the best performance a special care

should be taken by personal before and during the experiment. E�orts for making correct frequency

setup, correct heads setup, tapes checking, elimination of the sources of spurious signals in phase

calibration, proper cooling receivers don't cost too much but may give considerable improvement in

accuracy of the �nal results.
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Abstract. Nine years of VLBI data acquired within the EUROPE campaign have been

analysed to estimate the motion of the stations participating to this campaign. The estimated

site velocities and baseline time series are compared to those obtained from the GPS solution

carried out at CGS as contribution to EUREF. Both the solutions have been expressed in the

ITRF96 reference frame in order to compare them in a unique reference system.

1. Introduction

 Data acquired from 1990 up to the

beginning of 1998 in the VLBI EUROPE

campaign have been analysed in the CGS

VLBI EUR98 solution, including 42

sessions each lasting 24 hours. Figure 1

shows the network under investigation.

Two VLBI solutions, using the CALC/f-

SOLVE software system [Rogers et al.,

1983; Clark et al., 1985, Petrov 1999], are

computed. The first one is an arc solution

which provides, for each observing session,

estimation of the site coordinates, that is

the time series of the baselines. In the

following this solution is referenced as "the

baseline solution". The second solution is a

global solution where site positions and

velocities are estimated using all sessions.

This solution will be referenced as "the

velocity solution". Both the solutions were

compared to the GPS solution computed at

the CGS as contribution to EUREF.

 

 

 

EFFELSBERG

WETTZELL

MEDICINA

MATERA

NOTO

CRIMEAMADRID

YEBES

ONSALA

NYALESUND

Figure 1: The network of the fixed VLBI stations

participating to the EUROPE campaign.
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2. The CGS VLBI EUR98 solution

 

 The baseline solution

 In the baseline solution the so called "reweighting process" is performed for each session by

estimating a constant formal error. This constant added to the variance of the observations

(derived in the correlation process) has to satisfy the condition that the overall reduced χ2 of

the residual delays in the session was equal to unity. The baseline solution, using the

reweighted observations, provides the time series of the geodetic parameters and in particular

the baseline vector components.

 Clocks were estimated using a reference station and modelling the differences between the

reference clock and the others with an unconstrained second order polynomial plus a

continuous piecewise linear function with duration of the linear sections of 60 minutes and

5·10-14 constrained in slope.

 To take into account the tropospheric delay we have to separate it into its dry and wet

components. The dry delay for each observation was estimated at the zenith using the

Saastamoinen model and then mapped to the elevation of the observation with the Niell dry

mapping function [Niell, 1996]. Wet tropospheric zenith delay was estimated using a

continuous, piecewise linear function with duration of the linear sections of 60 minutes and 50

ps/h constrained in slope and then mapped to the elevation of the observation with the Niell

wet mapping function [Niell, 1996].

 The regional extension of the network under investigation does not allow to reliably determine

parameters such as the celestial source positions as well as Earth rotation parameters. For this

reason they have been kept fixed using: the IERS celestial reference frame ICRF95 [IERS,

1997] for the source coordinates, the IERS series 97 C 04 for the Earth Orientation Parameter

and nutation series [IERS A.R., 1997]. For precession the J2000.0 model has been used.

 Figure 2 shows the baseline length variations for all the baselines relevant to Wettzell. These

baselines can be considered as representatives for all the baselines in the baseline solution. The

baselines are divided in two groups, the first contains the baselines with a rate not significantly

different from zero, except for the baseline Wettzell-Yebes that has a vary high error rate. In

the second group are the baselines with rate different from zero and these are the baselines

containing the Italian sites.

 

 The velocity solution

 

 In the velocity solution station positions and velocities have been estimated as global

parameters, i.e. common to all the analysed sessions. In this solution the previously obtained

arc weights are applied. The same parameterization described in the baseline solution has been

used, moreover this solution is constrained fixing position and velocity of Wettzell at the value

of ITRF96 [Boucher et Al., 1998] for the epoch 1997.0. In order to compare the estimated

velocities to those provided by the ITRF96 a four parameters transformation was determinated

to take in to account for rotation and scale factor time derivatives. Table 1 reports the

estimated station velocities and the ones provided by the ITRF96 in the topocentric Up, East

and North reference frame. The horizontal components are in good agreement, some

discrepancies are in the Up component in particular for Medicina and Noto.
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 EFFELSBERG - WETTZELL

 

-1.0 ± 0.8 mm/yr

 Red.Chi Sq.: 10.9 WRMS: 2.4 mm

 MADRID - WETTZELL

 

0.1 ± 0.4 mm/yr

 Red.Chi Sq.: 6.9 WRMS: 3.8 mm

 ONSALA - WETTZELL

 

-0.6 ± 0.3 mm/yr

 Red.Chi Sq.: 8.9 WRMS: 3.9 mm

 NYALESUND - WETTZELL

 

-0.5 ± 1.4 mm/yr

 Red.Chi Sq.: 8.2 WRMS: 5.8 mm

 CRIMEA - WETTZELL

 

0.2 ± 2.9 mm/yr

 Red.Chi Sq.: 54.5 WRMS: 12.3 mm

 WETTZELL - YEBES

 

4.0 ± 3.1 mm/yr

 Red.Chi Sq.: 1.9 WRMS: 2.6 mm
 

 MEDICINA - WETTZELL

 

-2.5 ± 0.4 mm/yr

 Red.Chi Sq.: 10.0 WRMS: 3.3 mm

 NOTO - WETTZELL

 

-4.6 ± 0.4 mm/yr

 Red.Chi Sq.: 8.3 WRMS: 4.2 mm

 MATERA - WETTZELL

 

-3.8 ± 0.3 mm/yr

 Red.Chi Sq.: 7.1 WRMS: 3.7 mm

 

 

 Figure 2: Length variation of the baselines including the Wettzell site. The points are the

calculated value of the baseline at an epoch with one sigma formal error bar. The straight line

on the plots is the line of best fit by least squares. The rate, error rate , reduced chi square and

WRMS fit is reported on each plot.
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   VLBI
(mm/yr)

 ITRF96
(mm/yr)

  U    4.0  ±  1.8   -1.8  ± 11.3
 CRIMEA  E   26.1  ±   .3   24.1  ±  2.5
  N   10.0  ±   .3    8.5  ±  3.1
  U   -1.6  ±  1.0   -3.7  ±  2.5
 EFFELSBERG  E   18.9  ±   .2   19.2  ±   .7
  N   12.9  ±   .2   13.9  ±   .6
  U    2.8  ±   .5    3.9  ±   .3
 MADRID  E   18.9  ±   .1   19.6  ±   .4
  N   15.2  ±   .1   15.1  ±   .4
  U    -.4  ±   .5    -.7  ±   .2
 MATERA  E   23.9  ±   .1   23.8  ±   .4
  N   17.0  ±   .1   18.5  ±   .4
  U   -4.4  ±   .6    1.4  ±   .1
 MEDICINA  E   23.2  ±   .1   23.8  ±   .3
  N   15.3  ±   .1   15.1  ±   .3
  U   -2.2  ±   .5     .7  ±   .2
 NOTO  E   22.4  ±   .1   22.4  ±   .5
  N   17.2  ±   .1   19.1  ±   .5
  U    2.7  ±  1.4   -2.0  ±   .6
 NYALESUND  E    9.2  ±   .3   10.9  ±   .6
  N   13.5  ±   .4   14.8  ±   .6
  U    1.6  ±   .5     .1  ±   .2
 ONSALA  E   17.6  ±   .1   17.4  ±   .2
  N   12.8  ±   .1   13.1  ±   .2
  U   -2.2  ±   .0   -2.4  ±   .1
 WETTZELL  E   20.5  ±   .0   20.5  ±   .0
  N   13.5  ±   .0   13.3  ±   .1
  U  -31.5  ±  9.2     .5  ±   .1
 YEBES  E   17.2  ±  1.7   18.5  ±  5.4
  N   12.2  ±  1.7   14.3  ±  5.8

 Table 1: Site velocities in the local topocentric reference frame estimated using the VLBI and comparison with

the values provided by the ITRF96.

 

 

3. The CGS GPS solution

 The ASI/CGS participates to EUREF

[Bruyninx et al. 1996] as Local Analysis

Center providing weekly solutions of the

Italian GPS Fiducial Network (IGFN)

[Fermi et al., 1997] plus other European

sites. The CGS GPS solution has been

performed using the software MicroCosm.

It is based on four years of daily station

coordinates, starting from 1995. Only few

stations have data covering the full time

span (see table 2). Figure 3 shows the GPS

network. The solution is constrained by

fixing the position and velocity of Wettzell

to the values from ITRF96, satellite

ephemerides and EOP to the IGS final

values.

 

 

S. FERNANDO

VILLA FRANCA

MADRID
EBRE

TORINO

GENOVA

PERUGIA

MEDICINA

BOLZANO

PADOVA

VENEZIA

WETTZELL

COSENZA

MATERA

NOTO

CAGLIARI

Figure 3:
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4. Comparison of the VLBI and GPS baselines

 

 The two solutions have co-located sites: Madrid, Wettzell, Medicina, Matera and Noto. Data

from Madrid are not used in this comparison, due to poor quality of GPS acquisitions. The

estimated GPS site coordinates have been reported to the VLBI geodetic marker using the

eccentricity vectors from ITRF96. A least square linear fit has been performed on the baselines

to estimate a common rate for both VLBI and GPS. As the GPS estimates accumulate in time

to be submitted to EUREF, they suffer of upgrading of models in the IGS products (orbits,

EOP, ITRF) on which they rely on. To take into account these changes, plus other known

receivers problem, “jumps” have been inserted into the linear fit estimation. Figure 4 shows the

comparison among the time series of the baselines.

 

 MATERA - WETTZELL

 

-4.2 ± 0.2 mm/yr

 Red.Chi Sq.: 13.9 WRMS: 3.9 mm

 MEDICINA - WETTZELL

 

-2.4 ± 0.4 mm/yr

 Red.Chi Sq.: 15.1 WRMS: 4.2 mm

 MATERA - NOTO

 

1.0 ± 0.2 mm/yr

Red.Chi Sq.: 3.8 WRMS: 3.5 mm

 NOTO - WETTZELL

 

-4.8 ± 0.3 mm/yr

Red.Chi Sq.: 14.3 WRMS: 5.2 mm

 MATERA - MEDICINA

 

-2.8 ± 0.5 mm/yr

Red.Chi Sq.: 19.6 WRMS: 4.9 mm

 MEDICINA - NOTO

 

-2.1 ± 0.4 mm/yr

 Red.Chi Sq.: 10.4 WRMS: 5.2 mm

 Figure 4: Baselines among Wettzell, Matera, Medicina and Noto. VLBI and GPS results are used to estimate a

combined rate. The solid line is the combined linear fit.

 

5. Comparison of the VLBI and GPS site velocities

The velocities used in the comparison have been obtained in different ways: for the VLBI

directly from the velocity solution while for GPS from a linear fit of the site positions. They

have been compared by estimating a 4 parameters transformation using the estimated rates of

Noto, Matera and Medicina. In table 2 the two velocity fields in the local topocentric reference

frame, Up, East and North components are reported, while in figure 5 the horizontal velocities

are plotted.
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GPS

mm/yr

VLBI

mm/yr

Time span of the GPS

data in years

MATERA U   -.6  ±  .8   -.5  ±  .5 4.0

E  24.1  ±  .4  24.0  ±  .1
N  17.4  ±  .2  16.9  ±  .1

MEDICINA U    .4  ± 1.6  -4.5  ±  .6 3.5

E  24.5  ±  .9  23.2  ±  .1
N  14.9  ±  .5  15.2  ±  .1

NOTO U  -4.2  ± 1.0  -2.3  ±  .5 4.0

E  21.8  ±  .6  22.5  ±  .1
N  16.6  ±  .3  17.1  ±  .1

BOLZANO U   5.8  ± 2.4 1.0

E  15.4  ± 1.3
N  16.2  ±  .7

CAGLIARI U   -.6  ± 1.0 4.0

E  22.9  ±  .5
N  12.6  ±  .3

COSENZA U  -4.4  ± 6.5 0.6

E  21.2  ± 3.5
N  19.3  ± 2.0

GENOVA U    .7  ± 9.2 0.4

E  31.4  ± 4.9
N  23.7  ± 2.4

TORINO U  12.4  ± 3.1 1.6

E  20.5  ± 1.4
N  16.9  ±  .7

PERUGIA U  -3.5  ± 3.1 1.2

E  21.1  ± 1.7
N  16.8  ±  .9

PADOVA U -10.1  ± 2.6 1.0

E  20.3  ± 1.5
N  17.5  ±  .8

VENEZIA U   3.0  ±  .7 4.0

E  21.7  ±  .4
N  14.9  ±  .2

Table 2: Site velocities in the local topocentric reference frame estimated using the GPS and comparison with

the values estimated using the VLBI.

6. Conclusions

 The comparison between the VLBI ad GPS results appear to be very consistent both in terms

of baselines rate and horizontal velocities (cfr. baselines to Wettzell in Fig. 2 ad table 2). The

baseline rates enlighten a non completely eurasiatic nor rigidly coherent motion of Italian sites:

Matera and Noto show a significant rate w.r.t. Wettzell and are not motionless w.r.t. each

other; Medicina show smaller, but not unsignificant, motion w.r.t Eurasia (Wettzell) and w.r.t.

the other two Italian sites.

The origin of some small inconsistencies (within 1 cm in the worst case) in the relative

positions of the colocated systems have to be investigated.

The results for most of the GPS Italian sites cannot be considered reliable due to the short time

series of the data acquired by these stations.
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GPS
VLBI

1 cm/yr

BOLZANO

TORINO

GENOVA

PADOVA VENEZIA

MEDICINA

PERUGIA

MATERA

COSENZA

NOTO

CAGLIARI

Figure 5: Absolute horizontal velocities of the Italian sites of the Italian GPS Fiducial Network. For

Matera, Medicina and Noto, the VLBI horizontal velocities are also showed.
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Abstract

Since 1990 the European �xed station geodetic Very Long Baseline Interferometry (VLBI) network

has been observing on a regular basis in order to determine crustal motion in Europe. Usually the

analyses of geodetic VLBI data are set up in two di�erent ways: a) to produce station coordinates

for each observation epoch from independent parameter adjustments and b) to compute station

coordinates at a reference epoch together with drift rate components simultaneously from solutions

where station drifts are modeled directly using vector representation. In this paper we present an

alternative analysis strategy which uses a two step approach. In a �rst step all station coordinates

are estimated as independent parameters for each session. Then in a second step topocentric drift

rate vectors are computed from the individual series of station coordinates and their covariance

matrices.

1 Introduction

The �rst purely European geodetic Very Long Baseline Interferometry (VLBI) session was observed in

January 1990. With this initial session the European geodetic VLBI group started a routine observing

program with usually 6 observing sessions per year in the European �xed station geodetic VLBI

network. Until the end of 1998 a total number of 46 sessions was carried out. The analyses of geodetic

VLBI data are usually set up to produce two di�erent representations of the station coordinates

from a least-squares or Kalman Filter adjustment of the observations. In the �rst type of solutions

each observing session is adjusted independently and a series of station coordinates with respect to

a reference station in the network is determined. In geodetic VLBI a reference station or some type

of constraint is always needed in order to resolve the translational degrees of freedom of the network.

Adopted from satellite orbit determinations this type of solutions is a so-called `arc solution' with

station coordinates as `arc parameters'.

The second type of adjustment estimates station coordinates at a reference epoch plus station drift

parameters in the form dx/dt, dy/dt, dz/dt. Since these parameters are determined from all observa-

tion sessions together they are called `global parameters' determined in a so-called `vector solution'.

Additionally, in both types of solutions a number of parameters have to be estimated in each session

which model e�ects valid only within the individual sessions. These are mostly parameters which

describe the behavior of the station clocks, the refraction of the atmosphere and some or possibly all

Earth orientation parameters (EOP).

The arc solution gives a good insight into the quality of the individual observing sessions since the

individual results may be displayed graphically on an epoch by epoch basis. Currently it is common use

to depict these in three dimensional baseline components [e.g. Ryan et al. 1993]. The repeatability of

baseline length measurements which are invariant against any rotations are a useful measure to derive

the measurement accuracy. Here, the rotational degrees of freedom of the network are �xed by using

an external EOP series.

The vector solution directly produces station related annual displacement vectors. For its central

location and the good agreement of its annual motion due to continental drift with the NNR-Nuvel-1A

model [De Mets et al., 1994] most often the coordinates and drift rate of Wettzell are held �xed in

adjustments of European VLBI data. Earth orientation parameters may be estimated if the �rst epoch

EOP are �xed. Subtracting the NNR-Nuvel-1A model drift from station motions estimated in vector

solutions thus yields annual displacement vectors in a European/Wettzell �xed frame.
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2 Modi�ed Analysis Strategy

In the least squares adjustment of a vector solution the scatter of the individual sessions as it is

present in the arc solutions is constrained into one single vector for each station. Any large deviations

of individual sessions and stations in particular are not discernable any more. In addition, from

our experience with vector solutions the annual drift vectors of the European regional network with

Wettzell as a �xed reference station and �xed EOP has a tendency to display a small spurious rotation

about the central station. The reason of this is still unknown but de�ciencies of stations in the earlier

sessions may be suspected.

In order to overcome these de�cits and to have a better way of visualizing the session to session

evolution of a station's coordinates we devised a third analysis strategy which consists of two steps.

In a �rst step we perform an usual arc solution, i.e. we determine relative station coordinates for all

stations with respect to a reference station in the network which moves according to the NNR-Nuvel-

1A [De Mets et al., 1994]. The results are series of geocentric station coordinates but also the full

covariance matrices for each observing session which are saved for further use. In order to create a

European plate �xed frame plate motion according to the NNR-Nuvel-1A model is subtracted.

With the parameters of the WGS84/GRS80 ellipsoid the geocentric Cartesian station coordinates are

transformed into geocentric ellipsoidal ones with a conventional transformation procedure. In order

to also transform the formal errors of the Cartesian station coordinates the full covariance matrix

between all station coordinates of the solution, i.e. between the three dimensional coordinates of each

individual station and between the coordinates of all participating stations, is transformed into the

ellipsoidal system as well. The results of the transformations are ellipsoidal station coordinates for

each participating station in the session and the covariance matrix between the ellipsoidal coordinates

of all stations in the speci�c session.

In the second step the series of station latitude and longitude together with the geocentric height is

used to determine the topocentric annual station drift in the respective tangential plane. In order to

express the motions of the stations in mm per year a mean value for longitude, latitude and height

for each station is subtracted and the angular positions are transformed into metric North and East

components. Finally, least squares adjustments are performed to estimate o�sets and rates of linear

regressions for each station. Again the whole covariance information for each session is applied, so e.g.

the rate for the height component depends on the results for the east and north components according

to the covariance matrix, too.

In the series some of the stations su�ered abrupt changes in the station position due to track and

wheel repairs. At epochs where we have good evidence for these changes we introduce discontinuities

in the linear trends. In these cases the same linear rate before and after the discontinuity but two

di�erent absolute values, one before and one after the modi�cation, is estimated in the least squares

adjustments.

3 Topocentric station drift rate results

The European geodetic VLBI session from January 1990 to October 1998 were analyzed with the

two-step analysis approach described in the previous section. In the �rst step we performed an `arc-

solution' using the CALC/SOLVE/GLOBL VLBI data analysis software package [Ma et al., 1990].

Clock parameters with respect to a reference clock in each session were estimated with second order

polynomials and additional piecewise linear components every 6 hours. Atmospheric wet zenith path

delays were estimated as piecewise linear functions every 60 minutes using the NMF 2.0 mapping

function [Niell, 1996]. Additionally, horizontal delay gradient parameters in North and East direction

were estimated in a piecewise linear mode every 8 hours. Relative station coordinates with respect to a

reference station were estimated for each station except for the reference station itself which we chose

to be Wettzell. Since we wanted to refer to a single reference station we had to leave out three sessions
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in 1992 and one in 1998 where Wettzell did not participate. Coordinates of radio sources were kept

�xed at values of the International Celestial Reference Frame (ICRF) 1995 and a priori coordinates

for the observing sites were introduced according to the International Terrestrial Reference Frame

(ITRF) 1996. Earth orientation parameters (EOP) were adopted from a recent global VLBI solution

by the GSFC VLBI group [Ma and Ryan, 1998] while daily nutation o�sets with respect to the IAU

1980 nutation model were estimated for each session.

In the second step we used the results of the �rst step transforming the coordinates of the stations

and determining topocentric station drift rates using the strategy described before. Table 1 displays

the results for horizontal and vertical station drift rates and �gures 1 and 2 show these results in a

graphic representation. Ny

�

Alesund, Simeiz and Yebes were not considered in the second step because

of their short observational history which produces fairly insigni�cant and unreliable results.

Tab. 1: Topocentric station drift rates of six stations in the network.

station East wrms North wrms height wrms

[mm/y] [mm] [mm/y] [mm] [mm/y] [mm]

E�elsberg +1:45� 1:27 3.26 �0:36� 0:89 2.68 �0:21� 3:16 9.21

Madrid +0:01� 0:48 4.36 +0:17� 0:37 3.10 +2:57� 1:35 13.29

Matera +1:95� 0:29 3.07 +4:14� 0:25 4.00 +0:55� 0:87 11.56

Medicina +2:82� 0:41 2.93 +2:05� 0:31 2.16 �4:39� 1:12 7.75

Noto �0:81� 0:38 4.32 +4:45� 0:36 4.38 �1:05� 1:21 10.63

Onsala �1:89� 0:45 3.93 �0:55� 0:29 3.81 +2:34� 0:98 14.63

Wettzell

Onsala

Ny Ålesund

Matera

Noto

Medicina
Madrid

Yebes

Effelsberg

Simeiz

2 mm/y

Fig. 1: Horizontal station drift rates in a Euro-

pean plate �xed frame with respect to Wettzell.

Wettzell

Onsala

Ny Ålesund

Matera

Noto

Medicina

Madrid

Yebes

Effelsberg

Simeiz

2 mm/y

Fig. 2: Vertical station drift rates in a European

plate �xed frame with respect to Wettzell.



111

As mentioned already the annual horizontal motion of Wettzell agrees very well with the NNR-

Nuvel-1A continental drift model. Thus, �xing the motion of Wettzell to this model and using high

accuracy Earth rotation parameters from external sources places a reliable bound on the long term

drift of the European continent as represented by the observing sites. Only the EOP have an e�ect

on the determination of the drifts of the stations relative to Wettzell. Since the long term stability

is extremely reliable and the short term variations only increase the scatter of the results, the drift

vectors determined up to date deserve a high level of con�dence.

The estimated vertical motions are linked directly to the vertical rate of Wettzell which is set to zero

in our analysis. Thus, these rates can only be considered relative to Wettzell which may not have a

constant height over the years. Although global solutions of the world-wide VLBI data set suggest a

small subsidence of Wettzell [e.g. Ma and Ryan, 1998] local and regional surveys have not con�rmed

this [Schl

�

uter, pers. communication].

For the three stations E�elsberg, Madrid and Medicina we introduced discontinuities in their po-

sitions due to track and wheel replacements at those stations. Table 2 displays the resulting station

o�sets with their formal errors. The latter are computed applying the error propagation law to the

di�erences of the positions before and after the displacements. Since the observation epochs after

track repairs are relatively short for all three stations the magnitudes of the resulting o�sets have to

be considered very preliminary. More observations are needed to compare the VLBI estimates of the

height changes with local geodetic measurements which are currently underway.

Tab. 2: Displacements due to track and wheel replacements

station date East o�set North o�set height o�set

[mm] [mm] [mm]

Medicina 96/07/01 �5:69� 3:73 +2:50� 2:85 +14:36� 10:19

E�elsberg 96/10/01 �6:61� 7:99 +0:22� 5:55 +17:35� 19:85

Madrid 97/04/30 �2:64� 4:98 �11:03� 4:01 �9:61� 14:02

4 Discussion

The advantage of the two-step analysis approach is that from the graphical representation of the

individual station coordinate series any abnormal results are discernable. In addition, the scatter

of the results as presented in a topocentric systems gives an impression of the repeatability of the

coordinate series of a station rather than a baseline component representation. Since the separation

between horizontal and vertical components is much easier than in a geocentric Cartesian system an

easier interpretation is permitted.

It should be emphasized here that the signi�cance of the station drift components are the more

obvious the larger the annual drift. On the contrary stations with hardly any motion su�er from the

fact that the results will arbitrarily scatter about an average position before the number of sessions

is large enough to establish stability. Consequently the azimuth of the drift vector will take up

arbitrary values when additional sessions are added but the magnitude will become smaller and smaller

eventually.

From the session by session display of the horizontal coordinate results it is clear that the scatter

in most cases will inhibit a suitable visual impression (e.g. Fig. 3). In order to give the display a

higher degree of signi�cance annual averages were calculated and plotted in the same fashion (e.g.

Fig. 4). Especially in the years since 1993 when 6 sessions per year were observed the averages are a

good representation of the respective station positions. On the other hand the averages of the earlier
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years are often computed from three or less sessions and thus lack the required stability. It should be

noted again that from all series a constant drift component according to the NNR-Nuvel-1A model is

subtracted already.

Since the least squares solution setup selected here relies on �xed coordinates of the station Wettzell

and on an external series of Earth orientation parameters (EOP) the coordinate results of the individual

session days are a�ected by the Earth orientation parameters. Although any uncertainties in the ERP

series may create additional noise in the components of the coordinates the long-term trend of the

station drifts should not be disturbed.

Figure 3 shows the individual coordinate results for the station of Noto as determined from the

solution with the drift of Wettzell and the apriori EOP �xed. In the representation of the annual

averages (Fig. 4) the visual impression becomes much clearer. It can be seen that the results of the

earlier session which are those in the South lack the stability as seen in the later sessions.
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Fig. 3: Session by session results in the horizontal

components with a constant part subtracted.
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components with a constant part subtracted.
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components with results of the years 1997 and 1998

disconnected due to mechanical displacement of

the VLBI reference point.
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In Figure 5 the annual averages of the Madrid horizontal components are displayed. The results of

the years 1997 and 1998 are disconnected from the earlier years due to the fact that local modi�cations

for track repairs have shifted the VLBI reference point to the South. The remaining series of points

shows only very little scatter and no signi�cant trend.

The evolution of the station coordinates of Onsala suggests a signi�cant westward motion of the

site (Fig. 6). However, this motion only stabilized in the years since 1993. If a displacement rate

is computed with all the data a smaller magnitude can be expected than if only the data since 1993

would be used.

The graphical representation of the vertical components displays a much larger scatter than the

horizontal components (e.g. Fig. 7) and thus signi�cant vertical rate determinations will need a

longer time base. The example of Matera in this �gure represents the current situation at most of

the European stations where the scatter of the individual results still inhibits a de�nite conclusion

whether or not there is a signi�cant height change.

Only Medicina (Fig. 8) already shows a signi�cant subsidence, a fact which is supported by the

information of heavy ground water extraction in the Po Valley. Unfortunately, the continuous series

is interrupted by a telescope uplift due to necessary modi�cations of the antenna track as can be seen

in �gure 8. Even though there is this discontinuity in the series, the Medicina height results produce

the least scatter in the network which is also obvious in the weighted RMS results (see table 1). The

superior quality of these height results may in part be a consequence of the fact that Medicina has

the shortest distance to Wettzell.
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subtracted.
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Fig. 8: Vertical components with a constant part

subtracted.

Concerning the quoted formal errors of the results it should be emphasized that the inverse squared

of the formal errors of the individual topocentric coordinate components were used as the weights

for the linear regressions. Taking into account that the �

2

per degree of freedom ranged between 4

and 6, the sigmas of the coordinate components are too optimistic by a factor of 2 to 3. However,

the errors quoted for the annual rates are based on the scatter of the individual results of the series

and thus represent the overall repeatability from session to session. They are, therefore, rather more

realistic than those from batch vector solutions [see e.g. Lanotte et al., 1999 this issue] where the

large number of delay observables heavily a�ects the formal errors of all parameters.
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5 Conclusions and Outlook

We developed an alternative two-step analysis strategy to derive station drift rates from the anal-

ysis of individual VLBI sessions. This method permits a visual inspection of the series of coordinate

results and it reduces any cross-talk of station de�ciencies in individual sessions with annual drift

rates of `healthy' stations. In order to end up with reliable drift vectors from time series, results from

individual sessions for a single station may be selected for exclusion if obvious de�ciencies suggest to

do so. The advantage of this as compared to vector solutions is that deviations are made obvious and

that not the whole session has to be discarded. The disadvantage of the method is that it has to rely

on a single station whose coordinates and drift rate have to be �xed in the analysis. Any necessity

for a new �xed station in sessions added to series, for example due to a failure of the initial reference

station, would impose a shift onto the results of the other stations. Therefore, applications of this

two-step method to the combination of di�erent networks are not readily available. Only in con�ned

series where one single site can be �xed for the majority of the sessions this method provides a good

basis for scrutinizing the data on a station by station basis. Currently a method is being developed

which permits the inclusion of additional sessions where the initial reference station is for any reason

not part of the session. A further extension of the method would be the combination of di�erent

networks.
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Abstract:

Three relativistic models are available in the data analysis software CALC/SOLVE, that is to say the

Shapiro{, the Hellings{ and the Consensus{Model. They all have in common the same starting point,

i.e. the motion of a photon is described in a barycentric spacetime and only the subsequent transforma-

tion into a geocentric spacetime �nally provides the relation between observation and model{quantities.

Further these models only supply an observation equation, but an adequate stellar model for the radio

sources is missing. Based on this a geocentric modelling with a relativistic stellar model is presented.

In order to investigate the new model, di�erent analyses were made, which �nally con�rm the general

validity of the geocentric relativistic model. Comparing parameter estimations shows that the new

model actually yields improved results.

1 Introduction

At present three relativistic VLBI{models are implemented in the data analysis software CALC{

SOLVE. These models { considered as a series { re
ect the continuos development and improvement

of theory and practice. Speci�ed there are the Shapiro{Model, which is the original relativistic VLBI{

Model, further the Hellings{Model as an enlargement and adaption to improved observation accuracies

and �nally the Consensus{Model, which is the standard relativistic VLBI{model, recommended for

use by the IERS. As a matter of principle there is no substantial di�erence between these models,

although they are di�erent in derivation [Eubanks (1991)]. These models all have in common a

primary barycentric reference and they all do not have a stellar model, i.e. a general relativistic

transformation from the celestial system to the geocentric system. Starting from these states, a new

approach, especially regarding geodetic aspects, is opposed to the customary models.

2 Intentions and features of the new model

The purpose is to develop an alternative approach, which does not only supply an observation

equation, but also demonstrates a method, which shows new aspects and perspectives by a compre-

hensive consideration of the matter. The new model is characterized by the inclusion of a stellar model

and a geocentric approach. Concerning this, at a �rst glance it is true, that both procedures, the

geocentric one as well as the barycentric one, are equivalent, but from a geodetic point of view a

geocentric modelling is better quali�ed, because all observation and estimation parameters are related

to earth, except the radio source positions. Further relativistic e�ects w.r.t. the earth are smaller than

those related to the sun. And a �nal argument for a geocentric modelling is the general possibility of

transfering the results to other space geodetic methods which have the delay as principal observable,

too. In order to connect theory and experiment data analysis using the new model is necessary. The

performed investigations mainly serve two aspects, that is to say the veri�cation and classi�cation of

the quality of the new model.
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3 Modelling

Four aspects are signi�cant for modelling, which are shown in �gure 1. At the telescopes a signal{

stream is observed and a time information is assigned. In relativity one distinguishes between coordi-

nate time and proper time, which for example is realized by a clock on the surface of the Earth, i.e.

each station clock provides a proper time. Therefore an exact de�nition of the observable, which

is the di�erence between two points of time, is absolutely necessary. From this follows the proper time

of arrival is the primary measuring quantity

�

a

in station a �

b

in station b :

(3{1a)

It is not possible to synchronize di�erent positioned clocks, for this purpose one has to compare the

corresponding coordinate times. Assumed a negligible station velocity and ignoring a clock correction

the coordinate times belonging to (3{1a) are determined by
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is the time component of the metric tensor g
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. With this preliminary the observable of the

geodetic VLBI is obtained from the di�erence of the quantities in (3-1b) [see B�orger (1998)]
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The �rst expression in the brace on the right side of the last equation (3{2a) is the di�erence in

geometry and the second one is the classical relation between coordinate{ and proper time.

Further the introduction of di�erent systems is necessary, because parameters and vectors are pre-

sented in di�erent systems. I.e. in the language of relativity one has to de�ne di�erent spacetimes,

and it is distinguished between three spacetimes, that is to say the catalog{spacetime

^

� in which the

radio source positions are tabled; the geocentric spacetime �, which is the basis of this approach and

local spacetimes �, which are connected to the telescopes. In addition to this one has to determine the

relations between these spacetimes, i.e. one has to determine the transformations. For this purpose

the concept of tetrads is applied [see B�orger (1998)].

Finally the determination of the signal{path as well as the determination of the signal{

velocity are needed. Concerning the last aspect one has to deal with electrodynamics. The determi-

nation of the signal{path has to be explained in more detail. The signal{path depends on geometry,

because geometry de�nes geodetic lines and therewith those lines on which electromagnetic signals

travel. Within the Einstein theory of gravitation the determination of geometry results from the solu-

tion of the �eld equations. These �eld equations require an adequate model of matter, which should

contain all forms of energy and momentum as shown in �gure 1. This of course is an interesting

methodical aspect. The solution of the Einstein's �eld equations, i.e. the determination of

expressions for the metric coe�cients is described in e.g. B�orger (1996).

The next step is to express all these ideas and thoughts in mathematical terms in order to get a model

and an observation equation. A detailed description of the relations and the derivation of the basic

equations is given in B�orger (1998).



117

de�nition of

spacetimes

de�nition of

the observable

modelling

signal{path

is determined by

signal{velocity

(geocentric)

geometry/metric

is described by

transformation

metric theory

signal{velocity

(local)

Einstein's theory of gravitation

requires

model of matter (energy{momentum{tensor)

contains

mechanical

Energy

electric

and

magnetic

energy

thermic

energy

Fig. 1: procedure of modelling
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Due to B�orger (1998) (3.6{6) the geocentric relativistic observation equation of the geodetic

VLBI reads:
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an expression, which determines the delay in an iterative mode. The �rst term on the right side is a

�rst approximation, the so{called Newtonian delay. Up to the order n = 4, the D
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The index b means that all calculations have to be done at the position of the station b, which receives

the signal as second. k

i

H

is the spatial component of the wave{vector of a radio source H and v

i

H

is

the 3{coordinate{velocity of an emmitted signal, which is the spatial component of the so{called

4{coordinate{velocity v

�

H

, that appears in (3{3c-e). The �

�

�


are the Christo�el{symbols, partial

derivatives of the metric coe�cients g

��

. P

�

in (3{3c) pays attention to the in
uence of refraction.

For computation of the theoretical delay due to (3{3a) the radio source positions are needed in the

geocentric spacetime � and the developed stellar model provides the necessary transformation from

the catalog{spacetime

^

� to the geocentric spacetime �. This general{relativistic transformation

of the source position reads:
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is the classical rotation matrix between the catalog{system and the geocentric system. ~e

i

^

j

is an

additional rotation matrix containing relativistic precession terms. The (�r

i

) are corrections due to

gravitation and relative motion of the two systems. As a matter of principle the supplements of the

classical transformation are rather small and for this reason they are negligible except the aberration.

A valuation of the terms is to �nd in B�orger (1998).

4 Numerical investigations

This section deals with data analysis using the new model, whereat these investigations mainly serve

two aspects, that is to say the veri�cation and classi�cation of the quality of the geocentric relativistic

model. For this purpose eleven experiments were analyzed and one batch solution was performed.

Because four di�erent relativistic models are available here four types of solution were created, but

all with the same parametrization. With these given odds the quality of a solution is characterized

�rst by the WRMS of the observed delay. Table 1 shows the results. The WRMS is the same

Experiment (3{3a) HELLINGS SHAPIRO CONSENS

(database)

WRMS [ps] WRMS [ps] WRMS [ps] WRMS [ps]

96MAR04XH 39,744 39,718 39,746 39,748

96APR15XH 49,869 49,854 49,855 49,873

96MAY20XH 64,061 64,088 64,062 64,015

96JUN10XH 44,746 44,822 44,743 44,742

96JUL15XH 61,512 61,556 61,487 61,509

96AUG12XH 60,844 60,954 60,871 60,878

96SEP11XH 58,970 59,015 58,935 58,966

96OCT21XH 51,358 51,417 51,412 51,357

96NOV20XH 32,459 32,410 32,402 32,440

97FEB10XH 31,548 31,581 31,532 31,535

97FEB20XH 23,504 23,506 23,502 23,475

batch solution 40,888 40,911 40,878 40,881

Tab. 1: WRMS of the observed delay

for all models. Only within the sub{picoseconds di�erences appear, but they do not have any level of
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signi�cance. Based on this �rst investigation one statement results: the new model is valid and well

arranged in the order of accuracy as is easily recognized in the results of the batch solution.

To obtain further statements the parameter estimation of a single representative experiment is con-

sidered, i.e. station coordinates respectively baseline lengths are compared. For ease of comparison in

table 2 the estimated baseline lengths are divided into a constant part and a rest. The formal errors

(3{3a) HELLINGS SHAPIRO CONSENS

baseline length rest Sigma rest Sigma rest Sigma rest Sigma

(name) [mm] [mm] [mm] [mm] [mm]

Fortaleza{HartRAO 7025279700,00 0,15 10,51 2,65 10,51 2,36 10,51 2,60 10,51

Fortaleza{Miami20 5402898100,00 38,03 13,04 39,01 13,03 39,47 13,03 39,72 13,04

Fortaleza{Westford 5897126000,00 94,36 8,17 95,98 8,17 95,99 8,17 96,18 8,17

Fortaleza{Wettzell 7215409500,00 15,42 10,30 18,14 10,30 17,54 10,30 17,94 10,30

HartRAO{Miami20 10814594300,00 58,89 27,11 61,27 27,10 62,20 27,10 62,10 27,11

HartRAO{Westford 10658658500,00 16,78 12,91 19,78 12,90 20,21 12,90 19,89 12,91

HartRAO{Wettzell 7832322500,00 6,12 8,74 8,62 8,74 8,68 8,74 8,53 8,74

Miami20{Westford 2044503900,00 80,67 9,30 80,96 9,30 81,16 9,30 81,10 9,30

Miami20{Wettzell 7588401900,00 91,37 18,17 93,06 18,17 93,55 18,17 93,54 18,17

Westford{Wettzell 5998325500,00 31,61 4,09 33,37 4,09 33,49 4,09 33,38 4,09

Tab. 2: Baseline lengths from 96APR15XH

are the same for all models and the estimated lengths of the conventional models are nearly the same

for the conventional models. The results of the new model di�er signi�cantly (max. 2mm). If these

di�erences are interpreted as a result of a higher order modelling of the series expansions (3{3a) one

may say that these di�erences represent a model re�nement and should lead to slightly better results

in the sense of being closer to reality. To show this the new geocentric model (3{3a) was applied

in a reduced form, so that the resulting baselines are less close to reality than those resulting from

the complete model. This reduced model, i.e. the neglecting of extensions and supplements, leads to

results, that converge to the conventional ones. Of course further investigations have to be done to

consolidate these �ndings.
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Abstract:

In the last years European VLBI arrived at high e�ciency. The number of stations increased and the

frequency of campaigns was forced. The accuracy of station coordinates is about several millimeters

and the formal errors of the horizontal motions are less than 1 mm per year. In Europe di�erent groups

analyse the observed data and provide results, which should in fact converge. In order to investigate

this question an analysis was performed, which compares the analysis strategies and the results of the

di�erent groups in order to assess the consequences of the individual approaches.

1 Introduction

In Europe di�erent groups work on the data analysis of VLBI{observations and all these groups use

their own strategy and method of data analysis. Independent of these di�erent procedures the result

should remain the same. Thus one requires to comply with the

Principle:

The determination of a parameter by di�erent methods

has to lead to the same result.

(1)

Object of this presentation is to check, whether the di�erent european network solutions ful�l this

requirement. Surely contradictions are of special interest, because these need an exact explanation

and therewith a detailed investigation.

2 Comparison

In order to make a comparison possible at all a common basis is needed. For this purpose the following

odds were given. The NNR{NUVEL{1a should be used as drift model and the ITRF 1996 should

serve as apriori station coordinates. The parameter estimation especially should provide and submit

the station velocities of european stations with respect to NNR{NUVEL{1a in Up, East, North. The

other aspects concerning the parameter estimation respectively solution were at disposal.

The following tables show the frame and general design of this comparison. In general the used

software is CALC/SOLVE, but Titov used OCCAM. The session types as well as the time span are

nearly the same, except for Tomasi, who used not only Europe{campaigns, but all experiments with

at least three european stations from December 1987 to October 1998.

Table 2 shows, that the source coordinates are di�erent, but this should have no signi�cant in
uence

on the parameter estimation, because the coordinates only slightly di�er. On the contrary the di�erent

choice of the earth orientation series could cause a small rotation of the network.

The setup of the parameter estimation is nearly the same, but the modes of determination of the

station velocity are di�erent. Two methods were applied. The direct method, which determines

the delay in the adjustment by immediate estimation and the indirect method, which is a two step
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procedure. In a �rst step the station coordinates are estimated for each epoch and in a second step

the station velocities are derived from this time series of station coordinates.

The di�erences of these two procedures as well as the advantages and disadvantages will become

evident especially in the solution of Tomasi, who used the direct method, and Nothnagel & Haas, who

used the indirect method.

LANOTTE TITOV TOMASI NOTHNAGEL

& HAAS

USED SOFTWARE F{SOLVE V98/08/09 OCCAM 3.4 F{SOLVE V98/11/25 CALC8.2/SOLVE

SESSION TYPES EUROPE EUROPE all exp. with 3 EUROPE

campaigns campaigns european stations campaigns

TIME SPAN Jan 1990 to Jan 1990 to Dec 1987 to Jan 1990 to

Jun 1998 Jul 1998 Oct 1998 Oct 1998

Tab. 1: Software, sessions and time span

Before comparing the results a further note is necessary. The estimated station velocities of Titov have

to be considered as preliminary ones, because it seems, that there is a mistake in his NUVEL{code,

and this possible error sometimes causes great deviations from the other results.

LANOTTE TITOV TOMASI NOTHNAGEL

& HAAS

STATION ITRF 1996 ITRF 1996 ITRF 1996 ITRF 1996

COORDINATES (required) (required) (required) (required)

SOURCE ICRF 1995 ICRF 1996 GODDARD ICRF 1995

COORDINATES

EOP IERS 97C04 IERS C04 GODDARD GODDARD

Tab. 2: Aprioris

Object of the comparison are estimated station velocities and these motions are presented as velocity

plots in section 4, so that the following considerations refer to this section. First the horizontal motion

and then the height evolution is discussed.

The �rst that is remarkable in the velocity plot for Ny

�

Alesund is the great error ellipse of Nothnagel

& Haas in relation to the error ellipse of Tomasi. Concerning this one has to take into account that

di�erent methods were used to determine the station velocity. When using the direct method the

formal errors result from simultaneous adjustment in the batch solution. As a matter of principle in

a batch solution a great number of observations is used, what means to deal with a great number of

degrees of freedom. For this reason the formal errors and therewith the error ellipses will be small.
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When applying the indirect method the number of degrees of freedom only depends on the number

of coordinate triplets, which contribute to determine the station velocity. Thus in relation to the

direct method the number of degrees of freedom will be smaller and therefore one obtains greater

error ellipses. This "scaling e�ect" occurs in all plots.

The reference system for the velocities is the european plate with Wettzell �xed to NNR{NUVEL{1a

motion. With that Ny

�

Alesund moves to west, but the great error ellipse points at a great scattering

of the vector. For this reason the great error ellipse is a hint for a small number of observations or

vice versa more observations have to be done in order to con�rm this motion.

Onsala shows a clear motion to west with respect to Wettzell, too. Again to recognize the "scaling

e�ect" of the error ellipse.

The results of E�elsberg contradict, in particular the vector of Nothnagel & Haas and the one of

Lanotte. The comparison provides this statement and the error ellipse explains this phenomenon,

because the size of the error ellipse directs attention to a non{signi�cant motion. Thus the di�erent

solutions show arbitrary velocities.

The italian stations Medicina and Matera both show a clear and agreeing motion to east. Noto in

South{Italy moves in northern direction, but it is not clear.

The last station in the network to be considered isMadrid (DSS65). Remembering that the solution

of Titov is preliminary, then a nearly zero velocity remains.

With regard to the height evolution of the stations the behaviour is similar to the horizontal motion

and therewith the interpretations are similar. Ny

�

Alesund and Onsala both show an uplift, whereat

the motion of Ny

�

Alesund is not signi�cant due to the great error ellipse. As the horizontal motion

the results of the height evolution of E�elsberg are inconsistent, i.e. there is no real vertical motion.

Medicina shows a clear sinking motion. Matera and Noto do not really move in vertival direction

due to great error ellipses. Madrid shows a clear uplift, which is in accordance with the lifting rate

Antonius Rius presented at the last meeting in Oslo and which is about 2mm per year.

3 Final remarks

First of all it turned out, that a comparison is useful, because only by a comparison the results and

statements become more certain, and only a comparison reveals contradictions, which then are an

occasion for a detailed investigation. With regard to the results it is right to say, that at the present

level of accuracy there is a general agreement.
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5 Plots

The following pages show the velocity plots for all mentioned stations.
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Velocity for ONSALA
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Velocity for EFFELSBERG
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Velocity for MEDICINA
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Velocity for MATERA
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Velocity for NOTO
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Velocity for DSS65
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Height evolution for Ny
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Height evolution for ONSALA:
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Height evolution for EFFELSBERG:
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Height evolution for MEDICINA:
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Height evolution for MATERA:
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Height evolution for NOTO:
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Height evolution for DSS65:

Lanotte

Titov

Nothnagel & Haas

Tomasi

GMT Feb  9 10:36

-10

-5

0

5

10

H
e

ig
h

t 
m

m


     



Proceedings of the 13th Working Meeting on European VLBI for
Geodesy and Astrometry, Viechtach, 1999

138

Absolute methods for determination of reference system

from VLBI observations.

L. Petrov

Geodetic Institute of the University of Bonn

�

petrov@kuestner.geod.uni-bonn.de

Abstract:

There are two principal approaches to derivation of a reference system from various types of

observations. Positions of stations and sources can be determined with respect to the reference

frame taken as a �ducial one in di�erential approaches. Positions of a subset of some �ducial

stations/sources which \hold" the system are �xed and are not estimated in the framework of this

approach. The catalogues built by this way depend on the values of a priori positions of �ducial

objects and therefore we call them \di�erential catalogues". However method of VLBI allows us

to derive positions of all stations/sources from the observations up to a set of arbitrary constants.

Since the reference system obtained by this way does not depend on the a priori catalogues it is

called \absolute\ reference system. Approaches for the development of such absolute catalogues

of stations/sources using VLBI observations are discussed. Consequences on separation vertical

component of station velocities from horizontal components are emphasized.

1 Introduction

The method of VLBI is purely geometric. Equation for an observed time delay may be written in the

�rst approximation as

� =

1

c

^

E (
~
r

1

�
~
r

2

) �

^

H
~
s (1)

where

^

E | a rotation matrix which takes into account diurnal Earth rotation and pole motion,
~
r

| a station position vector in geocentric coordinate system,

^

H { a rotation matrix which takes into

account precession and nutation and
~
s | a unit vector of source position in baricentric reference

system. Time delay is proportional to a projection of the baseline vector on the source vector. Having

observed di�erent sources at di�erent baselines we are in principle able to get adjustments to the station

positions, source coordinates and parameters of the matrices

^

E and

^

H using estimation technique like

LSQ [1].

Two estimation strategies are possible. We can determine positions of some subset of stations

and sources while leaving positions of other stations and sources �xed. This approach is called \dif-

ferential". Estimates of positions of the targeted objects depend on the values of positions of the

�xed objects. Errors in a priori values of positions of �xed objects as well as the errors in the Earth

orientation parameters (EOP) if they are not estimated propagate to the estimates of positions of

the targeted objects. We can use di�erential approach when the expected precision in determination

of positions of targeted objects is less than the precision of positions of the �xed objects. In this

case an additional error due to the uncertainty in positions of �xed objects does not bring substantial

contribution to the general error budget. It is plausible to apply the di�erential method in estimation

of positions of mobile VLBI stations.

�
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However using the di�erential approach we have to get a good input catalogue of positions of

the objects which are to be used as �xed. VLBI nowadays is the most precise technique and we are

unable to get EOP, station and source positions determined by other techniques without substantial

degradation of precision. Thus, we have to have tools for estimation of positions and velocities of all

stations, coordinates of all sources as well as EOP series from a single global solution. This approach

we call \absolute".

2 Discussion

We encounter a speci�c di�culty in making a global solution. The design matrix of this problem turns

out to be a matrix of incomplete rank and the normal matrix which corresponds to it be singular. The

reason of it stems from the fact that the equation (1) is invariant with respect to a group of linear

transformations and therefore the columns of the design matrix are linearly dependent.

� Time delay is invariant with respect to a translation of terrestrial reference system. If we add

an arbitrary vector to all vectors of station positions, the time delay remains the same.

� Time delay is invariant with respect to a turn of terrestrial reference system. If we multiply all

vectors of station positions by an arbitrary rotation matrix and multiply matrix

^

E by the matrix

to be reciprocal to this matrix, the time delay remain the same.

� Time delay is invariant with respect to a translation of terrestrial velocities �eld. If we add an

arbitrary vector to all vectors of station velocities, the time delay remains the same.

� Time delay is invariant with respect to a rotation of terrestrial reference system. If we multiply

all vectors of station velocities by an arbitrary rotation matrix and multiply matrix

b

_

E by the

matrix to be reciprocal to this arbitrary matrix, the time delay remains the same.

� Time delay is invariant with respect to a turn of celestial reference system. If we multiply all

vectors of source positions by an arbitrary rotation matrix and multiply matrix

^

H by the matrix

to be reciprocal to this matrix, the time delay remain the same.

We have 5 vector invariance conditions, each of them depends on 3 parameters. Thus, the equation

(1) is invariant with respect to a 15-parameters linear transformation when we determine positions

and velocities of all stations, EOP series and positions of all sources.

Invariance conditions can be written as
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where m is the number of stations and n is the number of sources.

To solve equations of conditions of incomplete rank we can either use equations (2) as equations of

constraints or to use conditional LSQ (i.e to �nd estimates of the parameters which provides minimum

to a weighted sum of residuals under condition that equations (2) are exactly ful�lled, refer [2] for

details). Adjustments depend on the choice of constants in (2) and implicitly depend on the values of

a priori positions of stations and sources and EOP series. We can compute values of these constants

by the manner which provide getting adjustments which would satisfy to explicitly speci�ed boundary

conditions. Another way is to get a solution using arbitrary values of these constants and then ful�ll

transformation of preliminary output catalogues and EOP series. The meaning of the solution with

constants equal to zero (\zero solution") is that the output catalogues of station positions, station

velocities, source positions don't have net translation net turn and net rotation.

It is worth noting that equations (2) may be written in alternative forms. In general, the matrix

of the equations (2) can be multiplied by an arbitrary non-singular matrix. Implicit form of imposing

some invariance conditions may be also used: for example, not estimation of some parameters.

The transformation of terrestrial and celestial reference systems, EOP series which conserves time

delay (1) may be written in the form:
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where
~
r

n

| a vector of station position in a new reference system,
~
r

o

| a vector of station position

in an old reference system, �
~
r

e

| a vector of adjustments to the station position obtained from the

solution,

~

T| a translation vector of terrestrial reference system,

~

�| a small turn vector of terrestrial

reference system. Analogously,

~

V and

~


 are a translation and a small turn vectors of station velocities

�eld and

~

	 is a small turn vector of celestial reference system.

EOP series are transformed by the following way:
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where t

o

is the epoch of station coordinates, k = 1:002 737 909 and "

0

is a mean obliquity of ecliptic

to equator.

As it was previously mentioned equation (1) is an approximation. Time delay is computed with a

relative precision 10

�11

on the basis of a re�ned model [3]. The two major omitted terms are
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(5)

where

~

V

�

is baricentric Earth velocity.

The vector of baricentric Earth velocity usually is not an estimated parameter and therefore these

terms are not invariant with respect to a turn of celestial reference frame. Baricentric Earth velocity

is taken from ephemerides which provide it with a precision rather better than it can be determined

from VLBI observations. Ephemerides keep the orientation of the dynamic reference frame in which

they are de�ned and are not undergone transformation. Therefore, applying transformation (3) and

(4) may cause an error. We can neglect this error provided the vector

~

	 is small enough:

k�(
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where c is light velocity, �(
~
s) | an uncertainty of source vector adjustments. Since

k

~

V

�

k

c

� 10

�4

this condition is usually ful�lled. In
uence of other omitted terms is less and can be wholly ignored.

We have a freedom of choice of

~

T,

~

V,

~

�,

~


,

~

	. Freedom in choice of translation vector

~

T leads

to the fact that separation vertical and horizontal components in vectors of station positions is up to

some degree arbitrary. Let we have 6 stations as it seen in �g. 1. Having added a translation vector

~

T we change positions of stations so that the stations a and b are uplifting, the stations e and d are

sinking and no additional vertical motion is added to the stations c and d. If we change direction of

the vector

~

T at 90

�

as it shown in �g. 2 then the station c will be uplifting, d sinking and vertical

positions of the stations a, b, d and e remain the same. Applying a turn of the reference system

makes the whole picture more complicated due to an additional horizontal displacement caused by

the turn of reference system which depends on the relative positions of the station coordinates vectors

and the vector

~

� (�g 3). Applying di�erent vectors

~

T and

~

� we get di�erent vertical positions of

the stations. Analogously, applying di�erent vectors

~

V and

~


 we get di�erent values of vertical and

horizontal velocities of the stations. One choice

~

V and

~


 may reveal an uplift of the targeted station

while another choice of

~

V and

~


 may reveal sinking the same station. And both solutions satisfy

observations!

�g. 1

�g. 2

I would like to emphasize that we are in principle unable to determine parameters of this transfor-

mation from VLBI observations. Therefore one possible way is not to worry about some arbitrariness

of the output solutions. However a raw solution implicitly depends on used equations of invariance

conditions and a priori catalogues. Changes in a priori catalogues, changes in equations of invariance

conditions, addition or removal some observations from analysis may lead to considerable changes in

values of the output coordinates and EOP series what may cause an illusion of \instability" of solution.

In order to avoid these problems we can transform our raw solution on the basis of explicitly speci�ed

boundary conditions using external information.

Several strategies for obtaining parameters of the transformation can be used.

| Vectors of the transformation can be usually chosen to make a new solution compliant with

catalogues of stations and sources and EOP series determined by other techniques. We explicitly

formulate boundary conditions of compliance. These conditions set equality of some coordinates

of stations, sources and/or EOP series to the values from the external catalogues. As an example
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�g. 3

we can demand equality of �nal EOP to the values from USNO concrete EOP series on the speci�c

date.

| We can modify boundary condition and to require not rigorous equality of the values but min-

imization of a norm of di�erences of the new catalogues and the old external catalogues. For

example, we can demand that a sum of squares of di�erences between the new sources catalogue

and the IERS sources catalogue would be minimal.

| Boundary conditions can be set for compliance with some physical considerations. For example,

we can require that our new �eld of velocities would not have rotation with respect to some

model of plate tectonic or we can require that some subset of stations has minimal deviation

from the model of post-glacial rebound or we can require that the pole coordinates don't have

secular trend.

Boundary conditions set a system of linear equations which ties parameters of the transformation

(3), (4), external catalogues or model with zero solution. Having solved these equations we �nd

parameters of the transformation. After applying this transformation we get the �nal catalogues and

EOP series.

3 Conclusion

The VLBI output catalogues and EOP series contains both information which is derived from the

measurements and external information which is imposed. The fact that terrestrial reference frame

and velocities �eld can be determined only up to transformation (3), (4) puts some restrictions on

interpretation of the results obtained from VLBI.

� Earth Orientation parameters and positions of all stations cannot be unambiguously determined

from a single 24 hours VLBI experiment. However baseline lengths are invariant with respect to

translation and rotation and can be determined without applying external conditions.

� Secular trend in Earth orientation parameters series cannot be in principle measured by VLBI.
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� If we analyze VLBI data only from the region small with respect to the Earth radius we can

determine vertical and horizontal component of station positions and station velocities only up to

a common arbitrary vector. But we still can determine relative vertical and horizontal position

and velocities.

� If we compare two di�erent VLBI solutions they should be �rst undergone a transformation:

rotation and translation to �t the same boundary conditions.
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Abstract:

One of the promising ways for improving precision of estimation of the targeted parameters of

geodetic VLBI is to use phase delay measurements which are roughly 40-fold more precise than

group delay observables. However phase delay ambiguities should be resolved before using these

observables in LSQ adjustments. This problem is solved almost always for the case of relatively

short baselines (1{10 km) where we are able to ignore an atmosphere contribution to time delay,

but it is still a challenge for the case of longer baselines.

A procedure for resolving phase delay ambiguity is presented. It exploits the fact that phase

misclosures are usually a small fraction of phase ambiguity spacings. Phase delay measurements

made in the network consisting of three or more stations provide some redundancy.

It is shown that the proposed approach allows to resolve phase delay ambiguities for a subset of

observations. Some results of phase delay solutions of EUROPE, IRIS-S and VLBA networks are

presented. It was found that the success rate of phase delay ambiguity resolution for intercontinental

baselines depends on the system sensitivity, the level of instrumental noise and the number of

observations. Phase delay ambiguities can be resolved for up to 90% observations for the best,

state-of-art VLBI experiments, although a success rate 40-70% is more typical.

1 Introduction

Phase spectrum of cross-correlation function within a band of registration is produced by a correlator

in processing very long baseline interferometry measurements [1]. The correlator output is used for

�g. 1

obtaining two basic quantities: group delay and phase delay:

�
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where ' is a phase of cross-spectrum, !
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is a circular reference frequency and N | an integer number

of ambiguities. Precision of measurement of these quantities is:
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where snr is a signal to noise ratio of fringe detection, �! | e�ective bandwidth. The bandwidth

of registration is considerably less than the reference frequency and therefore the precision of mea-

surement of phase delays is much higher than the precision of measurements of group delays. But

there is a substantial obstacle before direct use of phase delay: it is measured only up to an unknown

integer number of phase turns. We are able to use phase delays in a parameter adjustment process

only after resolving phase delay ambiguities. Early experiments showed [2], [3] that the phase delays

may be successfully used for analysis of observations made at very short baselines of 0.1{1.0 km where

phase delay ambiguities are resolved rather easy. Now we try to resolve phase delay ambiguities for

baselines of arbitrary length.

2 Phase delay observables

Group and phase delays at X (� 8.4GHz) and S (� 2.3GHz) bands are measured in geodetic VLBI

observations. Properties of these observables are presented in table 1.

Tab. 1

Group delay Phase delay

Precision X{band: 0.02{0.04 nsec X{band: 0.0005{0.001 nsec

S{band: 0.01{0.2 nsec S{band: 0.002{0.005 nsec

Ionosphere X{band: 0.2{2.0 nsec X{band: 0.2{2.0 nsec

contribution S{band: 2.5{30.0 nsec S{band: 2.5{30.0 nsec

Ambiguity X{band: 28{100 nsec X{band: 0.12 nsec

S{band: 50{200 nsec S{band: 0.45 nsec

post�t rms 0.02{0.03 nsec 0.005{0.010 nsec

We see that a scatter of post-�t residuals of group delays has a magnitude 2{5 times less than

phase delay ambiguity spacings at X-band and 5-20 times less than ambiguity spacings at S-band. In

principle, phase delay ambiguities can be resolved by using model values of phase delay derived from

a group delay solution provided the following conditions are true:

� Theoretical model for group and phase delay di�ers by no more than 0.2{0.3 phase turns;

� Instrumental di�erence between group and phase delay does not exceed 0.2{0.3 phase turns;

However, both these conditions are usually not ful�lled. Three contributions to time delay are

di�erent for phase and group delays: feed horn rotation, source structure correction and ionosphere

contribution. The �rst term can be precisely calculated. Di�erence in source structure correction is

usually less than 0.1 phase turns. Unfortunately, ionosphere contribution is substantially di�erent for

group and for phase delay observables what puts serious problems before a phase delay ambiguity

resolution.

Ionosphere contribution to time delay can be written in the form

�

iono

group

=

q

f

2

g

�

iono

phase

= �

q

f

2

p

(3)

where q is a quantity proportional to the di�erence of integral electron content over the ray paths

from the source to the site 1 and the site 2, f

g

and f

p

| e�ective frequencies for group and phase

delays which are within 3{5% from the reference frequency. Di�erence in the ionosphere contribution

as it is seen in table 1 is about 3{15 phase turns and we unable to ignore this e�ect in a phase delay

ambiguity resolution process.

To take into account the ionosphere contribution we use ionosphere free linear combinations of
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observables. The most important combinations are:
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where f

gx

, f

gs

are e�ective frequencies for group delay ionosphere contribution at the bands X and

S and f

px

, f

ps

are e�ective frequencies for phase ionosphere contribution. Having substituted typical

values of the e�ective frequencies we can write (4) in this form:
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gs

�

if

psgs

� 0:51�

ps

+ 0:49�

gs

(5)

where index p, or g denotes phase or group delays, x and s denotes a band. The �rst ionosphere

free linear combination is used in group delay solutions. The second combination is called pure phase

delay ionosphere free linear combination and the latter two are called semi-phase delay ionosphere free

linear combinations.

3 Phase delay ambiguity resolution

In general, the problem of phase delay resolution has more than one solution. To provide a unique

solution we have to postulate some additional conditions. The following principles are formulated:

� Group delay ionosphere free linear combinations and phase delay ionosphere free linear combi-

nations don't have considerable di�erences. In the absence of source structure contribution and

instrumental errors these two quantities should coincide. Thus, this assumption is equivalent to

the assumption that instrumental noise is small.

� Misclosures in phase delays are considerably less than phase delay ambiguity spacings. It was

found that misclosures in phases are at the level of 0.05{0.15 phase turns for the sources to be

observed under geodetic programs. It means that the instrumental noise is primarily station-

dependent but not baseline-dependent.

� There exist a smooth function of a di�erence between group delay ionosphere free linear combi-

nation and ionosphere free combination of phase delays. We assume that a random component

in di�erences is small. We have to somehow model this di�erence and the number of parameters

of such a model should be small enough to secure uniqueness of the solution. We are unable to

resolve correctly phase delay ambiguities if we allow considerable 
uctuations of the di�erences.

We cannot say beforehand whether this assumption is correct or not. When this condition is not

valid then a phase delay ambiguity resolution process fails and we have to exclude such baselines

from the list of baselines eligible for phase delay solutions.



147

Method of ambiguity resolution functions (ARF) is proposed to resolve phase delay ambiguities.

The following baseline-dependent quantities are introduced:

X

pa

ARF

= �(t

if

pxgs

� (�

c

+ �

a

)) �

2�

!

o

S

pa

ARF

= �(t

if

psgs

� (�

c

+ �

a

)) �

2�

!

o

(6)

where, t

if

pxgs

, t

if

psgs

are ionosphere free linear combinations of group and phase delay observables from

(4), �

c

| theoretical ionosphere free time delay, �

a

| contribution to time delay from adjustments

obtained in the previous solution. Analogously, a station-dependent ARF can be introduced, so that

the ARF for the speci�ed baseline is a di�erence of the ARF for the stations forming the baseline.

Values of station-dependent ARF are computed for each scan by solving equations which tie ARF

with observed phase and group delays. ARF for one station among the stations participated in this

scan is not determined and is considered as a reference one. Usage of station-dependent ARF instead

of baseline-dependent ARF brings considerable merit if more than two stations participated in the

observations of the scan. Each scan has

n(n� 1)

2

baseline-dependent ambiguities, but only n� 1 are

independent since they should satisfy to a closure conservation condition for each triplet of stations:

1

2�

('

12

+ '

23

� '

13

)�

_�

23

�

12

!

o

+N

12

+N

23

�N

13

= 0 (7)

ARF would have only integer values in the absence of instrumental errors. Phase delay ambiguity

resolution is reduced in this case to elimination of an integer part from ARF and redistribution of

baseline-dependent phase delay ambiguities. Instrumental errors which are intrinsic to phase delays

enter ARF directly. Instrumental errors which are intrinsic only to the group delays enter ARF directly

and indirectly via bias in �

a

which is obtained in group delay solution. Thus, ARF is contaminated

by both integer phase delay ambiguities and instrumental noise of measurement of group and phase

delays in realistic case. Raw ARF is undergone by a �ltering process. It is modeled as a sum of three

components:

ARF

i

= r

i

+ h

i

+N

i

(8)

where, r

i

| is a regular slowly variating smooth function, h

i

| is a noise-like high frequency variating

quantity and N

i

| is a discontinuous ambiguity function which can have only integer values.

The regular component is modeled by a linear spline with imposing constraints on its rate of

change. Parameters of the �lter: duration of the segments (usually 1{2 hours) and the level of

constraints (reciprocal weights are usually in the range 0.01{0.1 1/hour) control behavior of the regular

component. The high frequency component is restricted by imposing an upper limit (usually 0.2{0.3)

for its maximal in modulo value. Then station dependent phase delay ambiguities are determined

as an integer part of the di�erence of the ARF value and the regular component. If a remnant in

ARF after subtraction the regular part and the integer ambiguity exceeds the upper limit for the

high-frequency component then that value of ARF is treated as an outlier.

Algorithm of phase delay ambiguity resolution can be described as follows:

1. Obtain the best group delay solution.

2. Form phase delays from measured wide-band fringe phases by applying a feed horn rotation

correction. Obtain preliminary phase delay ambiguities from baseline-dependent ARF. Eliminate

ambiguities in misclosures.

3. Compute post-adjustment station-dependent X-band ARF.

4. Filter station-dependent ARF with resolving station-dependent ambiguities;
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5. Compute baseline-dependent ambiguities using station-dependent ambiguities;

6. Re�ne a PxGs (X-band semi-phase) delay solution by

(a) Consecutive elimination of outliers from the solution up to the speci�ed limit;

(b) Backward restoration of the previously suppressed observations up to the speci�ed limit;

Errors made in phase delay ambiguity resolution during �ltering ARF can be corrected in re-

�nement of the initial solution provided the error rate was not high (no more than 10{20%).

7. Compute post-adjustment station-dependent S-band ARF;

8. Repeat steps 4, 5, then re�ne PsGs delay solution;

9. Produce PxPs combinations and re�ne pure phase delay solution;

The process of phase delay ambiguity resolution works satisfactory if the following assumptions

are correct:

| Short periodic 
uctuations of ARF (periods < 3

h

) are less than 0.3 phase turn;

| Low frequency ARF rate is less than 0.3 turn/hour;

| Baseline-dependent systematic errors are negligible;

4 Results

Typical ARF before and after �ltering are presented in the �g. 2{5. Argument in plots is time in

hours elapsed since beginning of the experiment.

�g. 2 �g. 3

�g. 4 �g. 5
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Solid line in �g. 4{5 represents adjustments of the regular component of ARF.

About 100 sessions were processed by algorithms of phase delay ambiguity resolution: experiments

carried under programs EUROPE, IRIS-S, geo-VLBA, NEOS-A, NAVEX. I found that

� Phase delay ambiguities can be resolved for the baselines up to 10 thousand km. It is di�cult

to resolve ambiguity for the longer baselines since there are too few common observations at the

baselines with length more than 85% of the Earth diameter.

� The most important factors which in
uence on the possibility to resolve phase delay ambiguities

are station sensitivity and the level of instrumental noise.

� Phase delay ambiguities can be resolved for up to 80{90% of observations in geo-VLBA and R&D

experiments, 60{80% of IRIS-S experiments and 40-70% of EUROPE and NEOS-A experiments.

� It is more di�cult to resolve phase delay ambiguities at S-band than at X-band.

� There are stations which are not eligible for phase delay ambiguity resolution.

After resolving phase delay ambiguities we are able to use several types of linear combinations of

phase and group observables. Properties of di�erent types of solutions are presented in the table 2.

Tab. 2

Group delay combination

Used combination: 1:08�

gx

�0:08�

gs

+�

n

Uncertainty (VLBA mode) 15ps 6ps 12ps

Uncertainty (best Mark-III) 25ps 10ps 15ps

Ambiguity spacings: >15ns

X-band semi-phase delay combination

Used combination: 0:94�

px

+0:06�

gs

+�

n

Uncertainty (VLBA mode) 0.5ps 4ps 8ps

Uncertainty (best Mark-III) 1.0ps 8ps 8ps

Ambiguity spacings: 114ps

Phase delay solution

Used combination: 1:08�

px

�0:08�

ps

+�

n

Uncertainty (VLBA mode) 0.5ps 0.2ps 8ps

Uncertainty (best Mark-III) 1.0ps 0.3ps 8ps

Ambiguity spacings: 131ps and 34ps

It is remarkable that there is a noise 
oor �

n

. Existence of this 
oor makes pure phase delay

solutions not so attractive. We see that the advantages of a solution made by using a combination

of phase and group delay observables called semi-phase with respect to a group delay solution are

substantial. At the same time a pure phase delay solution brings only marginal improvement with

respect to a semi-phase delay solution due to existence of the noise 
oor. Moreover, the pure phase

delay solution is less reliable than the semi-phase delay solution, since it has two ambiguity spacings:

131 psec and 34 psec while the semi-phase delay solution has the only ambiguity spacing 114 psec. It

is di�cult to detect observations with wrongly resolved ambiguities with spacings 34 psec when the

noise 
oor is only 4 times less, while it is rather more easy to guarantee a correctness of a phase delay

ambiguity resolution when the ambiguity spacing is 15 times wider than the noise 
oor.

A continuous set of 22 sessions carried out under program CONT94 at the VLBA and NAVEX

networks was analyzed. 13 stations participated. Baseline lengths were in the range 0.6{10.4 thousands
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km. 60 315 out of 66 857 observations were used in the group delay solutions. Weighted sum of root

mean squares of post�t residuals was 18 psec. 53 049 phase delay observables were used in the semi-

phase delay solutions. Weighted sum of root mean squares of post�t residuals was 8.1 psec. Precision

of determination of geodynamical parameters improved by the factor 2. At the same time increasing

precision didn't result in improving accuracy.

Baseline length repeatability is presented in the table 3. L is the baseline length. Di�erences are

Tab. 3

Phase delay solutions: R(L) = 0.11 mm + 9.6 � 10

�10

� L

Group delay solutions: R(L) = 0.19 mm + 8.7 � 10

�10

� L

not statistically signi�cant. Detailed analysis of a baselines evolution reveals substantial variations

in baseline lengths of unknown origin which a�ects both phase and group delay solutions. Plots in

�g. 6{7 shows typical case. Left plot presents daily estimates of baseline length in mm obtained from

semi-phase delay solutions and the right plot shows the baseline evolution obtained from group delay

solutions. Average baseline length (5040 km) is removed in both plots. Argument in plots is time in

days elapsed from 01-JAN-94. Error bars are 1� formal uncertainties.

�g. 6 �g. 7

Hourly values of UT1 and pole motion were also obtained. UT1 was modeled by a sum of global

o�set, global rate and linear spline with 1 hour segment. Rate of change between adjacent segments was

constrained with weights to be reciprocal to the constant 0.3 msec/day. The estimates from the phase

delay solutions are less noisy and deviate less from the empirical model then the estimates obtained

in group delay solutions although an improvement is not conclusive. Results of determination of UT1

for hour intervals using semi-phase and group delay solutions are presented in �g. 8{9 respectively.

Argument is time in hours. Mean value and linear trend were removed. A thin solid line represents

empirical model derived using a whole set of VLBI group delay observables for 20 years [4]. A grey

bar represents 1� formal uncertainties.

�g. 8 �g. 9
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Result of determination of hourly estimates of pole coordinates (in microarcseconds) from semi-

phase and group delay solutions are shown in �g. 10{11 respectively.

�g. 10 �g. 11

5 Conclusion

� Phase delay ambiguities can be successfully resolved for 80{90% of VLBA observations and for

40{70% of Mark-III data at the baselines with length up to 85% Earth diameter;

� Critically important factors for resolving phase delay ambiguities:

{ High sensitivity: X-band: �(�

gr

) < 20psec, S-band: �(�

gr

) < 100psec (properly cooled

receiver);

{ Low level of instrumental errors (excellent performance of phase calibration).

� Semi-phase delay solutions have not worse precision than pure phase delay solutions, but are

more reliable;

� The precision of semi-phase delay solutions is better than the precision of group delay solutions,

but an improvement in accuracy is not signi�cant.
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Abstract

Estimates of vertical components of site coordinates from 'standard' geodesy techniques of analysis

of VLBI observations have uncertainties about 3-4 times larger than the other components. This is a

consequence of the large correlation between the zenith path delay and the vertical component of the

stations. We want to contribute to the e�ort of investigating the potencial of new routes, combining

the products of di�erent geodesy techniques, to lighten that situation. We present preliminary results

from a 'hybrid' route of analysis which implements external GPS tropospheric estimates into the VLBI

analysis, along with a comparison with results from the 'standard' route. At this early stage of our

project the 'hybrid' route appears as a very promising approach, with �rst time clear evidence of

improvement with respect to the 'standard' route.

1. Introduction

Since 1990 an European geodetic network consisting of �xed VLBI antennas has regularly performed

simultaneous S/X observations at a rate of six 24-hour experiments per year. The participating stations

are located at Onsala (Sweden), Wettzell (Germany), Medicina (Italy), Madrid (Spain), Matera (Italy),

Noto (Italy), also, since 1994, Ny-Alesund (Norway) and Crimea (Ukraine). The E�elsberg 100 m.

antenna near Bonn (Germany) take part once a year to an European VLBI geodetic experiment.

During 1997 the new mobile VLBI antenna, part of the TIGO project, has been installed at the

Wettzell station and was regularly inserted in European VLBI experiments during 1998.

In the meantime the IGS GPS network has been established throughout the world, and it is

regionally enhanced with more permanent GPS sites. At present all European VLBI geodetic stations,

except Crimea, are equipped with permanent GPS receivers.

The processing of the european geodesy observations is regularly performed at the correlator

centre at MPIfR, in Bonn (Germany). The geodetic observables are accessed by di�erent groups to

proceed with the data analysis, using distint software tools and/or strategies. It is a general aspect

in all analysis that the uncertainty in the estimated values of the vertical components of the sites, or

baseline vectors, is about 4 times larger than for the rest of components. The vertical components

are largely a�ected by the propagation of elevation dependent errors in the group delay model, for

example in the formulation of the tropospheric contribution.

We are currently investigating the potential of a novel route, which combines both VLBI and GPS

techniques, as a way to improve the estimates of vertical components for the sites. In principle, the

simultaneous multi-directional nature of GPS observations could yield an advantageous con�guration

for the modelling of tropospheric contributions into the observables. Our aim is to make a sistematic

comparison of the results obtained following the \standard route" of analysis of VLBI observations, and

a \hybrid route" which implementes simultaneous GPS tropospheric estimates. We present compar-

ative preliminary results from the implementation of external GPS tropospheric estimates, computed

every hour, in the VLBI analysis with CALC/SOLVE package. We are also presenting an easy way to

introduce zenith path delays derived from GPS, into the CALC/SOLVE standard software, with few

modi�cations in the program DBCAL. Previous attemps have been done by other authors (Carlsson

et al. 1995) with no conclusive results.
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2. Data Analysis

We have started to work on a novel route to disentangle the coupling between the values for the vertical

coordinates of the stations (or baselines) and the tropospheric contributions at each site, estimated

from VLBI analysis. In the past, many attempts have been made to use water vapor radiometers

(WVR) in order to produce the same results. Due to the large cost of the equipment, an advanced

algorithm has been introduced into the CALC/SOLVE package in order to determine the zenith path

delay, or more speci�cally the wet contribution, at each station. In this case we are using, as produced

by a WVR, the zenith path delay produced by the International GPS Service for Geodynamics (IGS)

at the Berna center, in the analysis of the VLBI observations from the European geodesy network

during 1998.

Our �nal working database will consist of the six European VLBI observations from 1998, and the

simultaneous standard IGS products for the 1-hourly tropospheric zenith-delay estimates, whenever

available, for each participating site. The results presented in this contribution comprise a subset of

the complete database which consists of the �rst 4 epochs of VLBI observations.

We have performed parallel analysis, with CALC/SOLVE, following (1) the 'standard route', and

(2) a 'hybrid route' which implements external tropospheric zenith delay values from GPS. In both

cases we have used an identical con�guration of parameters, except for the sub-section concerned with

the troposphere. In the 'standard route' we have used a piece-wise linear function to estimate 1-hourly

residuals, to the a priori values, with typical values to constraint the rate and atmospheric gradients.

In the 'hybrid route' we used the tropospheric zenith delays resulting from linear interpolation of

the 1-hourly estimates from IGS, whenever available, at each site, and no further adjustment in the

analysis. The tropospheric contribution from sites with missing IGS entries (such us Medicina, Madrid

and Crimea) were estimated following an identical procedure as in the 'standard route'. In all cases

we used the corresponding Nielt mapping functions for the dry and wet components of the neutral

atmosphere.

The IGS delivers total values of the zenith path delay. We have extracted the wet component

contribution for our comparative studies by substracting the dry Saastamoinen component, which is

used in both VLBI and GPS data analysis.

We present a comparison of the achievements from both routes attending at repeatability results

for the length and vertical components of the participating baselines.

We have also performed individual analysis and cuto� elevation angle tests of each VLBI session

of observations, in February, April, June and August. If these sessions may be taken as representative

for a certain epoch of the year, the results re
ect interesting seasonal e�ects of the impact of elevation

dependent errors, we believe that largely associated with the wet component of the troposphere, in

the analysis.

3. Preliminary Results - Repeatability tests

Figure 1 shows plots of baseline length repeatability versus baseline length, corresponding to a series

of 'standard' analysis using di�erent cuto� elevation angles, in SOLVE, from 5 to 25 degrees, in steps

of 5 degrees. The database includes the �rst 4 epochs of VLBI observations in 1998. Best linear �ts

have been estimated for each solution. Among them, the �t with the minimum slope corresponds

to the analysis with a cuto� elevation angle of 5 degrees. Figure 2 shows the same information as

�gure 1, corresponding to a parallel 'hybrid' analysis including external GPS tropospheric zenith-delay

values. The �t with minimum slope in �gure 2 corresponds to a cuto� elevation angle in SOLVE equal

to 10 degrees. For comparison, �gure 3 shows the results derived using most favourable parameter

con�guration from both analysis routes.

It should be pointed out that, in principle, the 2 cuto� tests presented in �gures 1 and 2 are

quite di�erent, and that might explain, at least in large extent, the di�erent results. In the case of

the 'standard' analysis, we are computing both the baseline length and the tropospheric zenith delay

at the 2 ends of the baseline. In the case of 'hybrid' analysis, we are just computing the baseline

length. This can explain the rapid \degradation" of the results shown in �gure 1, going from lower

to an upper cuto�. In addition to the fact that the number of data points used in the analysis is

decreasing, and hence producing a larger statistical uncertainty, there is a large correlation between

zenith path delay and vertical component of the stations, almost equal to 100% when using a cuto�

elevation angle larger than about 15 degrees.

We have made a comparison of the tropospheric zenith delay estimates from VLBI and GPS

techniques for the participating stations and at the time of the VLBI observations. We �nd a sistematic
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0

10

Figure 1: Repeatability of the baseline length estimates, using a 's-

tandard route' in the analysis of 4 24-hours european VLBI sessions

in 1998, with di�erent cuto� elevation angles in SOLVE (see upper

right corner of each plot). The solid line represents the best-�t with

the minimum slope, corresponding to a cuto� elevation angle of 5

0

.

It is inserted in all subplots for visual cross-checking. The �tted

coe�cients appear written above the 5

0

plot.
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Figure 2: Repeatability of the baseline length estimates, using a 'hy-

brid route' in the analysis of 4 24-hours european VLBI sessions in

1998, with di�erent cuto� elevation angles in SOLVE (see upper right

corner of each plot). The solid line represents the best-�t with the

minimum slope, corresponding to a cuto� elevation angle of 10

0

. It

is inserted in all subplots for visual cross-checking. The �tted coe�-

cients appear written above the 10

0

plot.
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Figure 3: Repeatability of the baseline length estimates, using an

'standard' analysis (upper), and a 'hybrid' analysis (lower) of 4 24-

hours european VLBI sessions in 1998, with cuto� elevation angles of

5

0

and 10

0

, respectively, in SOLVE. Solid lines are best linear �ts. The

2 �ts in the upper plot di�er in the inclusion in the �t of the shortest

baseline (Tigo-Wettzell). See text for explanation of 'standard' and

'hybrid' nomenclature.
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bias between the estimates of both techniques, the VLBI values always smaller than the GPS values,

variable with time. Figure 4 shows a comparison of the tropospheric total zenith delays from VLBI

(our analysis) and GPS (IGS product) techniques for the station of Wettzell, at 3 epochs.

Exploiting the temporal span of our database along 1 year, we have also attempted to investigate

the impact of potential \seasonal" aspects onto the geodetic parameters. We have carried on compara-

tive analysis using di�erent cuto� elevation angles, at 10 and 5 degrees. Figure 5 shows the di�erences

between baseline length estimates from individual 'standard' analysis of 4 VLBI observations in 1998.

The plots corresponding to the observations from June and August show larger di�erences for the

longest baselines, instead, in February and April, there is no signi�cant dependence with baseline

length. This can be explained in terms of the wet component of the troposphere being most di�cult

to model in summer periods.

At present, we are trying to make a sensible comparison of the vertical estimates derived from

the 2 analysis routes considered in this presentation. Figure 6 showes repeatability plots for the

vertical components of the baselines, as estimated from the 'standard' and 'hybrid' analysis routes.

The con�guration of the parameters involved in both analysis is identical to the one corresponding to

the results presented in �gure 3.

4. Conclusions and Future work

We have established a working interface that integrates external tropospheric data in the analysis of

VLBI observations with SOLVE. Our goal is to make a sistematic comparison between the results

obtained from an standard VLBI analysis and those from a 'hybrid route' which implement simul-

taneous GPS tropospheric estimates. The results presented here are preliminary and constitute a

progress report on that project. Nevertheless, we want to point out some interesting facts that are

worth mentioning. We con�rm the evidence found by other authors too, that the inferred wet delay

contributions estimated from GPS and VLBI techniques exhibit similar short term variations, but

with an apparent long term bias. Our results from repeatability tests and cuto� elevantion angle tests

indicate a promising perspective for the combination of both geodetic techniques. In fact it is the �rst

time such a clear evidence is found. Inferring from the improvement found in VLBI, we believe that a

reduction of the current 10 deg cuto� elevation angle in GPS observations, might be a non-negligible

factor for further improvement of results.

We intend to extend our analysis to include the 2 remaining 24-hours sessions of European VLBI

observations from 1998. There are many interesting aspects that remain to be understood and investi-

gated, just to mention here a few of them: the e�ect of decreasing the solution interval of tropospheric

estimates, try new strategies in the analysis, understanding the sistematic bias between estimates from

both techniques...
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Figure 4: Comparison of 1-hourly tropospheric zenith delay estimates

for Wettzell, along 3 days in 1998, using VLBI (�lled squares) and

GPS (�lled triangles) techniques.
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Figure 5: Di�erences in the baseline length estimates with SOLVE,

using two di�erent cuto� angles, 10 and 5 deg. Some sort of "sea-

sonal" dependence is visible.
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Figure 6: Repeatability of the baseline vertical component estimates,

using a 'standard route' analysis (upper), and a 'hybrid route' analy-

sis (lower) of 3 24-hours european VLBI sessions in 1998, with cuto�

elevation angles of 5

0

and 10

0

, respectively, in SOLVE. See text for

explanation of 'standard route' and 'hybrid route' nomenclature.
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Abstract

Very Long Baseline Interferometry (VLBI) is

colocated with a permanent Global Positioning

System (GPS) receiver and a Water Vapour Ra-

diometer (WVR) at the Onsala Space Observa-

tory (OSO). Both VLBI and GPS data are af-

fected by the propagation delay of radio waves

in the atmosphere, while the WVR is sensitive

to the atmospheric emission close to the cen-

ter of the 22 GHz water vapour emission line

and provides wet delay estimates. We present a

comparison of estimated atmospheric parame-

ters (equivalent zenith wet delay and linear hor-

izontal delay gradients) derived from an inde-

pendent analysis of simultaneous VLBI, GPS

and WVR observations. We study and com-

pare the estimated parameters using di�erent

elevation cut o� angles for the analysis of VLBI

data with those obtained from the GPS and

the WVR data analyses. The parameters are

estimated for 90, 180 and 360 minutes long in-

tervals, which allows us to study the averaging

e�ect on the integrated parameters of the tur-

bulent atmosphere.

1. Objectives

Variations in the atmospheric refractive index

are a major error source for the space based

geodetic techniques. Symmetry and the el-

evation dependence of the propagation delay

are used in the VLBI and GPS processing

for estimating the total zenith delay. It has

been realized [MacMillan, 1995] that azimuthal

asymmetries in the atmospheric refractive in-

dex could be present leading to errors in the

horizontal and the vertical station coordinates.

Including a horizontal gradient estimation into

the data processing leads to an improved re-

peatability of the site coordinate estimates for

both VLBI and GPS [Rothacher et al., 1998;

Bar-Sever et al., 1998; MacMillan, 1995]. The

objective of this work is to compare estimated

wet delay and linear atmospheric gradients from

the di�erent techniques, study the di�erences

and discuss the e�ect of the di�erent process-

ing strategies on the estimated atmospheric pa-

rameters. A better estimation of the horizontal

gradients should lead to improved geodetic es-

timates.

2. Colocated techniques

The 20 m radome enclosed telescope at the

Onsala Space Observatory is used for geodetic

Very Long Baseline Interferometry (VLBI). In

1997 Onsala participated in 18 geodetic VLBI

sessions, from the EURO, the CORE-B-100 and

the RD-VLBA series [Haas et al., 1999]. In our

study 14 such 24 hour long sessions covering all

seasons of the year 1997 were processed.

The permanent GPS site at Onsala is a part of

the International GPS Service (IGS) [Beutler

et al., 1995] and is equipped with two receivers:

a Turbo Rogue 8-channel and an Ashtech Z12

channel connected to a Dorne{Margolin B type

antenna with a conically shaped radome. The

receivers are connected to a 5 MHz reference

frequency from the hydrogen maser which is

also used in the VLBI observations.

The water vapour radiometer measures the sky

emission at two frequencies { 21.0 GHz and 31.4

GHz. The sky emission (equivalent tempera-

ture) at those frequencies depends on the cos-

mic background emission, the amounts of water

vapour, liquid water, and oxygen. By using al-

gorithms described in [Elgered, 1993] the mea-

sured temperatures can be related to the wet

path delay.

3. Atmospheric parameters of

interest

The elevation dependencies of the wet and the

hydrostatic component of the delay is used to

estimate a total zenith delay (VLBI and GPS).

The hydrostatic part can be estimated with

good accuracy in the zenith direction based on

the ground pressure measurements. Subtract-

ing the hydrostatic component from the total

delay yields the wet delay component.
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The other parameter of interest is the hori-

zontal wet delay gradient. Figure 1 displays

an example of presence of a wet delay gradient

in the WVR data. The �rst plot (1a) displays

the measured delay, the second (1b) shows the

zenith delay values for one scan at elevation the

elevation 33.4 degrees (taken at time indicated

with the vertical line in (1a)) and the third (1c)

displays a 3D view of the mapped delay, where

an obvious tilt in the delay values is present
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Figure 1: Example of wet delay gradient:

a) 24 hours of WVR data, August 31, 1998;

b) azimuth scan at the constant elevation 33.4

degrees at the time indicated by the line in 1a;

c) 3-D view of the wet delay for the azimuth

scan.

A linear azimuthal asymmetry in the tropo-

sphere can be described using the model [Davis

et al., 1993]:
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where � and � are the azimuth and the eleva-

tion angles, �t the time (from the �rst epoch

1

note the constant 3.3 cm wet delay subtracted from

the total value for better visibility

for which the model is derived), �
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o

at see level [Davis et al., 1993]).

In our study we compare the wet delay esti-

mates from WVR observations with the wet de-

lay estimates from VLBI and GPS data. Note,

however, that the horizontal gradient estimates

from WVR are for the wet part only, whereas

VLBI and GPS estimates are the total horizon-

tal gradients. We assume that the main gradi-

ent contribution is due to the wet part, which

is not completely true in situations when large

pressure or temperature gradients exist at the

site.

4. Data acquisition and processing

strategies

The data of the three techniques were processed

for 3 di�erent time intervals 90, 180, and 360

minutes, producing estimates of delay and hor-

izontal gradients. The VLBI data were pro-

cessed using the SOLVE software. The con-

straints for the total delay and the delay gra-

dients were 36 cm/day and 4 mm/day, respec-

tively. The mapping functions derived by Niell,

[1996] were used. Several solutions were pro-

duces using di�erent cut-o� angles of 5, 10, 15

and 20 degrees.

The GPS data at OSO are acquired in a con-

tinuous mode where a sampling frequency of 1 s

is used. The data are resampled to 300 s dur-

ing processing. JPL provided the orbits, the

earth orientation, and the clock correction pa-

rameters. Using the GIPSY [Webb and Zum-

berge, 1996] processing package with �xed or-

bits, earth orientation, clock correction param-

eters and station coordinates provides the op-

portunity to use the Precise Point Positioning

[Zumberge et al., 1997] technique, where the

zenith delay and linear gradients at the site are

estimated. The Niell mapping functions and

constrains equivalent to those used in the VLBI

analysis were used for the speci�cation of the

Kalman �lter used in GIPSY.

The WVR operates in a continuous sky scan-

ning mode. The zenith wet delay estimates are

obtained using an automated editing procedure
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for th sun

2

, the horizon mask

3

and rain

4

. After

the wet delay was obtained the gradient model

was �t to the data in a least squares sense to

estimate the north and the east gradient parts.

5. Intercomparison results

Before presenting the comparisons it is worth

to mention some features for each of the tech-

niques. The VLBI estimates, especially the gra-

dients might be a�ected by the source distribu-

tion on the sky. The GPS estimates will also be

a�ected to some extend by the location of On-

sala being 57

o

in latitude, resulting in a poorer

satellite coverage in the north. The WVR es-

timates are a�ected by rain and heavy clouds,

and during those periods the data have larger

uncertainties if they were not removed by the

editing.
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Figure 2: Wet delay statistics: a) weighted

means; b) weighted di�erences; c) wrms di�er-

ences.

First we present results for the zenith wet de-

lay estimated from VLBI, GPS and WVR. Fig-

ure 2 displays a statistical comparison. Plot

2

points obtained within 15

o

of the sun are removed

3

the 20 m antenna radome obscures the horizon be-

tween NE and E

4

the wet delay algorithm brakes down during rain

(2a) shows the weighted wet delay means. An

agreement at the 1 cm level and no signi�-

cant dependence on the estimation time inter-

val is observed. The second plot (2b) shows the

weighted mean di�erence between the di�erent

techniques. The WVR and the GPS results

agree better according to this criterion while

VLBI shows an underestimation of the delay.

The third plot (2c) shows the weighted RMS

(WRMS) di�erences. Some dependence on the

estimation interval is present. The agreement

varies between 1.0{1.5 cm for the di�erent com-

binations of the techniques. Changing the ele-

vation cut-o� angle in th VLBI analyses did not

a�ected the agreement. Given these results it

is di�cult to give any preferences for a better

than 1 cm level agreement between any of the

techniques.
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Figure 3: Gradient statistics: a) and b) abso-

lute mean north and east; c) and d) di�erences

north and east; e) and f) RMS di�erences north

and east.

Figure 3 presents the results for the north

and the east gradient components. The �rst

two rows are the weighted absolute means of

the gradient components. The WVR estimates

decrease for increased time intervals, which is

according to the expectations. The GPS esti-
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mates do not show a trend, while VLBI is es-

timating larger gradients for larger time inter-

vals. This last feature is not physically reason-

able and is up to now unexplained. It can be

mentioned that looking at the time series of the

VLBI gradient estimates shows that in general

the VLBI results show less gradient variability,

compared to WVR and GPS.
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Figure 4: a) Cross-Correlation results for the

90 minutes intervals; b) Correlation plot WVR

v/s GPS having the largest correlation coe�-

cient.

A possible reason for that might be that the

used constraints are too tight. Gradient di�er-

ences { plots (3c) and (3d) { show that the best

agreement is between VLBI and GPS results

and that there are larger discrepancies with the

WVR results. One possible explanation is that

both VLBI and GPS are sensitive to the total

gradient. In the eastern component this is not

that obvious. The agreement between VLBI

and GPS is also best for the WRMS di�erences

(Fig. 3e and 3f). The dependence of the av-

eraging time is again week. Since there is no

consistent trend we may be seeing random vari-

ations due to the limited data set. It is inter-

esting to mention that choosing higher cut-o�

angles increased the di�erences due to larger

estimated gradients from the VLBI data. This

is in agreement with the expectation of larger

tropospheric inhomogeneity for smaller scales.

Finally the correlation coe�cients for the 90

minutes estimates were calculated and the re-

sults are shown in Figure 4a. As expected the

wet delay correlation is high (at the 0.7 level),

while the estimated horizontal gradients are less

correlated, which again shows the di�culty of

comparing the small gradient components. Fig-

ure 4b shows one example correlation plot for

the east 90 minutes gradients from the WVR

v/s the GPS data set. This was the highest

(0.4) correlation coe�cient.

6. Conclusions and future work

From the presented comparison a good agree-

ment between estimated wet delays from VLBI,

GPS and WVR data was shown. The agree-

ment is independent of the averaging time and

the VLBI cut-o� angle and the WRMS di�er-

ences are at the 1{1.5 cm level, with correla-

tion coe�cients at the 0.7 level. The gradi-

ent comparison showed WRMS di�erences at

the level of 1{1.5 mm. This is comparable to

the magnitude of the gradients. Week depen-

dence on the estimation time was present and

a slightly better agreement between VLBI and

GPS on average was evident, possibly related

to the fact that both VLBI and GPS data are

sensitive to the total gradients. Another pos-

sibility is the fact that a major error source of

the WVR gradients is the presence of rain or

heavy clouds. In the future processing of GPS

data with elevation dependent weighting and

di�erent cut-o� angles might be included. Dif-

ferent tropospheric parameters constrains will

also be used. Finally we conclude that the typ-

ical size of the estimated horizontal gradient is

less than 1 mm. Given that the di�erences be-

tween the estimates using di�erent methods are

at the same order, larger data sets are needed

in order to study systematic e�ects.
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CORE: Continuous, High-Accuracy Earth Orientation Measurements
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Abstract. The international geodetic VLBI community will inaugurate during 1999 a new

phase of the program called CORE (Continuous Observations of the Rotation of the Earth).

The capabilities of the new Mark IV correlators, available as of mid-1999, will enable greater

sensitivity, more frequent observing sessions, and improved system throughput. The CORE

program, begun in 1996 with the CONT96 campaign, has gradually increased the number of

observing sessions per week. As of early 1999 the average is 2.5 24-hour sessions per week

(including the NEOS sessions). This will expand to 3.5 sessions per week beginning in the

second half of 1999, with the goal of continuous observing by the year 2001. The concept of

CORE requires that Earth orientation measurements will be made with several networks,

each operating on a different day. It is therefore important to determine whether there are

systematic differences between EOP derived from different networks. We have been

acquiring data from different networks observing on the same day or on sequential days in

order to validate this concept. Recent analysis comparing data from CORE-A, CORE-B, and

NEOS sessions shows that there are systematic differences in EOP, which are now under

active investigation.

Introduction

    Changes in the Earth Orientation Parameters (EOP) are due to either external torques, or to

internal redistribution of angular momentum between the Earth’s core, atmosphere, and

oceans. Measurements of EOP can therefore place constraints on geophysical models of the

solid Earth, the atmosphere, and the oceans. VLBI is one of the most important sources of

Earth orientation information that is available. Recognizing the importance of EOP

measurements, the international VLBI community is engaged in a program, CORE

(Continuous Observations of the Rotation of the Earth) to make continuous EOP

measurements beginning in 2001 ramping up from 3.5 24-hour sessions per week during

1999. Two critical elements of the CORE are the Mark-IV correlator that can process much

more data and the Mark-IV VLBI hardware that will provide much more precise

measurements due to an increase in recorded bandwidth by a factor of 8 The Mark-IV

correlator will be capable of supporting continuous data acquisition. The evolution of CORE

program is shown in Figure 1. Continuous measurements of EOP will be made with several

networks, each operating on a different day. For the CORE program to be successful, EOP

derived from the different VLBI networks that will be used need to agree. To investigate this

question, we have run a series of VLBI experiments starting in 1997, that are either

simultaneous (CORE-A) with the weekly NEOS network or on adjacent days (CORE-B).

Here we present results of comparisons of EOP measurements made by these networks.

Proceedings of the 13th Working Meeting on European VLBI for
Geodesy and Astrometry, Viechtach, 1999
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Figure 1. Amount of data collected as CORE evolves.

CORE-NEOS Comparisons

    The precision of VLBI measurements has continued to improve by about an order of

magnitude each decade. As can be seen in Figure 2, the best UT1 precision has been attained

for the NASA R&D experiments. The current best VLBI measurements of UT1 have a

precision of about 2 µs.

Figure 2. Precision of UT1 measured by VLBI. Dark filled circles are NASA R&D sessions

and the open circles are all other sessions.
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    One of the principal problems with high precision VLBI EOP is determining the

measurement accuracy. In the CORE program, EOP measurements will be made with several

different networks, where each network will operate on a different day. It is therefore

important to determine whether there are systematic differences between EOP derived from

different networks. Our basic test of accuracy consists of examining the differences between

EOP derived from independent VLBI measurements made by different networks.

    From the history of VLBI sessions from 1980 to the present, there are about 300

simultaneous sessions. Comparisons of these simultaneous sessions imply that the formal

EOP errors should be increased by a factor of 1.5-2.0. As can be seen in Figure 2 for UT1,

the EOP precision of these measurements varies over a wide range, which is greater than a

factor of ten compared to current precision. This reflects the evolution of the improvement of

precision. Therefore it is difficult to determine from this comparison whether the differences

are caused by random or systematic errors.

    To determine the current EOP accuracy, we have compared measurements made by CORE

and NEOS networks. The least squares estimation program (SOLVE) used in the analysis and

the theoretical models applies in the analysis are generally described by Ma et al. [1990]. The

weekly NEOS network uses Kokee, Green Bank, Fortaleza, Nyalesund, and Wettzell. The

CORE-A network sessions are simultaneous with NEOS sessions and use antennas at

Fairbanks, Westford, Hobart, Hartebeesthoek, and Matera. CORE-A should give the same

EOP as NEOS. There are 3 different CORE-B networks: (1) Algonquin, Fortaleza, Fairbanks,

Kashima, and Onsala, (2) Crimea, Fairbanks, Kashima, Kokee, Medicina, and Nyalesund, (3)

Fairbanks, Kokee, Noto, Green Bank, Seshan, Urumqi, and Yebes. NEOS and CORE-B

sessions are on adjacent days. During 1998, CORE-A and CORE-B were also on adjacent

days. For comparisons between networks operating on sequential days, we have extrapolated

EOP to the midpoint between each of the experiments.

    Figure 3 shows the difference between EOP measurements from the CORE-A and the

NEOS network. Tables 1-3 summarize the differences between networks. Based on the χ2
/dof

of the differences, there are clearly unmodeled sources of random or systematic error. One

could argue that the unmodeled error is entirely random and that the formal uncertainties of

the EOP estimates are too small by a factor of 1.3-2.0. This is consistent with Ryan et al.

[1993], who determined that the formal VLBI site velocity uncertainties were too small by a

factor of 1.5-2.0 using data decimation tests. There is evidence that there are also systematic

EOP errors. The mean differences between networks are also given in Tables 1-3 along with

the expected uncertainty of the mean difference assuming that all errors are random. In many

cases, the mean difference is significant and is a factor of 4-5 larger than the uncertainty of

the mean.

    For the NEOS-CORE-A, the differences are significant for X,Y, and UT1. For NEOS-

CORE-B, the differences are significant only for UT1. Although the significance of these

mean differences is clear from the size of the mean differences compared with the uncertainty

of the mean, we have done an F-test to evaluate the significance. We suppose that there is

reallya systematic difference between networks, given by the mean difference and compute

the χ2
/dof about the mean. The F-test simply determines the probability that random error

could reduce the χ2
/dof by the observed amount when one parameter (the mean difference) is

estimated. This probability is very small for those cases where the mean difference is several

times the expected mean error. For NEOS/CORE-A, the probability is less than 0.1% for X

and Y and less than 2% forUT1. In the case of NEOS/CORE-B, it is less than 2% for UT1.
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Figure 3. NEOS minus CORE-A EOP estimates for 1997-1998
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Table 1. NEOS - CORE-A Differences

#sessions χ2
/dof Wrms <σ> Mean <σ>/√N

X(µas) 43 3.6 280 153 -147 23

Y(µas) 43 1.7 280 128 -85 20

UT1(µs) 43 3.0 11.1 6.0 3.7 0.9

LOD(µs) 43 1.9 18.2 14 2.2 2.1

Table 2. NEOS - CORE-B Differences

#sessions χ2
/dof Wrms <σ> Mean <σ>/√N

X(µas) 30 3.9 285 151 -18.2 28

Y(µas) 30 2.6 198 130 -30.1 24

UT1(µs) 30 3.2 15.2 8.9 10.6 1.6

LOD(µs) 30 3.8 24.6 14 -7.4 2.5

Table 3. CORE-B - CORE-A Differences

#sessions χ2
/dof Wrms <σ> Mean <σ>/√N

X(µas) 14 4.4 242 118 -99 33

Y(µas) 14 4.3 206 102 -74 27

UT1(µs) 14 2.3 9.6 6.5 -5.7 1.7

LOD(µs) 14 4.5 21 10 11 2.7
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Summary

    Analysis of 73 comparisons between NEOS and CORE networks indicates that formal

errors of EOP measurements are too small by a factor of 1.3-2.0. We have found evidence of

systematic differences between the EOP measurements made by different networks. These

differences appear as a statistically significant mean offsets between the EOP derived from

the networks. For networks operating on consecutive days, some of this difference may be

due to the interpolation between days. The source of the difference between EOP from the

CORE-A and NEOS networks is not clear since these networks operate on the same day. It is

possible that network geometry is producing these differences. The cause of these systematic

differences is under active investigation.

References

Ma, C., J. M. Sauber, L. J. Bell, T.A. Clark, D. Gordon, W. E. Himwich, and J. W. Ryan,

Measurement of horizontal motions in Alaska using very long baseline interferometry, J.

Geophys. Res., 95(B1), 637-651, 1994.

Ryan, J. W., T. A. Clark, C. Ma, D. Gordon, D. S. Caprette, and W. E. Himwich, Global

scale tectonic plate motions measured with CDP VLBI Data, in Contributions of Space

Geodesy to Geodynamics: Crustal Dynamics, Geodyn. Ser., vol. 23, edited by D. E. Smith

and D. L. Turcotte, pp. 37-49, AGU, Washington, D. C., 1993.

171



Short-period variations of the Earth rotation parameters as seen by VLBI

H. SCHUH

Deutsches Geodätisches Forschungsinstitut (DGFI)

Marstallplatz 8, D-80539 München, Germany 

schuh@dgfi.badw.de

O. TITOV

Saint-Petersburg State University, 

Bibliotechnayapl. 2, Peterhof, 198904 Saint-Petersburg, Russia

oleg_titov@usa.net

Abstract

Modern geodetic VLBI experiments provide very accurate results of polar motion and UT1-UTC. More than 300

VLBI experiments (NEOS-A from 1993 till 1998, CONT'96, CORE) were analysed by the OCCAM 3.4 VLBI

software using the least-squares collocation method (LSCM). The LSCM allows to estimate the Earth rotation

parameters with a temporal resolution of 3-7 minutes. Wavelet transformations of the UT1-UTC and polar motion

time series obtained by the VLBI solutions were done. Several irregular quasi-periodic variations were found

besides the well known diurnal and semidiurnal periods. In many UT1-UTC data sets periods around 8 hours and

between 5 and 7 hours can be seen. The results of two parallel VLBI sessions which took place since 1998 were

compared in the high-frequency range. The wavelet analysis reveals interesting patterns in polar motion, too.

1. Introduction

The geodetic and geophysical interest in VLBI is based on the use of a quasi-inertial reference frame formed by a

set of compact extragalactic radio sources. VLBI measures very accurately the angles between the Earth-fixed

baseline vectors and the directions to the space-fixed radio sources. Thus, even the most subtle changes of the

baseline lengths and of the baseline directions with respect to the inertial system can be detected. Geodynamical

phenomena such as polar motion, Universal Time (UT1) variations, precession and nutation, Earth tides, ocean

tidal response, and tectonic plate motions can be monitored with highest accuracy. 

The UT1 variations are dominated by the seasonal terms, an annual and a semiannual oscillation; but there is also

a rich spectrum of tidally induced short-period oscillations (Yoder et al., 1981), which could be seen by VLBI due

to its increasing accuracy from mid of the eighties (Robertson et al., 1985; Campbell and  Schuh, 1986). Even the

short-period tidal influences of the oceans  (Brosche  et al., 1989) could be detected in the VLBI measurements by

analysing a large number of observing sessions (Brosche et al., 1991). Today, a very high temporal resolution of

the Earth rotation parameters can be achieved by VLBI using the least-squares collocation method (LSCM) (Titov,

1998). It allows to estimate the Earth rotation parameters every 3-7 minutes. This paper concentrates on short-

period variations of the Earth rotation parameters which can be seen when analysing the VLBI results.
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2. Earth rotation parameters observed by VLBI

More than 300 VLBI experiments (NEOS-A from 1993 till 1998, CONT'96, CORE) were analysed by the OCCAM

3.4 VLBI chosing the LSCM approach. Figure 1 shows UT-UTC1 parameters determined during five days of the

VLBI campaign CONT in September 1996. In general there is a good agreement between the results obtained

within this study and other VLBI solutions, e.g. the US Naval Observatory (USNO) hourly estimates. From the

whole data set, i.e. from more than 300 sessions, the amplitudes of the main diurnal and semidiurnal UT1

variations due to the ocean tides were determined (Titov, 1998). They agree well with other empirical models, e.g.

those given in the IERS Conventions (1996). After the ocean tidal influences were removed from the observed

UT1-UTC series, the residuals offer the opportunity to search for even smaller variations in the rotation of the

Earth. Those are supposed to be due to resonances with modes of the Earth or due to excitation by Earthquakes.

Also the VLBI polar motion data sets provide the opportunity to investigate the very short periods.

Fig. 1: UT1-UTC parameters with high temporal resolution determined during five days of the VLBI campaign

CONT in September 1996.

3. Wavelet analysis of Earth rotation parameters

There are several remarkable advantages of the wavelet transform, which was introduced by Grossmann and Morlet

(1984), in comparison with ‘classical’ methods based on the Fourier transform. In the wavelet transform, the

harmonic oscillation is replaced by a wavelet function which is adapted to the signal to be analysed by shifting it along

the time axis and scaling it along the frequency axis. It allows the time localization of an unstable quasi-periodic

signal within a given data set. Hence, the wavelet transform is an excellent tool for analysing signals with time-

varying amplitudes and/or periods.
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Many of the high-resolution UT1-UTC data series and polar motion data series obtained by the VLBI solutions

were analysed with respect to periodic variations. First, the main diurnal and semidiurnal variations due to the

ocean tides were removed using the IERS Conventions (1996) correction model. Then, the wavelet transformation

was applied. Although ocean tidal influences had been already corrected, many of the wavelet spectra of the UT1

series show residual energy in the diurnal and semidiurnal period range. This can be due to different reasons:

1. The IERS Conventions (1996) correction model is not good enough. It contains only the big diurnal and

semidiurnal terms but neglects the smaller ones.

2. The ocean tidal influences on the rotation of the Earth are variable with time for each tide, i.e. they cannot be

described by simple trigonometric functions with constant amplitudes and phases. Due to interactions between the

ocean currents and the ocean tides it is rather likely that the ocean models have to become refined in the future.

3. There are other influences than ocean tides on the rotation of the Earth with diurnal and semidiurnal periods.

These could be caused by the atmosphere for instance. 

Additionally, most of the datasets revealed irregular quasi-periodic fluctuations, very often at 20 hours and 40

hours and also with extremely short periods, e.g. around 8 hours, between 5 and 7 hours and even down to 2 to 3

hours. After having subtracted the main ocean tidal terms from the CONT 1996 UT1-UTC series the wavelet

spectrum was computed. In figure 2 it is plotted for very short periods below 10 hours.

Fig. 2: Wavelet spectrum for periods below 10 hours of the high resolution UT1-UTC series shown in figure 1

(ocean tidal terms removed)
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Parallel sessions on different VLBI networks which took place since 1998 offer the opportunity for independent

observations of the Earth rotation and hence the wavelet spectra should contain the same variations of the Earth

rotation parameters. Figures 3a,b show the results obtained by the VLBI NEOS-A network (Green Bank - Fortaleza

- Kokee - Ny Alesund - Tigo) and the CORE-A network (Fairbanks - HartRAO - Hobart - Matera - Westford -

Algonquin Park); both started from March, 24th, 1998, 18.00 to observe simultaneously for 24h (NEOS-A256 and

CORE-A032). It should be noted that the two networks form two completely different VLBI ‘observing systems’,

i.e. different radiosources were observed by different stations. As we are mainly interested in the short-period

variations a comparison in the frequency domain was carried out. Figures 4a,b show the wavelet spectra of the

UT1-UTC series obtained by the two VLBI sessions: both agree rather well - in particular a dominant variation

around 8 hours can be seen which decreases in the second part of the sessions. As these are the only parallel VLBI

sessions which have been analysed so far, further comparisons have to be done. 

The VLBI solutions using the LSCM yielded also high-resolution polar motion series. These were  analysed as

complex values by the wavelet transformation. The wavelet spectra revealed irregular prograde and retrograde

short-period fluctuations in polar motion, again very often around 8 hours and even with shorter periods, e.g. at 5-7

hours. 

4. Conclusions

VLBI is unique in its ability to monitor without hypotheses all components of Earth orientation. The results of

VLBI experiments can be used for scientific research in many areas, such as: tidal deformation of the solid Earth

and oceanic and atmospheric tidal loading, excitation of UT1 and polar motion down to periods of a few minutes,

investigations of the Earth interior and improvements of the terrestrial reference frame. The Earth rotation data

observed by VLBI have begun to reveal hitherto unseen phenomena. Irregular quasi-periodic variations can be

seen in the wavelet spectra besides the well known diurnal and semidiurnal periods. Possible excitation

mechanisms for the observed variations of the Earth rotation parameters such as terdiurnal variations, the free

oscillations of the oceans (10h, 20h, 40h, 50h), atmospheric modes and resonances with free oscillations of the

Earth (e.g. the Slichter mode) are under discussion. Careful tests have to be done to check the significance of such

tiny variations. In particular, correlations with meteorological parameters at the observing stations are going to be

investigated.
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Fig. 3a,b: UT1-UTC parameters with high temporal resolution determined by two parallel VLBI sessions starting

on March 24th, 1998 (lower plot: CORE-A032, upper plot: NEOS-A256)
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Fig. 4a,b: Wavelet spectra for periods shorter than 15 hours of  the the two time series shown in figure 3a,b 
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Abstract

One of the main reasons to do space geodetic observations for instance by using geodetic Very

Long Baseline Interferometry (VLBI) is to acquire scienti�c data for earth rotation studies. The

analysis of space geodetic observations requires completeness in the modeling of earth deformation

e�ects. This includes as the largest contributions solid earth tides and ocean tide loading. We

concentrate on the e�ect of modeling errors in ocean tide loading on the estimated earth rotation

parameters. Particularly, neglecting the horizontal components of ocean tide loading perturbs the

estimated earth rotation parameters on daily and subdaily time scale. Predictions and observations

of this in
uence in the frequency and the time domain are compared and discussed in this paper

for di�erent geodetic VLBI networks.

1 Introduction

Geodynamic processes deforming the solid earth, displacing masses in the hydrosphere, atmosphere

and the earth's core in
uence the earth's rotational behavior. One way to investigate these processes

is to infer the driving mechanisms from studies of earth orientation variations. For this purpose space

geodetic techniques like Very Long Baseline Interferometry (VLBI), Global Positioning System (GPS),

Satellite Laser Ranging (SLR) and Lunar Laser Ranging (LLR) are used to measure earth rotation

parameters.

In the analysis of space geodetic data all known earth deformation e�ects have to be accounted

for. This includes the solid earth tides, and as the second largest e�ect ocean tide loading, on

which we concentrate in this paper. Software packages for the analysis of geodetic VLBI data, e.g.

CALC/SOLV/GLOBL [Ma et al., 1990], MODEST [Sovers and Jacobs, 1996], contain modules to

compute ocean tide loading e�ects since many years. But software packages for other techniques, e.g.

the Bernese analysis software for GPS data, only recently included this e�ect [Rothacher, 1998, pers.

comm.].

Horizontal ocean tide loading displacements are smaller by a factor of 3 to 10 than the vertical ones

but are of special importance for the study of polar motion and UT1 (PMU). Mismodeling of horizontal

ocean tide loading in the analysis of space geodetic data introduces a common rotation of the network

of space geodetic sites. The determined polar motion and UT1 parameters will be contaminated due to

this mismodeling. We call this e�ect `virtual PMU variations' (VPMU). These are mainly semidiurnal

and diurnal oscillations since ocean tide loading occurs mainly in these frequency bands. The e�ects

are especially important for sparse networks with a small number of participating stations. As the

number of stations of the network increases, the common rotation mode becomes more and more

rejected and will converge to zero in a continuum situation.

In our paper we predict virtual PMU variations in the frequency and the time domain for the worst

case of a complete neglection of horizontal ocean tide loading and compare the predictions to results

obtained from the analysis of geodetic VLBI data. We also show that di�erences in existing ocean tide

loading models can introduce `model dependent virtual PMU variations' (MD-VPMU) with signi�cant

magnitude. Regarding expectation of future measurement accuracy in particularly VLBI they appear

to be signi�cant.
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2 Ocean tide loading

The earth's crust is a�ected by the load of oceanic masses which are redistributed by ocean tides. The

crust deforms mainly elastically to this load and site displacement of several centimeters for the vertical

and a tenth to a third of it for the horizontal component are induced. Ocean tides are coherent in

frequency with the solid earth tides but due to the geometry of the oceanic basins and hydrodynamic

resonance e�ects they show a complicated geographic distribution. So the resulting ocean tide loading

e�ects are strongly site dependent.

Usually this complex hydrodynamic problem is parameterized in a site dependent ocean tide loading

model, and a number of amplitude and phase parameters are determined for each site. The loading

parameters are computed using tidal amplitudes and phases from ocean tide models and Green's

functions. Usually the 11 most important tides are treated individually, and the others can optionally

be interpolated on the basis of the admittance spectrum. We will concentrate in the following on the

three ocean tide loading models by Scherneck [1991, 1996] which are based on the ocean tide models

by Schwiderski [1980], Le Provost et al. [1994] and on the CSR3.0 ocean tide model [Eanes and

Bettadpur, 1995] and will be called M-S, M-L and M-C, respectively.

Figure 1 shows radial ocean loading amplitudes for the M

2

tide in the Atlantic ocean area according

to the ocean loading model M-L based on the ocean tide model by Le Provost et al. [1994]. Strong

loading e�ects occur in western Europe, at the east coast of North American and the north-east coast

of South America.

Fig. 1: Vertical ocean tidal loading for the M

2

tide according to the model M-L by Scherneck [1996] based on

the ocean tide model by Le Provost et al. [1994]

Table 1 shows ocean tide loading amplitudes and phases of the strongest tide (M

2

) for the VLBI

stations Fortaleza (Brazil) and Westford (USA). The latter site on the north-east coast of the USA is

frequently used in geodetic VLBI observations for Earth rotation studies. The inclusion of the Gulf

of Maine in the ocean tide models is an importance di�erence between the three ocean tide loading
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models. The more recent ocean tide models by Le Provost et al. [1994] and Eanes and Bettadpur [1995]

do not include this ocean basin which is strongly resonant near theM

2

tide frequency [Greenberg, 1987]

while the older ocean tide model by Schwiderski [1980] does.

Tab. 1: Ocean tidal loading models for Fortaleza (Brazil) and Westford (USA): (u)p, (e)ast and (n)orth compo-

nents, amplitudes A in [mm] and phases � in [

�

] for the M

2

tide. The models are: 1 Model M-S based

on Schwiderski [1980], 2 Model M-L based on Le Provost et al. [1994], 3 Model M-C based on Eanes

and Bettadpur [1995].

site tide component M-S

1

M-L

2

M-C

3

A [mm] � [

�

] A [mm] � [

�

] A [mm] � [

�

]

Fortaleza M

2

u 32.67 39.7 36.01 34.0 37.63 34.3

e 3.13 28.8 4.69 16.4 4.97 20.8

n 5.35 62.9 5.08 51.0 5.64 51.9

Westford M

2

u 10.24 185.0 8.24 162.4 8.15 165.4

e 4.21 215.2 2.58 212.0 2.75 208.3

n 2.25 324.4 1.62 350.3 1.67 354.9

From the ocean tide loading models M-S, M-L and M-C maximum absolute e�ects of site displace-

ment can be calculated which is shown in Table 2 for frequently used geodetic VLBI sites. For these

stations the maximum peak displacements can reach 70 mm and 12 mm for the vertical and horizontal

components, respectively.

Tab. 2: Maximal ocean tide loading e�ects (u)p, (e)ast and (n)orth in [mm] for frequently used geodetic VLBI

sites. See Table 1 for description of the models.

VLBI site

M-S M-L M-C

u e n u e n u e n

Algonquin (Canada) 15.4 5.1 1.5 16.5 4.6 1.2 16.1 4.8 1.4

Fortaleza (Brazil) 61.4 7.0 11.2 67.8 9.1 11.3 70.5 9.6 11.9

Gilmore Creek (USA) 25.0 3.5 10.2 26.9 3.9 10.9 28.6 3.6 10.6

Green Bank (USA) 17.9 5.9 1.4 18.3 5.1 1.0 18.2 5.4 1.0

Hartebeesthoek (South Africa) 32.7 3.4 3.3 36.0 2.5 3.8 33.9 2.9 3.7

Hobart (Australia) 32.4 10.5 6.0 32.9 9.8 6.0 33.1 10.1 5.9

Kokee Park (USA) 41.6 9.5 11.0 43.4 9.5 11.5 48.3 9.8 11.9

Ny

�

Alesund (Norway) 21.4 5.9 4.2 23.5 5.8 5.1 24.1 6.1 5.2

Onsala (Sweden) 12.0 3.7 2.2 11.6 3.8 2.4 11.8 3.7 2.4

Westford (USA) 25.4 7.5 4.6 22.9 5.1 3.5 23.3 5.5 3.9

Wettzell (Germany) 12.0 3.7 2.2 11.6 3.8 2.4 11.8 3.7 2.4

Yellowknife (Canada) 17.3 7.3 3.9 18.7 7.6 4.1 19.5 7.5 3.7
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3 Predicting virtual PMU variations

Two realizations of a space geodetic networks consisting of a �nite set of observing stations give

di�erent results for polar motion and UT1 depending on how the horizontal ocean tide loading is

modeled. The di�erences will be in the frequency spectrum of the ocean tide loading, so the largest

e�ects are to be expected in the semidiurnal and diurnal frequency range. The worst case is the

complete neglection of horizontal ocean tide loading while the second worse case is mismodeling of the

horizontal ocean tide loading e�ects.

The e�ects can be predicted using usual Helmert transforms. We transform the amplitude and

phases of horizontal ocean tide loading for the stations participating in a geodetic VLBI network into

a common rotation of the network which can be described by three rotation angles corresponding to

polar motion and UT1. So for each tide included in ocean tide models a set of three rotation angles

can be derived. Usually 11 main tides are included in ocean tide loading models, so 11 times three

rotation angles can be derived from the Helmert transforms. From this representation in the frequency

domain it is easy to calculate time series of virtual PMU variations for any period of interest.

Table 3 shows as an example amplitudes of prograde and retrograde polar motion and amplitudes

of UT1 for the NEOS-A network consisting of the �ve stations Fortaleza, Green Bank, Kokee Park,

Ny

�

Alesund and Wettzell for the case that ocean tide loading according to model M-S based on the

ocean tide model by Schwiderski [1980] is neglected completely. The amplitudes for virtual PMU

variations reach values of 50 �as and 1.5 �sec, respectively.

Tab. 3: Frequency domain representation of virtual PMU variations for the NEOS-A geodetic VLBI network.

Shown are amplitudes of polar motion (prograde and retrograde) in [�as] and UT1 variations in [�sec]

due to the neglection of horizontal ocean tide loading according to model M-S.

polar motion UT1

prograde retrograde

tide Ap

1

Ap

2

Ar

1

Ar

2

A

1

A

2

M

2

�10:3 24:9 �52:3 19:8 0:8 1:9

S

2

1:0 7:4 �19:3 �2:9 0:4 0:6

N

2

�4:0 5:1 �9:9 6:4 0:0 0:4

K

2

1:0 1:3 �4:8 �1:3 0:0 0:1

K

1

3:4 �10:7 �5:6 �8:3 �1:3 1:0

O

1

3:5 �5:1 �6:6 �2:2 �1:5 0:1

P

1

1:1 �3:3 �1:8 �2:4 �0:4 0:3

Q

1

0:7 �1:3 �1:7 �0:2 �0:3 �0:1

Mf 0:8 �1:4 1:6 �1:1 0:1 0:0

Mm 0:3 �0:7 0:5 �0:4 0:1 0:0

Ssa 0:3 0:2 1:2 �1:3 0:2 �0:1

In a similar way model dependent virtual PMU variations (MD-VPMU) can be calculated by Helmert

transform. Here we transform the di�erences in the horizontal ocean tide loading according to the

di�erent models into virtual rotations.

Maximum e�ects for VPMU variations and MD-VPMU variations can be calculated and are shown

in Table 4 for di�erent geodetic VLBI networks used for earth rotation studies. The VLBI networks are

IRIS-S (Fortaleza, Gilmore Creek, Hartebeesthoek, Westford, Wettzell), NEOS-A (Fortaleza, Green

Bank, Kokee Park, Ny

�

Alesund, Wettzell), CORE-A (Algonquin, Gilmore Creek, Hartebeesthoek,

Hobart, Matera, Westford) and CORE-B (Algonquin, Fortaleza, Gilmore Creek, Goldstone, Kashima,
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Onsala, Wettzell, Yellowknife). The values are maximum values for a time period of 20 years and

assume ideal geometry and parameter estimation. The maximum values for VPMU reach 190 �as and

130 �as for x

p

and y

p

, respectively and 10 �sec for UT1, the maximum values for MD-VPMU reach

40 �as and 25 �as for x

p

and y

p

, respectively, and nearly 3 �sec for UT1. Since hourly estimates for

polar motion and UT1 have formal errors of about 120 �as and 8�sec, respectively [Gipson, 1996],

the predicted VPMU are within the resolving power of the observations. The MD-VPMU are small

compared to the present day accuracies and so cannot be detected today. However the e�ects may

exceed the detection threshold with the expected increase of accuracy in VLBI in the CORE program

[Clark et al., 1997].

Tab. 4: Maximal VPMU and MD-VPMU variations due to the neglect or di�erences of horizontal ocean tide

loading, respectively for di�erent VLBI networks. Polar motion is given in [�as], UT1 in [�sec]. VPMU

variations are calculated from neglect of 1 model M-S, 2 model M-L and 3 model M-C. MD-VPMU

variations are calculated exchanging 4 model M-S and M-L, 5 model M-S and M-C and 6 model M-L

and M-C. See text for the description of the VLBI networks.

Network V

S

1

V

L

2

V

C

3

D

SL

4

D

SC

5

D

LC

6

IRIS-S x

p

185.3 187.2 188.6 28.4 24.6 12.4

y

p

67.9 66.7 71.2 11.2 12.1 11.3

UT1 5.5 7.1 8.1 2.1 2.9 1.1

NEOS-A x

p

110.8 114.8 123.7 23.2 29.5 11.8

y

p

125.8 123.9 130.5 25.2 12.9 16.6

UT1 6.8 7.0 7.7 2.5 2.4 0.8

CORE-A x

p

116.7 103.9 96.8 40.2 35.7 11.7

y

p

40.7 33.2 32.5 15.7 17.5 5.4

UT1 5.3 6.3 6.3 1.6 1.3 0.6

CORE-B x

p

135.4 135.0 131.4 32.2 25.4 16.2

y

p

70.6 72.7 81.8 13.0 17.1 17.6

UT1 8.3 9.7 9.9 2.0 2.0 0.7

4 Comparing predictions to results from VLBI analyses

In this chapter we describe the work we did concerning the comparison of predicted and observed

VPMU variations. We concentrated on the worst case, the complete neglection of horizontal ocean

tide loading. The comparisons were performed in the frequency and in the time domain.

For the comparison in the frequency domain we used the data of IRIS-S network. Since there has

been some changes in the network con�guration during the years we had to �nd a set of stations

representing the IRIS-S network. We chose the four stations Fortaleza, Hartebeesthoek, Westford

and Wettzell because they participated in most of the sessions. With this set of stations we predicted

amplitudes of VPMU in the frequency domain according to M-S using Helmert transforms as described

before.

We used the IRIS-S data set from 1986 to 1998 to derive high frequent polar motion and UT1 values

at tidal frequencies. Radio source coordinates, station coordinates and velocities were �xed to the

most recent global VLBI solution by Goddard Space Flight Center [Ma and Ryan, 1998] as well as

polar motion UT1 and nutation. Clock and atmosphere parameters were estimated piecewise linearly

for each session and high frequent polar motion and UT1 amplitudes as global parameters. We pre-

pared two solutions, one applying horizontal and vertical ocean tide loading according to M-S and one
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applying only vertical ocean tide loading according to M-S. Then we calculated the di�erences of the

results for the high frequency polar motion and UT1 amplitudes determined in these two solutions.

Table 5 shows predictions and observations for virtual PMU variations due to neglection of horizon-

tal ocean tide loading according to M-S for the 2 strongest tides in the semidiurnal and the diurnal

frequency band for the IRIS-S network.

Tab. 5: Predicted and observed VPMU variations in the frequency domain for the two strongest tides in the

semidiurnal and diurnal frequency band due to neglect of horizontal ocean tide loading according to

model M-S for the IRIS-S network.

polar motion, prograde polar motion, retrograde

predicted observed predicted observed

tide Ap

1

Ap

2

Ap

1

Ap

2

Ar

1

Ar

2

Ar

1

Ar

2

[�as] [�as] [�as] [�as] [�as] [�as] [�as] [�as]

M

2

�21:2 50:3 �3:8� 12:1 22:9 � 12:0 �43:8 �20:9 �25:4� 12:2 �18:2 � 12:3

S

2

2:7 13:3 5:6� 12:2 5:2 � 11:6 �11:0 �14:8 �6:3� 12:4 �14:7 � 11:8

K

1

8:9 4:5 �15:3� 14:0 �5:6� 14:9 �11:1 �8:5 �13:9� 14:1 19:9 � 15:0

O

1

4:9 1:4 �6:0� 14:5 6:9 � 14:3 �1:8 �2:8 �5:3� 14:5 �19:0 � 14:6

UT1

tide A

1

A

2

A

1

A

2

[�sec] [�sec] [�sec] [�sec]

M

2

�1:6 1:6 �3:4� 1:2 �0:5� 1:2

S

2

�0:7 0:6 �1:7� 1:2 �0:4� 1:1

K

1

0:2 �0:1 0:2� 1:4 0:8� 1:4

O

1

�0:2 �0:2 �1:5� 1:4 �0:3� 1:4

The comparison in the frequency domain shows that the predicted e�ects can be veri�ed to a

large extent. The neglect of horizontal ocean tide loading introduces amplitudes of VPMU variations

similar to the predicted values. The semidiurnal tides show a better agreement than the diurnal ones.

However, the agreement is not perfect which should not be surprising since the predictions as based

on idealized assumptions as to source geometry and independence of estimated parameters. This is

not true in the real-world case. The IRIS-S network con�guration has been changing over the years

and a perfect geometry is not given due to visibility constraints that lead to subnetting in the network

observations.

For the comparison in the time domain we used the intensive CONT94 campaign. The results of

this comparison have been described in Scherneck and Haas [1999] and will only be summarized here

brie
y. We predicted VPMU variations for the CONT94 observations and compared the predictions to

results from VLBI data analysis. For the analysis we estimated hourly polar motion and UT1 values

once with vertical and horizontal ocean tide loading and once only with vertical ocean tide loading.

The di�erences between the hourly PMU were compared to the predicted values.

The observed VPMU variations show typical tidal behavior in the semidiurnal and diurnal frequency

bands and are similar to the predicted e�ects. The observed e�ects are larger than the predicted ones

by a factor of 2{3 and appear to have a complicated frequency dependence since diurnal variations

are less attenuated than semidiurnal ones. The reason for these discrepancies is most probably again

as above, namely idealized conditions in the computation of the predictions.
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5 Conclusions

This study shows the importance of horizontal ocean tide loading for the determination of polar

motion and UT1 (PMU) with space geodetic techniques. A geodetic network consisting of a �nite

number of participating stations exhibits a common rotation mode due to horizontal ocean tide loading

which is not negligible. Neglect of horizontal ocean tide loading in the analysis of space geodetic data

contaminates the derived polar motion and UT1 values in form of small periodic rotations that have

similar character as the in
uences coming from matter and motion perturbations in the ocean tide via

rotation dynamics.

We predicted virtual PMU variations due to neglect of horizontal ocean tide loading in the frequency

and the time domain and veri�ed these predictions by analysis of geodetic VLBI data. Other space

geodetic methods, e.g. GPS will be a�ected in the same way, of course.

Di�erences in existing ocean tide models have predicted e�ects on virtual PMU variations of up to

40 �as and 3 �sec for polar motion and UT1, respectively. They will be of importance for future

earth rotation studies considering the expected accuracies of e.g. the CORE program. Today these

tiny e�ects are still to small to be detected, but in the future they are likely to reach the detection

threshold.

For the analysis of space geodetic data the best available ocean tide loading models should be used.

Comparison of existing theoretical ocean tide loading models to empirical results from VLBI [e.g.

Sovers, 1994, Haas and Schuh, 1998] and GPS are useful to verify and/or re�ne ocean tide loading

models.
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7(&721,&�027,21�2)�(8523($1�9/%,�6,7(6

2���7LWRY
6DLQW�3HWHUVEXUJ�6WDWH�8QLYHUVLW\

%LEOLRWHFKQD\D�VT����3HWHUKRI��6DLQW�3HWHUVEXUJ����������5XVVLD
H�PDLO���ROHJBWLWRY#XVD�QHW

����,QWURGXFWLRQ

9/%,�VLWHV�LQ�(XURSH�VKRZ�YHU\�FRPSOH[�PRWLRQ�GXH�WR�WHFWRQLF�SURFHVVHV��5HJXODU�9/%,

VHVVLRQV�KHOS�XV� WR� WUDFH�D� LQGLYLGXDO�GULIW�RI�HDFK�VLWH�DV�ZHOO�DV�D�JHQHUDO�RYHUYLHZ�RI� WKH

ZKROH�QHWZRUN��7KH�VHVVLRQV�KDYH�EHHQ�SURFHVVHG�XVLQJ�2&&$0�VRIWZDUH� >7LWRY��=DUUDRD�

����@�� (YROXWLRQ� RI� (XURSHDQ� EDVHOLQHV� LV� UHVXOWHG�� 5DWHV� RI� EDVHOHQJWK� HYROXWLRQ� DUH

FRPSDUHG�ZLWK�*6)&�RQHV� REWDLQHG� XVLQJ�&$/&�62/9(� VRIWZDUH� V\VWHP� >&DSUHWWH� HW� DO��

����@�� (YROXWLRQ� RI� 1\�$OHVXQG� 9/%,� VLWH� LV� FRQVLGHUHG� LQ� GHWDLOV�� 5DWHV� RI� WKH� VWDWLRQ

FRPSRQHQW�GULIW�DUH�SUHVHQWHG��,W�LV�FRQFOXGHG�WKDW�WKH�PRWLRQ�RI�VRPH�9/%,�VLWHV�FDQ�QRW�EH

DSSUR[LPDWHG�E\�FRQYHQWLRQDO�115�189(/��$�PRGHO�>'H0HWV�HW�DO�������@�

����2EVHUYDWLRQDO�GDWD�DQG�SURFHGXUH�IRU�DGMXVWPHQW

7R� DQDO\]H� D� WHFWRQLF� PRWLRQ� RI� 9/%,� VLWHV� ��� REVHUYDWLRQDO� VHVVLRQV� RQ� (XURSHDQ

QHWZRUN� �IURP� ��� -DQXDU\� ����� WLOO� ��� $XJXVW� ������ KDYH� EHHQ� SURFHVVHG� XVLQJ�2&&$0

VRIWZDUH��$OO�UHGXFWLRQV�ZHUH�PDGH�LQ�DFFRUGDQFH�ZLWK�,(56�&RQYHQWLRQV������>0F&DUWK\�

����@��.DOPDQ� ILOWHU�DSSURDFK�KDV�EHHQ�XVHG� WR�DGMXVW� LQGLYLGXDO� VHVVLRQV�� ,&5)���� V\VWHP

IL[HG� FHOHVWLDO� UHIHUHQFH� IUDPH�� ,57)��� SRVLWLRQV� DQG� 115�189(/��$� YHORFLWLHV

DSSUR[LPDWHG� WKH� VLWHV�PRWLRQ��9/%,� VWDWLRQ�:HWW]HOO�ZDV� D� UHIHUHQFH� RQH� IRU� DOO� VHVVLRQV�

1XWDWLRQ�RIIVHW�WR�,$8������PRGHO��FORFN�RIIVHWV�DQG�UDWHV�DV�ZHOO�DV�ZHW�WURSRVSKHUH�GHOD\V

DUH�HVWLPDWHG��5DQGRP�ZDON�VWRFKDVWLF�PRGHO�LV�DSSOLHG�IRU�FORFN�DQG�WURSRVSKHUH�SDUDPHWHUV

DSSUR[LPDWLRQ�

1H[W�VWHS�,�DQDO\]HG�DQ�HYROXWLRQ�RI�EDVHOLQHV�XVLQJ�FRQYHQWLRQDO�ZHLJKWHG�OHDVW�VTXDUHV

SURFHGXUH��%DVHOHQJWK�IRU�HSRFK��������DV�ZHOO�DV�EDVHOHQJWK�UDWH�ZHUH�HVWLPDWHG�RQO\�

7R�VWXG\�D�PRWLRQ�RI�1\�$OHVXQG�9/%,�VLWH�,�KDYH�SURFHVVHG�����REVHUYDWLRQDO�VHVVLRQV

RQ� GLIIHUHQW� QHWZRUNV� �IURP� ��� 2FWREHU� ����� WLOO� ��� 'HFHPEHU� ������ XVLQJ� WKH� VDPH

DSSURDFKHG�DV�PHQWLRQHG�DERYH��9HUWLFDO��ODWLWXGH�DQG�ORQJLWXGH�FRPSRQHQWV�ZHUH�HVWLPDWHG

IRU�HDFK�REVHUYDWLRQDO�HSRFK��7HPSRUDO�HYROXWLRQ�RI�WKH�FRPSRQHQWV�LV�FRQVLGHUHG�

����(YROXWLRQ�RI�(XURSHDQ�EDVHOLQHV

7DEOH� �� VKRZV� D� YHORFLW\� UDWHV� IRU� ��� (XURSHDQ� EDVHOLQHV� ZKLFK� KDYH� ORQJ� KLVWRU\� RI

REVHUYDWLRQV��PRUH�WKDQ�ILYH�\HDUV���7KH\�DUH�FRPSDUHG�ZLWK�UDWHV�IURP�1$6$�*6)&�JOREDO

VROXWLRQ� $XJXVW�� ����� >0D�� 5\DQ�� ����@�� 7KH� *6)&� YDOXHV� ZHUH� REWDLQHG� XVLQJ� 62/9(

VRIWZDUH� IURP� DOO� 9/%,� GDWD� ILOHV� �QRW� (XURSHDQ� QHWZRUN� RQO\��7KHUHIRUH� D� VWDQGDUG

GHYLDWLRQV� LQ� VHFRQG� FROXPQ� DUH� EHWWHU�� %RWK� VHW� RI� UDWHV� DUH� LQ� SHUIHFW� DJUHHPHQW�� 7KH

2&&$0� VROXWLRQ� DOVR� FRLQFLGHV� ZLWK� RWKHU� RQHV� VSHFLDOO\� IRU� (XURSHDQ� QHWZRUN� >IRU

H[DPSOH��7RPDVL�HW�DO�������@��2EYLRXVO\��WKH�YHORFLW\�UDWHV�GR�QRW�GHSHQG�RQ�FKRLFH�RI�9/%,
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QHWZRUN�XQGHU�SURFHVV��2QH�FDQ�PDNH�D�FRQFOXVLRQ� WKDW� WKH�2&&$0�UHVXOWV� LQ�7DEOH���DUH

UHOLDEOH�

115�189(/��$�PRGHO�FRQVLGHUV�DOO�9/%,�VLWHV�RQ�(XURSHDQ� WHFWRQLF�SODWH�H[FHSWLRQ

1RWR�� ,Q� DFFRUGDQFH� ZLWK� WKH� PRGHO� DOPRVW� DOO� EDVHOLQH� UDWHV� VKRXOG� EH� HTXDO� WR� ]HUR�

1HYHUWKHOHVV�� WKH� REVHUYDWLRQDO� UDWHV� LQ� 7DEOH� �� GHPRQVWUDWHV� D� VLJQLILFDQW� GHYLDWLRQ� IURP

115�189(/��$��2QO\� WKUHH�EDVHOLQHV�PDGH�XS�E\�:HWW]HOO��2QVDOD�DQG�'66���VLWHV� ORRN

FORVH� WR� WKH�PRGHO��$OO� ,WDOLDQ�9/%,� VLWHV� �0HGLFLQD��0DWHUD��1RWR�� DSSURDFKHV� WR� &HQWUDO

(XURSH��6RXWK�SDUW�RI�,WDO\��0DWHUD��1RWR��DSSURDFKHV�WR�1RUWK�SDUW��0HGLFLQD��DV�ZHOO��115�

189(/��$�PRGHO�SUHGLFWV�UDWH������PP�\HDU�IRU�EDVHOLQH�0DWHUD�±�1RWR�ZKLFK�ORRNV�PRUH

VWDEOH��,W�DSSHDUV�WKDW�0DWHUD�DQG�1RWR�VKRXOG�EH�SXW�RQ�WKH�VDPH�WHFWRQLF�SODWH��1HYHUWKHOHVV�

WKH�FRPSOH[�JHQHUDO�PRWLRQ�RI�$GULDWLF�UHJLRQ�WR�EH�WDNHQ�LQWR�DFFRXQW�IRU�FRUUHFW�PRGHOLQJ

RI�,QWHUQDWLRQDO�7HUUHVWULDO�5HIHUHQFH�)UDPH��,75)���3UREDEO\��PRUH�DGHTXDWH�WR�SUHVHQW�GD\

JHRGHWLF� UHVXOWV� $FWXDO� 3ODWH� .LQHPDWLF� 0RGHO� �$3.,0�� >'UHZHV�� ����@� ZRXOG� EH� PRUH

DSSURSULDWH�IRU�WKH�SXUSRVH�

%DVHOLQH 5DWH�DQG��σ�HUURU�IURP�2&&$0

�PP�\HDU�

5DWH�DQG��σ�HUURU�IURP�62/9(

�PP�\HDU�

:HWW]HOO���2QVDOD ������������ ������������

:HWW]HOO���0HGLFLQD ������������ ������������

:HWW]HOO���0DWHUD ������������ ������������

:HWW]HOO���'66�� ����������� �����������

:HWW]HOO���1RWR ������������ ������������

2QVDOD���0HGLFLQD ������������ ������������

2QVDOD���0DWHUD ������������ ������������

2QVDOD���'66�� ����������� �����������

2QVDOD���1RWR ������������ ������������

0HGLFLQD���0DWHUD ������������ ������������

0HGLFLQD���'66�� ����������� �����������

0HGLFLQD���1RWR ������������ ������������

0DWHUD���'66�� ����������� �����������

0DWHUD���1RWR ���������� �����������

'66�����1RWR ������������ ������������

7DEOH���

5DWHV�RI�(XURSHDQ�EDVHOLQHV�IURP�2&&$0

DQG�62/9(�>0D��5\DQ������@
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0RUHRYHU��HYROXWLRQ�RI�VRPH�EDVHOHQJWKV�GLIIHU�IURP�VLPSOH�OLQHDU�PRGHO��%HORZ�\RX�FDQ

VHH� WKH� SORWV� RI� SRVW�ILW� UHVLGXDOV� DIWHU� UHPRYLQJ� RI� WUHQG�� )RU� H[DPSOH�� EDVHOLQH� '66��� ±

0HGLFLQD��ILJ����VKRZV�VORZ�YDULDWLRQV�ZLWK�PD[LPXP�LQ�������%DVHOLQH�:HWW]HOO�±�0DWHUD

�ILJ����KDV���FP�
MXPS
�DW�WKH�EHJLQQLQJ�RI�������3RVW�ILW�UHVLGXDOV�IURP�EDVHOLQH�0HGLFLQD�±

0DWHUD��ILJ����VKRZ�D�QHJDWLYH�VLJQ�EHIRUH������DQG�SRVLWLYH�DIWHU�WKH�GDWH��,I�ZH�GLYLGH�WKH

EDVHOLQH�KLVWRU\� LQWR� WZR�VXEVHWV� �EHIRUH� DQG�DIWHU����������ZH�ZLOO� REWDLQ� WZR� LQGHSHQGHQW

VROXWLRQV�� 7KH� ILUVW� SDUW� RI� SORW� ���� SRLQWV�� SURYLGHV� XV� WKH� UDWH� ����� ���� ���� PP�\HDU�� WKH

VHFRQG�RQH����SRLQWV��SURYLGHV�WKH�UDWH�������������PP�\HDU�IRU�WKH�VKRUW�EDVHOLQH��7KH�VLPLODU

SLFWXUH�LV�IRU�EDVHOLQH�0HGLFLQD�±�1RWR��ILJ�����'XH�WR�OLPLWDWLRQ�RI�REVHUYDWLRQV�DIWHU������LW

LV� QR� UHDVRQDEOH� WR�PDNH� DQ\� ILQDO� FRQFOXVLRQ� RQ� HYROXWLRQ� RI� GLVWDQFH� EHWZHHQ� WKH� ,WDOLDQ

EDVHOLQHV��7KHUHIRUH��LW�LV�QHFHVVDU\�WR�REVHUYH�WKH�WHQGHQF\�����\HDUV�PRUH�

���� ���� ���� ���� ���� ����
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9/%,�VWDWLRQ�1\�$OHVXQG�KDV�EHHQ�LQVWDOOHG�LQ������RQ�6YDOEDUG�DUFKLSHODJR�>3HWWHUVHQ�

����@�� 6LQFH� WKH� \HDU� 1\�$OHVXQG� DFWLYHO\� SDUWLFLSDWHV� LQ� YDURXV� REVHUYDWLRQDO� SURJUDP

DFWLYHO\��7KHUHIRUH�PRUH�GHWDLOHG�DQDO\VLV�RI�WKH�1\�$OHVXQG�WHFWRQLF�PRWLRQ�WR�EH�PDGH�IRU

FRPSDUDWLYHO\�VKRUW�IRXU�\HDUV�REVHUYDWLRQDO�KLVWRU\��,�KDYH�SURFHVVHG�����9/%,��VHVVLRQV��DOO

RI� WKHP� FRQWDLQ� :HWW]HOO� �DV� D� UHIHUHQFH� VWDWLRQ�� DQG� 1\�$OHVXQG�� (YROXWLRQ� RI� WKUHH

FRPSRQHQWV� LV� VKRZQ� RQ� ILJ�� ����� 5DWH� HVWLPDWHV� RI� WKH� FRPSRQHQWV� DUH� LQ� 7DEOH� ��� 7KH

ODWLWXGH�GULIW�LV�D�JRRG�DJUHHPHQW�ZLWK�115�189(/��$�PRGHO��9HUWLFDO�GULIW�LV�QRQ�]HUR�DQG

VOLJKWO\� GLIIHU� IURP� 115�189(/��$�� /RQJLWXGH� FRPSRQHQW� GHPRQVWUDWHV� VLJQLILFDQW

GHYLDWLRQ� IURP� PRGHO� �PRUH� WKDQ� �� PP�\HDU��� )LJ�� �� VKRZV� D� SRVW�ILW� UHVLGXDOV� IRU� WKH

FRPSRQHQW��2EYLRXVO\��LW�XQGHUJRHV�D�VORZ�YDULDWLRQV��7R�FKHFN�WKH�VXJJHVWLRQ�DOO�SRLQWV�RQ

ILJ����KDYH�EHHQ�GLYLGHG�LQWR�WZR�VXEVHWV��EHIRUH�DQG�DIWHU�HSRFK���������DQG�WZR�LQGHSHQGHQW

UDWHV�KDYH�EHHQ�HVWLPDWHG��������������DQG��������������PP�\HDU��FRUUHVSRQGLQJO\���7KH�ODWWHU

UDWH�LV�DOPRVW�LQ�WZR�WLPHV�PRUH�WKDQ�WKH�RQH�SUHGLFWHG�E\�115�189(/��$��3UREDEO\��DQ\

GHIRUPDWLRQV�DW�WKH�6YDOEDUG�DUFKLSHODJR�FDXVHG�WKH�FKDQJHV�LQ�UDWHV�RI�ORQJLWXGH�FRPSRQHQW

PRWLRQ��,W�LV�DQ�DFWLYH�WHFWRQLF�UHJLRQ�QHDU�ERXQGDU\�RI�(XUDVLDQ�SODWH��7KHUHIRUH�1\�$OHVXQG

9/%,�VLWH�WHFWRQLF�PRWLRQ�FDQ�EH�DQ�LQGLFDWRU�RI�WHFWRQLF�SURFHVVHV�DW�WKH�UHJLRQ�

���&RPSRQHQW 5DWH�DQG��σ�HUURU�IURP

2&&$0��PP�\HDU�

5DWH�IURP�115�189(/��$

�PP�\HDU�

9HUWLFDO ����������� ���

/DWLWXGH ������������ ����

/RQJLWXGH ������������ ����

7DEOH���

5DWHV�IRU�HYROXWLRQ�RI�1\�$OHVXQG�9/%,�VWDWLRQ�FRPSRQHQWV

�

����&RQFOXVLRQ

�

� 8VLQJ� WKH�9/%,�REVHUYDWLRQV� IURP�(XURSHDQ�QHWZRUN� LW� LV� SRVVLEOH� WR�JHW� H[WUHPHO\

DFFXUDWH�UHVXOWV�IRU�9/%,�VLWH�YHORFLWLHV��7KH�HVWLPDWHV�GR�QRW�GHSHQG�RQ�FKRLFH�RI�VRIWZDUH

V\VWHP�RU�REVHUYDWLRQDO�QHWZRUN��%XW�LW�LV�VKRZQ�WKH�VKLIW�GXH�WR�WHFWRQLF�PRWLRQ�VRPHWLPHV

FDQ�QRW�EH�DSSUR[LPDWHG�E\�VWUDLJKW�OLQH��9DULDWLRQV�RI�WKH�PRWLRQ�VRPHWLPHV�DUH�VLJQLILFDQW

HYHQ�IRU�VKRUW�WLPH�VFDOH��$W�OHDVW�WKUHH�,WDOLDQ�VWDWLRQV�DQG�1\�$OHVXQG�VKRZ�WKH�HIIHFW��$OO�RI

WKHP� DUH� ORFDWHG� LQ� XQVWDEOH� WHFWRQLF� UHJLRQV�� 5DWKHU� WKDQ� WR� FRQVLGHU� WKH� VLWH�PRWLRQ� DV� D

OLQHDU� IXQFWLRQ� PRUH� IOH[LEOH� PRGHO� WR� EH� GHYHORSHG� IRU� SXUSRVH� RI� FRPSUHKHQVLYH� ,75)
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PXWXDO�WHPSRUDO�RYHUODSSLQJ�VKRZ�VLJQLILFDQW�GLVDJUHHPHQW�LQ�UDWHV�>VHH��IRU�H[DPSOH��9/%,

DQG�*36� UHVXOWV�� %LDQFR� HW� DO��� ����@�� � 7KH� GLVDJUHHPHQW� XVXDOO\� LV� H[SODLQHG� E\� DUWLIDFWV

IROORZLQJ�IURP�GLIIHUHQFHV�LQ�HDFK�WHFKQLTXH�SHUIRUPDQFH��+RZHYHU��UHDO�WHPSRUDO�YDULDWLRQV

RI�UDWHV�ZLOO�EH�DEOH�WR�FDXVH�WKH�VDPH�SLFWXUH�LI�WKHUH�LV�QR�D�GDWD�VSDQ�RYHUODSSLQJ�
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Abstract

The West Hellenic Arc Tectonis and Calabrian Arc Tectonics (WHAT A CAT) project aimes at

monitoring crustal deformations in the Central Mediterranean by repeated GPS campaigns. The data set

acquired so far is rather heterogeneous in terms of availability of GPS satellites, performance of the

involved receiver systems and quality of the satellites' orbits. The paper presents the velocity estimates

achieved using a modified version of the Bernese GPS software. Main characteristic of the solution

strategy is the definition of station velocity parameters already on the observation equation level.

Introduction

Projects aiming at determining crustal deformations along the West Hellenic and the Calabrian Arcs in

the Central Mediterranean from repeated GPS observations were established in 1989 and 1987

respectively. Originally initiated independently, both efforts were joined to the West Hellenic Arc

Tectonics and Calabrian Arc Tectonics (WHAT A CAT) project in 1992. A first common adjustment of

the entire network including several GPS campaigns up to 1994 has been performed in 1995 and

established first estimates of site velocities.

This paper describes very briefly the processing characteristics and the results of the latest solution

comprising all available data sets from 1988 to 1996. A more extensive analysis including a review of the

geophysical background, a detailed discussion of the adjustment approach and an interpretation of the

derived velocities will soon be published elsewhere. 
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Data Set

The GPS campaigns included in this solution are listed in table 1. As can be seen the data set is extremely

heterogeneous with regard to the involved receiver systems:

� The first campaigns up to 1992, mainly in the Calabrian Arc  area, were observed with the old Texas

Instruments 4100 and the Wild Magnavox 102 receivers; in particular the WM 102 experienced many

data losses on the L2 frequency.

� Even the later campaigns included different receiver types, however with a majority of Leica 200

systems.

Some colocations of different receiver types were performed in order to combine receiver specific

subnetworks or baselines with each other. Even then the reliability of the applied antenna phase center

models is of great importance. In addition, the number of occupation days per site and epoch varies

considerably, and the session length was on the average limited to about eight hours. Moreover, different

markers were occupied at a number of sites in the course of the project; consequently, at some sites the

results strongly depend on the quality of the observed local ties.

Table 1 GPS campaigns included in the network adjustment

Epoch

West Hellenic Arc Calabrian Arc

Stat. Receiver Types Stat. Receiver Types

1988, Sept. 7 TI 4100

1989, June 4 TI 4100

1990, June 20 TI 4100 + WM 102

1991, Sept. 6 WM 102

1992, Sept. 16 Leica 200 + WM 102 20 Leica 200 + WM 102

1993, Sept. 20 Leica 200 7 Leica 200

1994, Sept. 15 Leica 200 25 Leica 200

1995, Dec. 2 Leica 200

1996, Sept. 9 Leica 200 + Trimble

SST / SSE

24 Leica 200 / 300, Trimble SSE,

Ashtech ZXII + Turbo Rogue

Processing

The data processing was performed using the Bernese GPS software versions 3.4 and 4.0 respectively

(Rothacher et al. 1993, Rothacher and Mervart 1996) . The subnetwork adjustments generating and saving

normal equations for a subsequent combined solution used a modified version of the Bernese program

GPSEST. The modifications implemented at DGFI relate mainly to the tropospheric delay modeling and

the approach for estimating velocities. The characteristics of the WHAT A CAT solution can be

summarized as follows:

193



� Ionosphere free double difference linear phase combination L3, minimum elevation angle 15°,

ambiguities partly resolved; day by day variation of network design (baseline definition).

� Satellite orbits during 1988 - 1990 based on broadcast ephemerides and a constrained improvement

by the regional network itself; precise orbits estimated by the University of California and the

University of Berne respectively were available for the campaigns 1991 - 1993; from1994 on the

combined orbits operationally generated by the International GPS Service (IGS) were used.

� The tropospheric path delay was predicted using the Saastamoinen (1973) model and the mapping

functions by Davis et al. (1985) or Niell (1996); residual zenith delays were estimated for two to three

hours intervals using a crude mapping function; the troposphere estimated at antenna colocations were

constrained to identity.

� Antenna phase center offsets and elevation dependent variations modeled by applying the values

recommended by IGS (1996). 

� The site velocities are not derived by transformation of position parameters using the Bernese program

ADDNEQ; instead, the positions at the selected reference epoch 1993.0 and linear annual velocities

are already defined on the observation equation level. 

� Accumulation and solution of normal equations with DGFI's programm ACCSOL (ACCumulate and

SOLve) applying the following condition equations: 

� Velocities of sites occupied only once Ú  0,

� Velocities of stations tied by eccentricity vectors Ú  identity.

� Local vectors and/or ellipsoidal height differences and/or distances between eccentric markers were

introduced as individually weighted observation equations.

� The reference frame was defined by introducing the ITRF 96 positions at epoch 1993.0 and the annual

velocities as observation equations applying individual weights according to the ITRF standard

deviations propagated to 1993.0 (table 2). It is evident from the table that the accuracy of the four

Greek stations in ITRF 96 (Sillard et al. 1998) is by far to bad as to contribute at all to the reference

frame realization.

Table 2 ITRF 96 fiducials: standard deviations of positions at reference

epoch 1993.0 [mm] and of annual velocities [mm/y]

Site x y z vx vy vz

Matera 4.9 4.8 4.9 0.3 0.4 0.3

Cagliari 3.4 2.7 3.4 0.2 0.1 0.2

Noto 3.6 3.4 3.7 0.4 0.5 0.4

Medicina 2.9 2.8 3.3 0.2 0.3 0.3

Dyonysos 31.2 34.8 25.3 4.0 4.4 3.4

Xrisokellaria 40.4 36.8 36.9 5.7 5.2 5.1

Karitsa 49.9 35.4 48.9 6.7 5.2 7.0

Roumeli 99.8 83.6 98.8 10.5 9.3 10.3
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Results

The results of the WHAT A CAT network adjustment following the outlined strategy are given in figures

1 to 4. The absolute horizontal velocities in the ITRF 96 are displayed in figures 1 and 2. Figures 3 and

4 present the velocities remaining after reducing the absolute velocities to the motion of the Eurasian plate

as predicted by the NUVEL 1A NNR plate model (Argus and Gordon 1991). The precision of the

estimated horizontal velocity components ranges between 0.1 mm and 0.3 mm per year mainly depending

on the number of occupations. It should be noted that these numbers are precision but  not at all accuracy

estimates.

Fig. 1 Horizontal velocities in the ITRF 96 reference frame

Fig. 2 Horizontal velocities in the ITRF 96 

reference frame (detail)
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Fig. 3 Horizontal velocities relative to the NUVEL 1A NNR plate 

motion model

Fig. 4 Horizontal velocities relative to the NUVEL 1A NNR 

plate motion model (detail)
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Geodynamic interpretation of the Central Mediterranean combining
geological and VLBI data.
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Abstract

The Central Mediterranean  is a very interesting place to test the use of VLBI data for geodynamics

interpretation.  It is a very tectonically active area which means that the movements of the different

blocks are quite fast. There are three stations distributed over this area and located on the different

blocks involved. And finally the geodynamic setting is now quite well known even if there are still

some controverses.

In this paper we compare the results of our plate tectonics model with the velocities obtained by VLBI

method and we will discuss the geodynamic meaning of the relative motion vectors.

The plate tectonic model show that the rollback of the apenninic subduction hinge slowed down

during the evolution the orogen with drastic change when the Southern Apennines  front collided with

the Puglia swell. The Adriatic plate has to be divided in two sub-plates separated by the Tremiti line.

The results obtained by VLBI method are in good agreement with the velocities derived from the

geodynamics model.

Introduction

The Central Mediterranean  is a very interesting place to test the use of VLBI data for geodynamics

interpretation.  It is a very tectonically active area which means that the movements of the different

blocks are quite fast. There are three stations distributed over this area and located on the different

blocks involved. And finally the geodynamic setting is now quite well known even if there are still

some controverses.

The present day geodynamic pattern is a result of the geodynamic evolution of the western

mediterranean and thus the velocities obtained from geodetic methods should be close to the velocities

observed for the past 5 My.

Geodynamic settings

During the Neogene and Quaternary the western Mediterranean geodynamics was apparently

dominated by the 'eastward' migration of the Apenninic arc and the associated back-arc basin

opening.

Figure 1 shows the late Oligocene (21 My) paleogeography of the western Mediterranean area. The

Corsica-Sardinia block is still attach to the Europe and eastward the Alpine subduction has reached the

the collision stage with the thick continental crust of european margin. Whereas in front of the alpine
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backthrust belt there is the old oceanic crust of the Tethys Ocean, this will lead to the flip of the

subduction zone and thus to the beginning of the evolution of the Apenninic orogen.

During the first 11 My the Apenninic front migrate easily and quickly but around 10 My ago the

apenninic front reached the Puglia swell and this has led to a drastic change of the rollback velocities

as shown in table 1.

Transect mean velocity 21 to 10 My 10 to 5 My 5 My to present

Calabria 37 mm/yr. 41 mm/yr. 34 mm/yr. 31 mm/yr.

Southern

Apennines

26 mm/yr. 37 mm/yr. 21 mm/yr. 6 mm/yr.

Central

Apennines

19 mm/yr. 25 mm/yr. 16 mm/yr. 8mm/yr.

Northern

Apennines

9 mm/yr. 12 mm/yr. 7 mm/yr. 6 mm/yr.

Table 1 : Estimate migration velocities of the Apenninic front with respect  to fixed Europe during the

past 21 My.

Due to the presence of the ionian oceanic crust the calabrian arc continued to rollback quickly.

Whereas the most dramatic change concerns the Southern Apennines segment where the migration of

the hinge is slowed down by a factor 6 in 10 My. The consequence of this is an inversion of the

velocity ratio between the Southern and Central Apennines domains, leading to the formation of the

Tremiti Line.

Coevally Africa slowly moving towards Eurasia deforms the southernmost segment of the subduction

zone.

The present day tectonic settings

Figure 3 shows a map of the main quaternary structures of the Western Adria/Apennines area.

We can distinguish three main domains characterised by their structural style.

The first one is Tyrrhenian Sea which correspond to the back-arc basin of the Apenninic subduction

and all this domain is under a tensional stress field (Bassi and Sabadini, 1994). In the northern part it

is formed by stretched relicts of the former alpine orogen, whereas in the central part the deep basins

of Marsilli and Vavilov have reached the oceanization stage.  It is important to note that the ages of the

basin are younger eastward. And now only the basins close to the Italian coast are active (e.g.

Salerno, Paola and Catanzaro basins).

The Apennines represents a Neogen roughly E-verging thrust system, which is now affected by a

Plio-Quaternary extensional tectonics. All the major compressive features are dislocated by normal

faults (Figure 3). For these faults, the seismological data suggest a high angle geometry up to 10-12

km. The compressive tectonic is now located along a very narrow band along the Apenninic front.
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The active thrusts are usually visible only on seismic profiles (e.g. CROP3 profile, Barchi et al.,

1997) and are blind-thrusts. This is also confirmed by seismological data (Selvaggi and Amato,

1992). The major part of the Apennines is now under an extensional regime.  

In the Umbro-marchean Apennines (Central Italy), the compressive tectonic stopped during Lower-

Middle Pleistocene (Calamita et al., 1999) and the area is affected by a uplift regime. Coevally  the

extensional tectonic began to be very active leading to the formation of lacustrine basins.

 In the Southern Apennines we find the same tectonic evolution with former compressive features cut

by normal faults with formation of intracontinental basins like Potenza and Tolve basins.

The third domain is the Adriatic plate. The lithospheric thickness of Italy (Calcagnile and Panza,

1981) shows that this domain has to be divided in two sub-plates.

The two segments of the western Adriatic are separated by the so-called Tremiti Line which is a

roughly E-W trending shear. This lineament lies offshore northward of the Gargano Promontory. It is

seismically active and deforms the sea bottom. On the basis of seismicity and geophysical data this

structure is interpreted as a lithospheric boundary between two Adriatic subplates, allowing a major

rollback of the subduction hinge of northern Adriatic block characterised by a thinner lithosphere.

The northern Adriatic area is formed by thin continental lithosphere (70 km) and is characterised by a

faster rollback of the subduction hinge and a high subsidence rate as shown by the thick sedimentary

series of the Chieti-Pescara and Ancona basins.

Puglia represents the foreland of both the Apenninic and Dinaric orogens. This foreland is weakly

deformed and consists of an emerged domain (Gargano, Murge and Salento areas) and of a

submerged area in the Adriatic and Ionian seas. It is formed by a thick continental lithosphere (100

km). Like in the Apenninic domain the Quaternary tectonic activity is characterised by tensional and

transtensional faults associated with a horst-and-graben system. But the origin of this tectonic is

completely different. In fact it is due to the bulking of the thick Adriatic lithosphere.

The northern boundary of the Adriatic plate is formed by the foredeep of the Southern Alps, which are

the backthrust belt of the Alps. It slowly migrates southwards between Late Cretaceous and Pliocene.

It is now nearly stopped and according to sediments thickness the subsidence rate is very low (0.3

mm/yr.).

Geodynamic interpretation of VLBI results

In this paper we considered  relative  European  velocities  keeping the Wettzell-Madrid baseline fixed

in order to compare them with the results of the plate tectonics model. These velocities have been

calculated using CALCSOLVE software. In this solution were used all the geodetic experiments with

at least three European stations in them.
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Up velocities

(mm/yr.)

East velocities

(mm/yr.)

North velocities

(mm/yr.)

Medicina -3.82 ± 0.397 1.91 ± 0.101 2.07 ± 0.104

Matera 0.78 ± 0.361 1.63 ± 0.093 4.34 ± 0.101

Noto -1.48 ± 0.340 -0.75 ± 0.082 4.72 ± 0.098

Table 2 : Relative  European  velocities  keeping the Wettzell-Madrid baseline fixed

Horizontal motion

The Matera station is the only one effectively representative of the Adria plate motion. Whereas

Medicina is located at the boundary with the Northern Adriatic Block but is still on the Apennines

side. Thus we should be very careful when we interpret the Medicina/Matera baseline in term of

tectonics and for example we should not consider that the difference between the motions of the two

station is significant for a rotation of the Adriatic plate.

The Noto station situation is quite ambiguous. It is usually considered as part of the Africa plate. But

it is not rigidly linked to Africa as shown by the active extensional tectonics in the Sicily Channel (e.g.

Lampedusa graben). And the Hyblean block may slowly rotate clockwise under the indenter effect of

northward motion of Africa.

Vertical motion

The difference between the two Adriatic segments is underlined by an active subsidence of the

Adriatic sea and the coeval uplift of the Bradano Trough and Puglia (Doglioni et al., 1994). Evidence

for this uplift is given by uplifted shorelines and Bradanic sediments like the Irsina Conglomerate

which is now at about 550 m altitude. These geological data give subsidence rate of about 3,5 mm/yr.

for the western Adriatic area (Doglioni and Prosser, 1997) and an uplift of 0.2-0.3 mm/yr. for the

Puglia. The uplift rate is in quite good agreement with the 0.78 ± 0.361 mm/yr. Up velocity given by

VLBI for the Matera station.

Due to human activities, like intensive pumping of ground water, the Medicina vertical motion is not

easily interpretable in terms of tectonic subsidence.

The –1.48 ± 0.340 mm/yr. Up velocitiy of the Noto station is also in good agreement with the

geological data showing  a slow subsidence of the southern  margin of the Hyblean plateau.
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Conclusion

The geodynamical regime of the Central Mediterranean dramatically changed  between 10 and 5 My

ago. Nevertheless the results of the VLBI interpretation are in good agreement with the plate tectonics

model for the past 5my. They show that the Apenninic  system is still active even if it has slowed

down. According to the geological and geophysical data we can consider in a first approximation that

the adriatic plate is composed of two almost rigid blocks separated by the Tremiti shear-zone.

Whereas the tectonic activity in the Apennines is very diffuse.

To improve these results the next step will be to include the GPS and SLR stations of the Italian

network. Larger number of information but moreover a better repartition of the geodetic data over the

Apenninic system and the Adriatic plate.
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Abstract

This paper discusses preliminary results related to the comparison of long baselines obtained from

GPS and VLBI data processing in Europe. This comparison was carried out with the aim to check

the agreement of the crustal deformation �elds derived by the two techniques. An approach based

on the theory of stationary and ergodic stochastic processes is proposed. This approach is able to

evaluate temporal correlations of the estimated distances. The results show these correlations are

remarkable within each series. The residuals with respect to a linear trend were �ltered via least

squares collocation but, after having removed the stochastic signal, there is no evidence of signi�cant

correlations between the �ltered GPS and VLBI residuals.

1 Introduction

In the present work we describe the procedure followed to analyse baseline length determinations

obtained from GPS and VLBI data in Europe.

The main problems related to the comparison of crustal deformation �elds derived by the two tech-

niques and preliminary results have been discussed in a previous paper [Crespi et al. 1997].

The aim of that work was twofold: to underline that the data analysis technique applied to GPS cam-

paigns carried out in small areas cannot be applied to continent-wide campaigns, and to investigate

if a statistical analysis more so�sticated than a qualitative comparison could be applied to the two

series (GPS and VLBI) of distance determinations.

With the present paper we will describe more in detail the procedure followed to apply the so-called

stochastic approach and will present the obtained results at each step.

The approach we have followed is based on the theory of stationary and ergodic stochastic processes.

According to this approach one considers data as a realization of a suitable stochastic process de-

�ned by some ordering parameter (in our case the time). Applying the classical Wiener �lter theory

[Papoulis 1965], known in geodesy also as least-squares collocation, it is possible to separate within
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output data a part that is correlated, in general not retrievable by deterministic interpolation, that is

called signal and an uncorrelated part called noise. This operation is known as data �ltering. Then

on the base of the available values of the process it allows to predict the most probable values of the

signal at instants in which data are not available. This operation is called prediction.

This approach requires the covariance function of the process; this usually is not known, but it is

empirically determinable and can be interpolated with suitable models.

1

. Then the method requires

also data devoid of any general systematic distorsion and if present it has to be taken out in advance.

2 Analysed data set

The GPS series we have used in this comparison are drawn from IGS solutions: in particular they are

related to the European part of the IGS series and have been obtained at CODE (Center for Orbit

Determination in Europe, Bern University) [Nothnagel 1997].

The VLBI observations come from experiments called EUROPE performed in the European area with

a bimonthly duty cycle since 1990. The solutions have been determined at GIUB (Geodetic Institute

of University of Bonn).

A �rst comparison has been recently performed on these two series of distances between couples of

stations. A linear regression was applied to both the series for the baseline lengths Wettzell-Madrid,

Wettzell-Matera, Wettzell-Onsala �nding a substantial agreement concerning the linear trend, even if

relevant oscillations among close epochs baseline estimates appear [Nothnagel 1996].

Inspecting these 
uctuactions a �rst remark is that a direct comparison of baseline at individual epochs

produces di�erent, even opposite, behaviours of the baseline length variation. The second remark is a

question: once subctracted the linear trend are such oscillations due to pure observative noise or does

it exist any temporal correlation among estimates causing such oscillations ?

3 Procedure and description of the results

We investigated in two directions: from one side we looked for systematic e�ects, superimposed to the

general linear trend of the GPS data correlating the values of the time series, and on the other we

checked if there exists a signi�cant correlation between the oscillations of the GPS and VLBI series.

Under the stationarity hypothesis, once the linear trend has been removed, the empirical covariance

function of the residuals has been estimated.

This operation has been perfomed on GPS data series to obtain more reliable estimates, due to the

fact that this series disposes of more numerous data; in fact even if available data span a shorter

period (from April 1993 to June 1996) than the VLBI ones, they have a weekly duty cycle.

The results show for all the three baselines considered covariance functions with considerable correla-

tion length of the same order for baselines Wettzell-Madrid and Wettzell-Matera (�rst zero at about

1

To interpolate the empirical estimates only positive de�nite functions can be used. A function is positive de�ned if

the corresponding matrix Q satis�es the relations:

u

0

Qu � 0 8u

u

0

Qu = 0) u = 0,

we are considering the one-dimensional domain.
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40 days) and considerably bigger for baseline Wettzell-Onsala (�rst zero at about 90 days), see Fig.

1, 2 and 3. This is an evidence that oscillations are not due to pure observative noise.
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Figure 1: Autocovariance function of temporal series of GPS distances related to the Wettzell-Madrid

baseline after elimination of the linear trend
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Figure 2: Autocovariance function of temporal series of GPS distances related to the Wettzell-Matera

baseline after elimination of the linear trend

Using the respective covariance function the �ltering of the GPS data for each baseline has been
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Figure 3: Autocovariance function of temporal series of GPS distances related to the Wettzell-Onsala

baseline after elimination of the linear trend

performed, the results are in Fig. 4, 5 and 6.
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Figure 4: Filtering of temporal series of GPS distances related to the Wettzell-Madrid baseline after

elimination of the linear trend
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Figure 5: Filtering of temporal series of GPS distances related to the Wettzell-Matera baseline after

elimination of the linear trend
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Figure 6: Filtering of temporal series of GPS distances related to the Wettzell-Onsala baseline after

elimination of the linear trend
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Evaluating the residuals between original GPS data set (without trend) and �ltered GPS data for

each baseline it appears that they do not show signi�cant correlation (see Fig. 7).

Residuals after filtering GPS data
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Figure 7: Residuals for the three baselines

This is also con�rmed by the estimated empirical covariance functions of these residuals which go
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immediately to zero.

It is interesting to compare the statistics of the residuals of original GPS data set for the three baselines

with residuals obtained after the �ltering for the respective GPS baselines. The R.M.S. becomes about

1mm smaller for all the three baselines (see table 1 and table 2).

            =============  Wettzell-Madrid

            *    * NUMBER OF VALUES    =   166

* MEAN                =     0.001

* R.M.S.              =     4.224

* MINIMUM             =   -15.900

* MAXIMUM             =    14.300

            ======================================

            =============  Wettzell-Matera

            *    *NUMBER OF VALUES    =   164

* MEAN               =     0.000

* R.M.S.             =     2.811

* MINIMUM            =    -6.600

* MAXIMUM            =     8.600

            =====================================

            =============  Wettzell-Onsala

            *    * NUMBER OF VALUES   =   167

* MEAN               =     0.010

* R.M.S.             =     2.411

* MINIMUM            =    -7.700

* MAXIMUM            =     5.800

            =====================================

Table 1: Statistics of residuals of original GPS data (without trend)

            =============  Wettzell-Madrid

            *    * NUMBER OF VALUES    =   166

* MEAN                =    -0.002

* R.M.S.              =     2.938

* MINIMUM             =   -12.363

* MAXIMUM             =     9.268

            ======================================

            =============  Wettzell-Matera

            *    *NUMBER OF VALUES    =   164

* MEAN               =     0.009

* R.M.S.             =     1.928

* MINIMUM            =    -5.784

* MAXIMUM            =     4.978

            =====================================

            =============  Wettzell-Onsala

                 * NUMBER OF VALUES   =   167

* MEAN               =    -0.009

* R.M.S.             =     1.571

* MINIMUM            =    -4.385

* MAXIMUM            =     4.436

            =====================================

Table 2: Statistics of residuals obtained after filtering GPS data

Then even considering only the R.M.S of the residuals obtained after the �ltering (that is equivalent to

the R.M.S of the uncorrelated noise, and that can also be inferred from the autocovariance function),

the values obtained of about 3mm for baseline Wettzell-Madrid, about 2mm Wettzell-Matera, and
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about 1:6mm for Wettzell-Onsala are bigger than the respective formal precisions of single solutions.

Finally using the covariance functions evaluated for the GPS series the prediction at the VLBI epochs

has been performed for the three baselines considered. These prediction values have been compared

to the original VLBI values with linear trend removed (see Fig. 8, 9 and 10).

Wettzell-Madrid: Observed VLBI Baseline Length

 (linear trend removed)
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Figure 8: Comparison between observed and predicted values related to the Wettzell-Madrid baseline

at the VLBI epochs

As it can be seen from the plots, the two sets of values do not show signi�cant mutual correlation;

the evaluation of the correlation coe�cient for each couple of the three baselines gives a value near to

zero.
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Wettzell-Matera: Observed baseline Length 

(linear trend removed)
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Figure 9: Comparison between observed and predicted values related to the Wettzell-Matera baseline

at the VLBI epochs

It is also interesting to note that the amplitude of the oscillations of the predicted values is considerably

smaller than the oscillation amplitude of the original VLBI data set. This is an indication that the

amplitude of the oscillations one should expect once the correlation among estimates at single epochs

has been accounted for, should be remarkably smaller.
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Wettzell-Onsala: Observed VLBI Baseline Length 

(linear trend removed)
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Figure 10: Comparison between observed and predicted values related to the Wettzell-Onsala baseline

at the VLBI epochs

4 Conclusions and future developments

This work, even if a preliminary one, has clearly put in evidence that the oscillations appearing in

series of GPS and VLBI baseline length determinations are a symptom of the presence of systematic

e�ects not adequately modelled that temporally correlate the solutions.

The fact that the oscillations of the two series have no signi�cant mutual correlation can be an indi-

cation that the non properly modelled phenomena can be di�erent for the two techniques.
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The procedure we have followed, already successfully applied within the framework of engineering

deformation processes [Monti et al. 1978, 1979], seems to be a powerful tool also for the signi�cance

analysis of crustal deformation �elds.

The nature of the residual stochastic signal that correlates the solutions at single epochs has to be

investigated.

Longer series of data (possibly homogeneous from the point of view of the acquisition and analysis

of data) including also more recent data have to be examined. Interesting developments of the work

could be found by performing independently the estimate of the covariance functions and �ltering

of data on the VLBI series itself. Other baselines than the three examined in this work have to be

investigated for both VLBI and GPS networks. A spectral analysis of the signal for the two series of

data could be useful to identify the most signi�cant frequencies.
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Abstract

The intrinsic radio structure of the extragalactic sources is one of the limiting errors in the

analysis of astrometric and geodetic VLBI observations. By using VLBI images obtained with the

Very Long Baseline Array, we evaluate this e�ect for 392 sources from the International Celestial

Reference Frame (ICRF). Based on this evaluation, we de�ne a \structure index", ranging from 1

for the very compact sources to 4 for the most extended sources, which can be used as an estimate

of the astrometric suitability of the sources. The structure index distribution in each ICRF source

category (de�ning, candidate, other) is presented. We also discuss the correlation between structure

index and source position accuracy. This classi�cation is useful to select the most compact sources

to observe in future VLBI experiments and to down weight past observations on sources with

excessive structure.

1 Introduction

The International Celestial Reference Frame (ICRF), the most recent realization of the VLBI celestial

frame, is de�ned by the radio positions of 212 extragalactic sources distributed over the entire sky (Ma

et al. 1998). These \de�ning" sources set the initial direction of the ICRF axes and were chosen based

on their observing histories with the geodetic networks and the stability and accuracy of their position

estimates. The highest quality positions in the ICRF are accurate at the 0.25 milliarcsecond (mas)

level. In addition, positions for 294 less observed \candidate" sources and 102 \other" sources with

excessive position variation, were also given to densify the frame (Ma et al. 1998). Improvements to the

ICRF over previous realizations of the celestial frame (e.g. Johnston et al. 1995) included modeling of

a tropospheric gradient e�ect which corrected a systematic position o�set of nearly 0.3 mas for sources

near the celestial equator. The ICRF has been adopted by the International Astronomical Union as

the fundamental celestial frame, replacing the FK5 optical frame as of 1998 January 1.

Despite its unprecedented accuracy, the ICRF su�ers from errors primarily due to intrinsic source

structure. At the milliarcsecond scale, most of the extragalactic sources that form the VLBI celestial

frame exhibit spatially-extended structures that are variable in both time and frequency. Such radio

structures set limits on the accuracy of source positions estimated with VLBI astrometry unless their

e�ects can be accounted for. Modeling these e�ects and evaluating their magnitude in the VLBI

measurements require knowledge of the brightness distribution of the sources at the epoch of the

observations. To this end, an observing program whose goal is to image all the ICRF sources on a

regular basis, has been initiated (Fey et al. 1996, Fey & Charlot 1997). Based on observations with

the Very Long Baseline Array (VLBA), this program has recently reached an important milestone

with the completion of �rst-epoch imaging of approximately 90% of the ICRF sources north �20

�

declination.
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This paper evaluates the overall impact of source structure e�ects in the ICRF from the available

VLBA images of 392 ICRF sources. The \structure index" de�ned by Fey & Charlot (1997) is

calculated and used to quantify the magnitude of these e�ects in the band width synthesis (BWS)

delay VLBI measurements. We discuss the structure index distribution in each ICRF source category

(de�ning, candidate, other) and the correlation between structure index and source position accuracy.

Both of these tests show that the structure index is an appropriate indicator of the compactness of

the sources and their astrometric quality. The classi�cation proposed here can therefore be used to

identify the most suitable sources for highly-precise VLBI astrometry and geodesy.

2 Evaluation of the magnitude of source structure delay e�ects

The contribution of intrinsic source structure to a BWS delay measurement is derived from the complex

visibility measured by a VLBI interferometer. As shown by Charlot (1990), this contribution depends

on the brightness distribution of the extended radio source and the coordinates u and v, which are

the coordinates of the baseline vector projected on the plane of the sky, expressed in units of the

observed wavelength. Because of this sole dependence on the (u,v) coordinates, the overall source

structure e�ect magnitude for a given source is most easily estimated by calculating these e�ects

successively for a range of (u,v) coordinates. Following such a scheme, Fey & Charlot (1997) de�ned

a \structure index" according to the median of the calculated structure corrections for all projected

VLBI baselines that could be possibly observed with Earth-based VLBI (i.e with a (u,v) length smaller

than the diameter of the Earth), separating the sources into four classes as follows:

Structure index =

8

>

>

>

<

>

>

>

:

1; if 0 ps � �

median

< 3 ps;

2; if 3 ps � �

median

< 10 ps;

3; if 10 ps � �

median

< 30 ps;

4; if 30 ps � �

median

<1:

Based on this de�nition, two structure indices are obtained for each source, one at X band (3.6 cm

wavelength) and one at S band (13 cm wavelength), each of which indicating the compactness of the

structure at the corresponding frequency band. Dual-frequency observations allow for an accurate

calibration of the frequency-dependent propagation delay introduced by the Earth's ionosphere. For

consistency with this calibration, the structure corrections are scaled by 1.08 at X band and 0.08 at

S band, prior to the structure index assignment. These scale factors represent the relative contribution

of the X- and S-band delay measurements to the dual-frequency{calibrated delay, which is the quantity

actually modeled for the determination of astrometric positions. The interested reader is referred to

Fey & Charlot (1997) for more details on the structure index de�nition and Charlot (1990) for a more

thorough discussion of the algorithm to calculate source structure e�ects in the VLBI delay observable.

Shown in Fig. 1 are contour plots of the radio emission at X band of four ICRF sources (0138�097,

0108+388, 0544+273 and 2201+315) representative of each structure index class. The corresponding

structure-e�ect maps showing the magnitude of the corrections to the VLBI delay observable as

a function of the interferometer resolution are also represented along with indication of the mean,

rms, median and maximum values of these structure corrections. Figure 1 re
ects the increase of

the magnitude of the structure e�ects as the brightness distribution becomes more extended. For

0108 + 388, these e�ects are very large because the source structure is composed of two components

of approximately equal strength, causing very low visibility regions in the u-v plane and consequently

large structure corrections (see Charlot [1990] for a detailed study of the case of a two-component

model). Fey & Charlot (1997) recommend that only sources with a structure index of either 1 or 2 be

used for the most precise astrometric or geodetic work. Sources a structure index of 3 should only be

used with caution while those with a structure index of 4 should not be used at all.

The initial classi�cation of Fey & Charlot (1997) included 169 sources. By using the additional

VLBA maps now available, we have extended this classi�cation, completing the calculation of the
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a) Structure Index 1 b) Structure Index 2 c) Structure Index 3 d) Structure Index 4

Fig. 1: Top: Contour plots of the radio emission at 3.6 cm wavelength for the four ICRF sources a) 0544 + 273, b) 0138� 097, c) 2201 + 315 and d) 0108 + 388,

representative of each structure index class. The X-band structure index of these sources is indicated in each panel. Bottom: Color plots showing the magnitude of

the structure correction (absolute value) induced in the BWS delay by the extended radio emission at X band for the same four sources. The structure correction

is plotted as a function of the length and orientation of the VLBI baseline projected onto the sky, expressed in millions of wavelengths (u, v coordinates). The

color scale is identical in each panel and ranges from 0 to 100 picoseconds (ps). All structure corrections larger than 100 ps are plotted as red. The circle drawn

in these plots has a radius equal to one Earth diameter, corresponding to the longest baselines that can be theoretically observed with Earth-based VLBI. The

mean, rms, median, and maximum values of the structure corrections for all baselines contained within this circle are indicated in each panel.
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Fig. 2: Distribution of the X- and S-band structure indices for 392 ICRF sources.

X- and S-band structure indices for 392 ICRF sources

1

Such a sample, about two-third of the ICRF

catalog, provides a strong basis for evaluating the overall astrometric suitability of the ICRF sources,

as discussed in the next section.

3 The \structure index" as an indicator for astrometry

In this section, we examine the structure index distribution in the ICRF catalog and discuss the

correlation between structure index and ICRF source position accuracy. Figure 2 shows the overall

structure index distribution for the 392 ICRF sources which structure corrections have been evaluated.

At X band, 232 sources (approximately 60% of the sources in our sample) have a structure index of

either 1 or 2, an indication of compact or very compact structures suitable for high-precision VLBI

astrometry and geodesy. The remaining 160 sources with a structure index of either 3 or 4 have more

extended structures which are likely to a�ect the observed VLBI delays. Such sources, especially those

with a structure index of 4 (approximately 13% of the sources in our sample), should be avoided in

VLBI experiments requiring the highest accuracy. At S band, source structure e�ects appear to be

less signi�cant, as re
ected by the large number of sources with a S-band structure index of either 1

or 2 (343 sources out of 392). This is a consequence of the S-band structure corrections being scaled

by a factor of 0.08 when calculating the dual-frequency calibrated structure delays. Without scaling,

the S-band corrections are very large because source structures are generally more extended at S band

than at X band. Comparing the X- and S-band structure indices individually for each source indicates

that with a few exceptions all sources that have a S-band structure index of either 3 or 4 have also a

X-band structure index of either 3 or 4. Therefore, the X-band structure index alone appears to be a

good selection criteria for the choice of the most compact sources.

In Fig. 3, the X-band structure index distribution is compared for each ICRF source category. The

di�erence in distribution between the de�ning-sources and other-sources categories is striking. While

two-third of the de�ning sources (109 sources out of 164) are found to have a structure index of either 1

or 2, only 45% of the \other" sources (37 sources out of 82) have similar structure indices. This con�rms

that a large fraction of the \other" sources were rejected during the construction of the ICRF because

of structure problems. The candidate-sources category appears to have a distribution intermediate

1

Source images can be obtained from http://www.usno.navy.mil/RRFID. Structure-correction maps and structure

indices are available from http://www.observ.u-bordeaux.fr/public/radio/PCharlot/structure.html.
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Fig. 3: Distribution of the X-band structure index for the ICRF de�ning, candidate and \other" sources.

between that of the de�ning-sources and other-sources categories, with 59% of the candidate sources

having a structure index of either 1 or 2. We note that their distribution is almost identical to the

overall structure index distribution at X band (Fig. 2), which is consistent with the fact that some of

the candidate sources could be designated de�ning sources in future realization of the ICRF as more

data become available or analysis improves, whereas some others would fall into the other-sources

category. The de�ning-sources category includes a majority of compact or very compact sources, as

expected from their empirical selection at the time the ICRF was built (see Ma et al. 1998). However,

despite the stringency of their selection, about one-third of the de�ning sources are found to have

a structure index of either 3 or 4, indicating that they are somewhat spatially extended and thus

are probably not appropriate for de�ning the celestial frame with the highest accuracy. Such sources,

especially those with a structure index of 4, should be given speci�c attention in the ICRF maintenance

process and be rejected in future realizations of the ICRF if they show unexpected behavior as we

may anticipate from the value of their structure index.

An additional test consists in comparing structure index and ICRF source position accuracy on

a statistical basis. For this comparison, we have plotted the distribution of uncertainties in right

ascension and declination for each X band structure index class (Fig. 4). As shown in these plots, the

histograms of source position uncertainties progressively deteriorate from an approximately Gaussian

distribution for the structure index 1 class to an almost random distribution for the structure index 4

class. While the structure index 1 and 2 histograms look similar, the structure index 3 histogram has

apparently an excess of sources near 0.3{0.4 mas position accuracy. This deterioration of the position

accuracy is also con�rmed when calculating the median and mean uncertainties in right ascension and

declination for each X band structure index class. As shown in Table 1, such values are found to

increase regularly as the structure index becomes larger. Note that only sources with more than 100

observations in the ICRF have been retained for this calculation. Position uncertainties for sources

with a limited number of observations are dominated by the noise of the measurements rather than by

systematic e�ects caused by extended structures. The results of Fig. 4 and Table 1 con�rm the previous

�nding of Fey & Charlot (1997) which indicates that the more extended sources have larger position

uncertainties. They also con�rm that the structure index is an appropriate indicator for selecting the

most suitable sources to observe in highly-precise astrometric and geodetic VLBI experiments.
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Fig. 4: Distribution of ICRF position uncertainties in a) � cos � and b) � for each X band structure index class.

Table 1: X band structure index versus ICRF mean and median position uncertainties in � cos � and �.

Structure Nb of Mean uncertainty

�

Median uncertainty

index sources � cos � � � cos � �

(mas) (mas) (mas) (mas)

1 50 0.34 0.43 0.28 0.31

2 108 0.39 0.46 0.29 0.32

3 73 0.44 0.54 0.33 0.36

4 36 0.54 0.72 0.76 1.07

�

excludes sources with uncertainties in � cos � or � larger than 2 mas.

4 Conclusion

By using new VLBA images of ICRF sources, we have extended the initial work of Fey & Charlot

(1997), completing the classi�cation of 392 ICRF sources based on their observed structures. This

sample covers approximately 90% of the ICRF catalog north of �20

�

declination. Each source is as-

signed a structure index representing its compactness and astrometric suitability at the corresponding

observed frequency band (X or S). This classi�cation shows, as expected, that most of the ICRF de�-

ning sources have compact structures, whereas the majority of the ICRF \other" sources are spatially

extended. A small percentage of the ICRF de�ning sources, however, is found to have extended ra-

dio emission unsuitable for high-precision VLBI astrometry and geodesy. These should be monitored
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carefully in the future to further assess their quality.

A correlation between the structure index and the ICRF source position accuracy has been found,

indicating that the more extended sources have larger position uncertainties. This con�rms that the

structure index is an appropriate indicator for selecting the most suitable reference frame sources.

The structure index can also be used to estimate the additional noise introduced into the VLBI delay

measurements by intrinsic source structure for application of source-dependent weighting scheme. In

the future, we will continue to evaluate the astrometric suitability of the ICRF sources as new VLBI

maps become available, and in particular report any structure index variation. We will also investigate

the direct application of structure corrections to the VLBI delay observable to improve the position

accuracy of the ICRF sources with excessive structure.
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Extension and Maintenance of the ICRF

C. Ma
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The ICRF (International Celestial Reference Frame) is the result of a long, carefully

considered process, and the extension and maintenance of the ICRF are further steps to improve

its usefulness.  In the more distant future, based on the ever larger VLBI data set and continued

research activities, a new realization of the ICRF will be made.  For now the goals are more

modest: determining positions of new sources consistent with the ICRF, improving the accuracy

of some source positions, and monitoring the sources.

The fundamental concepts of the ICRF were developed and extensively discussed at the

IAU Colloquium 127 on Reference Systems held in Virginia Beach in 1990.  Under the leadership

of J. Kovalevsky and J. Hughes, the General Theory of Relativity for space and time, the use of

extragalactic radio objects, and the separation of the celestial reference frame from the equator

and the ecliptic were summarized in nine recommendations adopted as a resolution by the XXIst

IAU General Assembly in Buenos Aires in 1991.  A working group under C. de Vegt was formed

to select the list of radio sources to be used with emphasis on the need to connect the radio and

optical frames.  The XXIInd IAU General Assembly in Den Haag in 1994 adopted the list and

established a new working group under L. Morrison to define the positions of the radio sources

in the list.  This work was done by a subgroup of VLBI and celestial reference system specialists.

The resulting ICRF catalog was adopted by the XXXIIIrd IAU General Assembly in Kyoto in

1997 and came into effect 1 January 1998, replacing the FK5.  A new Working Group for the

International Celestial Reference System (ICRS) under F. Mignard was formed to carry on the

ICRF work, to extend the frame to other objects and frequencies, and to consider the

consequences of the ICRF.

The data used to determine the ICRF radio source positions included 1.6 million pairs of

dual-frequency delays and rates from 1979 through the middle of 1995.  The data were

contributed from several geodetic and astrometric observing programs, the vast majority of the

observations coming from the former but most of the sources coming from the latter.  The design

of the analysis was intended to provide (1995) state of the art source positions, in particular to

free the results from contamination from anomalous source behavior, geodetic noise, and

systematic tropospheric effects.  Positions of sources with excessive scatter or apparent motion

(as determined from test solutions) were treated as arc parameters as were station positions. An

elevation limit of 6 degrees was adopted to balance the need for observing geometry against the

difficulty in correctly modeling the troposphere at low elevations.  Both delays and rates were

used to maximize the information available and to decrease correlations.  Tropospheric gradients

were estimated to remove a significant systematic effect.  Because of the large number and high

quality of observations, the formal errors for the positions were exceedingly small, but a detailed

error analysis suggested that a floor of ~0.25 mas was a better estimate of the accuracy of the

catalog.  The axes of the frame were aligned to the IERS realization of the ICRS with an error

of ~0.020 mas.  The ICRF work was published in Ma and Feissel (eds.), IERS Technical Note

23, June 1997 and in Ma et al., Astron. J. 116:516-546, 1998 July.  The IERS Technical Note has

a large amount of supplementary material including source structure maps, source structure
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correction plots, position time series, and source name aliases.  Up to date maps and structure

corrections are available from A. Fey, USNO and P. Charlot, Bordeaux Observatory, respectively.

The sources from the ICRF solution were divided after the fact into three categories: 212

defining sources that met a series of quality criteria; 294 candidate sources that failed one or more

of the quality criteria, e.g., too few observations or observing interval too short; and 102 “other”

sources (whose positions were arc parameters).  While the distribution over the sky of the ICRF

as a whole is quite uniform, the defining sources are sparser in the southern hemisphere because

of a dearth of VLBI stations and limited observing.  The “other” sources include a number with

relatively bright optical counterparts that could be used to connect the radio and stellar frames.

Task Group T-1 of the IAU Working Group for the ICRS has the formal responsibility

for maintaining and extending the ICRF.  This includes both observing and analysis.  However,

the international VLBI community provides the observing and analysis resources for this work,

so the IVS has an important role in carrying out this mandate.  Since the ICRF was done in 1995,

~800 000 more observations including ~50 new sources have been acquired by geodetic and

astrometric programs.  These need to be integrated with the data and analysis used for the ICRF.

The consensus of the Task Group is that the original ICRF solution need not be copied exactly

to incorporate new data, but the new positions must be consistent with the ICRF at its stated level

of accuracy, ~0.25 mas in overall source positions and ~0.020 mas in orientation.  Positions will

be determined for new sources, and updated positions and errors will be found for candidate

sources with additional observations.  The positions and uncertainties of the defining sources will

not be changed since they are the actual realization of the ICRF.  There will be some refinement

in the analysis configuration, e.g., the use of the Niell mapping function, gradient parameters

estimated more frequently than once per day, daily axis offset adjustments, etc.  The data for new

solutions made to update the ICRF will include the data used initially and whatever new data are

relevant.  The defining sources will be used in a no-net-rotation condition relative to the ICRF to

assure that positions from new solutions are aligned with the ICRF.

Although an update to the ICRF will come from a single solution, it is hoped that several

IVS analysis centers will provide source positions on a regular basis for use in the ICRF analysis.

Comparison of results is an important part of checking for anomalies.  The ICRS Section of the

IERS Central Bureau has the responsibility for assuring that new information related to the ICRF

is fully consistent with the ICRS.  After the results from an update solution have been validated

by the ICRS Section, the update will be available through the IERS and IVS web pages.  It is

anticipated that the time between ICRF updates will be about half a year, but preliminary positions

of individual sources may be made available in less time for particular needs.  In addition, it is

planned to extend the position time series of all sources begun in IERS Technical Note 23 as part

of monitoring source behavior.

While the updating process must adhere to the general pattern established for the ICRF

in 1995, to advance VLBI astrometry requires new ideas and methods.  These may include more

sophisticated troposphere modeling, more systematic identification and treatment of anomalous

source behavior, analysis of position time series, application of source structure corrections to

delays and rates, and refining the distribution of added noise.  Since the ICRF is now a unique

contribution from VLBI, the IVS encourages such activities and will provide assistance in

disseminating information about ICRF work.
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Abstract

We present astrometric results and maps from simultaneous MERLIN and Global

VLBI observations of the very weak core of the double-lobed radio source 1636+47B,

using as reference the bright, compact, 
at-spectrum quasar 1636+473 A, 20 arcsec

away. The observations were made in May 1995 at 5 GHz. The phase-referenced

VLBI map of the weak core, of resolution 1.5 mas, contains a high percentage of the

core 
ux density seen in the MERLIN map. Further hybrid mapping iterations reveal

a faint, one-sided core extension on the same side as the MERLIN jet. We investigate

the e�ect of the stucture in the strong quasar core on the astrometric separation

measurement, and explore the e�ect of both temporal and other coherence losses

on the phase-reference map. We relate our results to the structural asymmetry in

weak AGN cores within the context of uni�cation models.

1 Introduction

At arcsecond resolutions the radio source 1636+473 (4C47.44) consists of two

components separated by 20 arcsec in PA 20

�

. The southern, compact, 
at-

spectrum component (A) coincides with a quasar of redshift 0.740 (Porcas

et al, 1980; Kapahi, 1981); the northern, steep-spectrum component (B) has

a 
ux density of �150 mJy at 5 GHz and is 10 arcsec in extent in PA 80

�

.

There is no coincident optical emission visible on the Palomar Sky Survey.
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The structure of 1636+473 was originally classi�ed as of "D2" core-jet type

(Browne et al, 1982; Saikia et al, 1984). However, recent higher-resolution

radio observations (Saikia, priv. com.) reveal that B has a classical, double-

lobe morphology, with a weak, central, compact core of �7 mJy within its

structure. Thus 1636+473 consists of two (presumably independent) AGNs.

We have made a VLBI and MERLIN phase-referencing study of this system,

exploiting the close angular proximity of the strong (A) core to the weak (B)

core to make an astrometric measurement of their separation, and to permit

phase-reference imaging of the latter.

2 Observations

We made simultaneous MERLIN and Global VLBI observations of 1636+473

at 5 GHz on 12/13 May, 1995. We used the EVN antennas at E�elsberg,

Westerbork, Medicina and Jodrell Bank (Mk2), and in the US the VLBA

antennas at FD, HN, NL and OV, the Green Bank 140ft antenna, and the

VLA in phased array mode. For the VLBI we used the MK3 recording system

in mode B ("double speed") giving a total bandwidth of 56 MHz for the

LHC polarisation channel. Both components of 1636+473 could be observed

simultaneously at all antennas except the phased-VLA, where we switched

the pointing between the A and B sources during the continuous VLBI scans

(A-B-A cycles of 1.5/3.5/1.5 minutes and 1.0/2.5/1.0 minutes for 6.5 and 4.5

min scans, respectively). The VLBI correlation was made at the MPIfR, Bonn

processor, using separate correlation passes at accurate A and B core positions,

obtained from an analysis of our MERLIN image of the sources. Editing out

of the VLA "o�-source" correlations, calibration of the visibility amplitudes

using antenna radiometry and gain data, and all subsequent analyses were

performed using the NRAO AIPS package.

3 Analysis and Results

Our MERLIN image of 1636+473 showed A to be unresolved at 60 mas reso-

lution, with a total 
ux density of 635 mJy. In contrast, most of the extended

structure of 1636+473 B is resolved out; our map of the B sub�eld (�gure 1)

reveals a compact, unresolved core of 9.17 mJy, with faint traces of the ex-

tended emission, and a weak jet in PA 80

�

. (All maps are made with uniform

weighting, and are plotted with contours at levels of {2, {1, 1, 2, 4, 8... etc,

times the speci�ed contour interval in the �gure captions)

We made a VLBI hybrid map of 1636+473 A (�gure 2), using standard fringe-

�tting to determine antenna-based residual delays and rates, and many cycles
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Fig. 1. MERLIN 5 GHz image of 1637+473 B; beam 60 x 60 mas; contour interval

0.6, peak 8.91, rms 0.20 (mJy/beam)
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Fig. 2. VLBI 5 GHz hybrid map of 1636+473 A; beam 1.5 x 1.5 mas; contour interval

1.4, peak 331.3, rms 0.43 (mJy/beam)

of phase self-calibration, mapping and CLEAN deconvolution. Amplitude self-

calibration was also applied in the last stages. At 1.5 mas resolution this quasar

exhibits an extended core (1.9 x 0.3 mas in PA {22

�

) and a faint, one-sided
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jet in PA {30

�

, traceable out to �10 mas. The sum of the core and jet 
ux

densities in the map is 603 mJy, some 94% of the MERLIN 
ux density. This

may indicate missing, low-brightness emission, but is also the level of the

relative calibration uncertainty between the MERLIN and VLBI data sets.

We made phase-reference maps of 1636+473 B (�gure 3) after applying to
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Fig. 3. VLBI 5 GHz phase-reference maps of 1636+473 B; beam 1.5 x 1.5 mas,

contour interval 0.3 mJy/beam. Left: Using all data; peak 6.56, rms 0.13 mJy/beam.

Right: Excluding baselines to VLA; peak 6.81, rms 0.12 mJy/beam

the B data the rate and delay corrections determined from fringe-�tting the

A data, and the total phase and amplitude corrections from self-calibration.

This procedure assumes an accurate separation of instrumental and structural

phase contributions for A, a su�ciently precise geometrical model for corre-

lation, atmospheric spatial coherence over 20 arcsec, and temporal coherence

over the VLA source-switching interval for baselines to the VLA. The peak


ux densities for maps made with and without VLA baselines are 6.56 and

6.81 mJy, respectively; this di�erence may be attributed to the coherence loss

due to temporal phase 
uctuations on baselines to the VLA.

The rms noise levels in these maps of B are 3 to 4 times lower than the noise

level in the A map, but both are considerably above the "thermal noise" level

expected. In the A map the residual noise level is probably dominated by data

calibration errors and "mapping" noise. In the B maps there may be contri-

butions from "coherence" errors in the transfer of instrumental phase between

the two sources, and there may also be contributions from any unsuppressed

response from the strong A source in the weak visibility data for B on short

baselines.

We also made a hybrid map of 1636+473 B (�gure 4), using the phase-reference

map as an input for phase self-calibration and a longer solution interval (3

mins). As expected, in this map the peak 
ux density is higher, and the rms
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Fig. 4. VLBI 5 GHz hybrid map of 1636+473 B; beam 1.5 x 1.5 mas, contour interval

0.1, peak 7.38, rms 0.042 (mJy/beam)

noise lower, than in the phase-reference maps. The "coherence" losses of 8 to

12% in the phase-reference maps indicate that the requirements mentioned

above for this procedure are not completely ful�lled. The hybrid map of B

shows a faint �2 mas extension of the core in PA �80

�

, on the same side

as, and pointing towards, the faint jet features seen in the MERLIN map.

The total 
ux density of the core and extension is 8.75 mJy, i.e. 95% of the

MERLIN core 
ux.

4 Relative astrometry

The 1636+473 A hybrid map and B phase-reference maps were made after

applying identical phase corrections to the raw visibility outputs from the

A and B correlations. Di�erences between the position o�sets of features of

A and B from their respective map centres thus measure corrections to the

di�erence between the A and B positions used for correlation. These positions,

and measurements of the position o�sets of the A and B cores from their map

centres (made using the AIPS task MAXFIT) are presented in table 1. The
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Table 1

Positions used for correlation, and core position o�sets in maps

Source RA (J2000) Dec (J2000) map RA o�set Dec o�set

hh:mm:ss.ssssss dd:mm:ss.sssss type (mas) (mas)

1636+473 A 16:37:45.136200 +47:17:33.80100 hybrid {0.06 +0.09

sup.res +0.12 {0.43

1636+473 B 16:37:45.739200 +47:17:51.58100 ph.ref {1.04 +1.17

very small correction of the B position (with respect to the A position) of

�1 mas in each coordinate is remarkable, since the MERLIN positions were

measured with a beam of 60 mas. A conservative estimate of the precision of

the measured VLBI position o�sets is 1/15 of the beam (i.e. 0.10 mas).

The extended and asymmetric nature of both cores limits the accuracy with

which their peak positions can be speci�ed, however, since these may be

resolution-dependent. We made "super-resolved" maps of both A and B, using

smaller map pixel sizes and CLEAN restoring beams (�gure 5); cuts across the
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Fig. 5. VLBI 5 GHz "super-resolved" maps; beam 0.5 x 0.5 mas. Left: 1636+473 A,

contour interval 1.4, peak 152.8, rms 0.39 (mJy/beam). Right: 1636+473 B, contour

interval 0.1, peak 6.43, rms 0.030 (mJy/beam)

cores along the jet axes are given in �gure 6. The extended core of A appears

to consist of at least 2 or 3 sub-components. The position of the strongest

of these is also given in table 1; it is o�set from the lower-resolution "core"

position by 0.55 mas in PA 161

�

. The extension of the B core appears to

be caused by a weak, 0.4 mJy component, o�set by �1.3 mas to the east.

However, as the B hybrid map was produced with additional cycles of phase

self-calibration, position o�sets cannot be directly related to those in the A
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Fig. 6. Cuts across cores in super-resolved maps. Left: 1636+473 A in PA {17

�

.

Right: 1636+473 B in PA +83

�

map. (In fact, the B core position o�set moved +0.08 and {0.11 mas in RA

and Dec, respectively, between phase-reference and hybrid maps)

5 Discussion

We have successfully mapped the 9 mJy core located within the extended

emission of 1636+473 B. Errors in determining antenna phases on the reference

source (A) and in transfering them over 20 arcsec cause "coherence" losses

in the phase-reference maps and limit their dynamic range; temporal phase

interpolation produces further degradation. We have measured astrometric

corrections to the MERLIN relative positions of the A and B cores, with

a precision of �0.1 mas; however, the "position" of at least the A core is

resolution-dependent.

The compact nature of the 1636+473 B core, and its one-sided extension which

is closely aligned with the direction of the MERLIN jet, con�rm beyond any

remaining doubt that it is an independent radio-emitting AGN, unrelated to

the quasar 1636+473 A. Its mas-scale properties are similar to those of the

weak quasar cores investigated by Porcas et al (1990) and Hough et al (1999).

1636+473 B has a value of 0.06 for R, the 
ux ratio between the core and

extended lobe emission. In uni�ed schemes (e.g. Orr & Browne, 1982; Barthel,

1989) this would suggest a relatively large angle to the line of sight, consistent

with the obscuration of any non-thermal optical quasar nucleus by a torus.

Asymmetries in the radio structure caused by Doppler boosting should be

relatively mild in 1636+473 B; from the absence of detectable emission greater

than 3 times the rms noise in the hybrid map, we can put a weak lower limit
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to the jet/counter-jet brightness ratio of �3.
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Abstract

We have observed radio emitting stars in phase-referenced mode with both the VLBA and the

EVN in order to map their brightness distributions and to determine precise astrometric parameters.

While the VLBA correlator uses the CALC 8 model, the older MK3 correlator model is not su�cient

to make phase-referenced mapping possible using the visibility amplitude and residual phase. In

the raw MK3 correlated data we have successfully replaced the correlator model with the CALC

8 model. We have shown that phase-reference mapping is possible with MK3 data for source

separations of 2 to 3 degrees. At present we are exploring the possibility of removing ionospheric

and atmospheric contributions, which are not modelled at all in CALC 8, and which decrease the

SNR in phase-reference maps in general by a factor of 2 to 3.

1 Introduction

Standard VLBI observing techniques are sensitivity-limited to radio sources whose correlated 
ux

can be detected by integration within the time interval for which the interferometer can be regarded

as phase-stable. This time | the coherence time | ranges from a few seconds for the highest and

lowest observing frequencies used in VLBI to 20 minutes and more for intermediate frequencies under

favourable conditions. Another drawback of the standard methods is that the so-called phase self-

calibration algorithms remove all astrometric information contained in the data.

The coherence of a VLBI interferometer can be extended by calibrating the phase instabilities. This is

achieved by switching between the target and a nearby strong phase-calibrator on time scales shorter

than the coherence time. At the same time absolute relative astrometric information can be retained

(relative to the calibrator). This method is called phase-referencing. When used to map (weak)

radio sources directly, we speak of phase-reference mapping, and the image of the observed object is

recovered by Fourier-transforming

1

all the phase-calibrated data from the (u,v)- to the image-plane

and subsequent de-convolution.

For astronomical VLBI observers it is very desirable if the production of phase-referenced images can

be done within the framework of the most widely used astronomical data reduction and mapping

software AIPS (Greisen, 1990) which is also used for reducing standard VLBI observations.

In AIPS nearly all programs that are needed for phase-reference mapping are already available. All of

the data manipulation is done on the residual correlated data. The disadvantage of this approach is

that bad correlator models like that used in MK3 correlators, or errors in the a priori interferometer

geometry can lead to de-correlation in the phase-referenced image (see Fig. 1) such that the 
ux of the

source to be mapped is spread around in the image so that the target cannot be detected anymore as it

is swamped by the increased noise. In addition changes in the correlator model can make astrometric

comparisons between di�erent observing epochs di�cult or even impossible.

To overcome the above mentioned problems one of us has written an AIPS task which allows to change

the correlator model after the correlation (Beasley & Alef, 1998).

1

The Fourier-transformation vector sums all the (u,v)-data, with a di�erent phase gradient applied for each point in

the image plane
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Fig. 1: The left picture shows the dirty (not de-convolved) image of the test target source. The right picture

shows the same image, but de-convolved. The source 
ux appears spread in a wide area in the upper right

corner of the images. This is due to errors in the interferometer geometry and a simplistic correlator model.

2 Observations

There is an increasing desire to extend the high-resolution studies of radio sources to objects with

lower 
ux, which cannot be investigated anymore with the standard methods of VLBI interferometry.

Our group is studying the radio emission from dwarf stars of spectral type M (dMe; Gary and Linsky,

1981), which produce emission from occasional 
ares as well as the persistent, low-level, slowly variable

`quiescent' component. Typical 
uxes range from a few tens of mJy during 
ares down to about 1 mJy

for the quiescent phases. Our main aim is to gain more understanding of the emission processes.

Eventually we would like to make a radio image of suitable stars whose size matches the resolution

properties of the available arrays. The most di�cult and challenging project requires high precision

astrometry: search for \small" planets orbiting at a few AU around nearby stars. With optimistic

assumptions we should be able to detect a planet of 0.1 Jupiter mass circling a star with 0.3 M

�

at a

distance of 5 pc.

So far our group has observed �ve di�erent stars with typical 
uxes around 1 mJy. We used both the

VLBA supplemented by the high sensitivity of the tied VLA array, and the EVN (E�elsberg, Medicina,

Noto, Onsala, Shanghai, Urumqi) together with telescopes of the geodetic network (Crimea, Madrid,

Matera, South Africa, Wettzell). The observations were done at 8.4 GHz. The recording bit rates

were 128 and 112 Mbit/s (Mode A) respectively. In all cases the telescopes switched back and forth

between the star and a strong compact radio source | the phase calibrator | within 5 minutes in

order to track the phase instabilities. The separation of target and reference was in all cases about 2

�

to 3

�

.

The theoretical 1 � image noise limit for both arrays for a full track and about �ve hours net data on

the target is about 50 �Jy. For a reliable detection of a point source we need about 10 �. Thus we

should be able to detect point sources as weak as 500 �Jy.

Not all of the EVN observations were successful, e.g. incompatibilities between geodetic and astro-

nomical setups for the VC to IF patching (has to be done by hand) caused data loss. A hardware

failure of the E�elsberg telescope made a complete observation worthless.
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3 Software Development

All of the post-correlation data reduction was done in AIPS using the residuals to the correlator model.

The data reduction path was as follows:

1. The raw correlated data was loaded from DATs. For VLBA data the AIPS task FITLD is used

while MK3 data is read in with MK3IN. The VLBA correlator produces data in the cross-spectral

domain with an antenna-based model stored with the data. MK3IN transforms the data from a

baseline- and lag-based MK3 correlator to the cross-spectral domain and recovers an antenna-

based correlator model from the baseline-based information in the data. After this initial step

the data set is a �le with all the raw correlation coe�cients with weights (formal errors) and

a set of tables with source, antenna, frequency, 
ag, and scan information, a calibration table

which is �lled and modi�ed in the following steps, and maybe a table with the correlator model.

2. Phase-cal phases, parallactic angle corrections, and amplitude calibration were applied (stored

in the calibration table). Data known to be bad were 
agged.

3. The data of the phase-calibrator were fringe �tted with the antenna-based �tting task FRING.

The structure phase of both sources is still contained in the data.

4. The resulting phase and delay measured on the calibrator were interpolated over the gaps in

which the target source was observed. The phase ambiguities were resolved by using the fringe

rates. Resulting values for the target source were stored in the calibration table

5. The data were split into a �le per source and the calibration table is applied to the data of both

the reference and the target, which scales the amplitudes and subtracts the (time-dependent)

instrumental phase from the visibility measurements.

6. The phase-calibrator was mapped with standard phase self-calibration techniques. Positional

information for this source is lost.

7. The structure phase derived from the image of the phase-calibrator is transferred to the target

source �le and subtracted. The phase-center of the image is now the reference point for the

relative position of the target source.

8. The data of the target source were resampled onto a regular (u,v) grid, it was inverted and de-

convolved in the image plane. The resulting phase-referenced image shows (assuming su�cient

SNR) the true residual of the source positions used in the correlator model.

This worked well for VLBA data (with the above restrictions for inter-epoch comparisons). In order

to make the above simple scheme feasible for MK3 data a new task PHREF was written which

extracts the correlator model from the existing calibration table and replaces it with the CALC 8

model. This is re
ected in a modi�ed calibration table which has new calibration phases, rates and

delays. After applying this table to the (u,v) data (step 5) the residual delays, rates and phases are

equivalent to those that would have been produced using the VLBA correlator model. Station and

source coordinates, clock parameters and time information are supplied via an external text �le and

can thus be di�erent from the ones used at correlation time. This task has to be executed after step 1.

The program was tested with short pieces of VLBA data with various errors in the interferometer

geometry. The data corrected with PHREF was then compared to the same data correlated with the

correct geometry. Some MK3 data correlated both at the Bonn MK3 correlator and at the VLBA

correlator was used to test the MK3 mode of the program.

Known de�ciencies are:

� The correction for the feed rotation of ALTAZ mounted antennas is not included in the CALC

model and has to be applied with a di�erent program.
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Fig. 2: The �gures show residuals per station as calculated by AIPS task FRING. E�elsberg was used as the

reference station. Its residuals were arbitrarily set to 0. From left to right are shown: a) residual rate in mHz

for uncorrected MK3 data, b) residual rate in mHz for MK3 data corrected by PHREF, c) residual phase in

degrees of the corrected data, d) the total correction in fringe rate as estimated by PHREF + FRING residuals

� No correction for ionospheric delay is possible at present, neither with measured values (e.g.

GPS) nor with a model ionosphere.

� Only a station elevation dependant model of the dry atmosphere is used.

� Corrections for parallax are not implemented.

� Proper motion of stars cannot be taken into account. E.g. one star of our sample moves at

0.3 mas/h.

4 Results

We made further tests with MK3 data. A data set from a phase-referencing observation on two strong

sources was analysed. As both a standard image and a phase-referenced image could be made, it was

possible to verify how well the phase-reference mapping method works compared to the standard one.
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A comparison of the fringe-�tting results of the calibrator (Fig. 2) shows that the original data has

high residuals e.g. in fringe rate (Fig. 2a), while the corrected data gave residual fringe rates in a

range of roughly �1:5 mHz per antenna (Fig. 2b). The residual phases are slowly varying and can

even be connected by eye (Fig. 2c). The total correction e.g. in fringe rate can be seen in Fig. 2d.

The two lines correspond to the two observed sources for which we used slightly wrong positions at

correlation time.

The calibrator source was mapped using the standard phase self-calibration method. It is point like

and has structure phases of less than �5

�

. Thus step 7 in the above recipe can be omitted. The data

from the target source were calibrated with the interpolated rates, delays and phases. The corrected

phase-referenced data was then interpolated onto a grid, Fourier-transformed and de-convolved.

The phase-referenced image with the corrected data (Fig. 3, left) is signi�cantly better than the image

made from the MK3 data without correcting the correlator model. By comparison with the standard

image of the target source (Fig. 3, right) it becomes obvious though that the noise level is increased

over the expected value; still a signi�cant amount of 
ux is spread around in the image. The reason

for this can be seen when the model phases are plotted against the phases which are corrected by the

phase-referencing process (Fig. 4): on all baselines the measured and corrected phases scatter around

the model by roughly �40

�

. This scatter is signi�cantly larger than the formal error of the phases as

derived from the SNR. This scatter is a result of the interpolation of the calibration phase between

scans of the reference source and application to the target at a distance of 2

�

to 3

�

.

Fig. 3: The left �gure shows a phase-referenced image of the target. It is signi�cantly better than the image

shown in �gure 2. The 
ux is now close to the image center. A few sidelobes due to the phase interpolation

are visible and lead to an increased noise level. The �gure on the right shows the same source mapped with the

conventional phase self-calibration method. The noise level is signi�cantly lower than in the phase-referenced

image.

It is a general �nding that in phase-referenced images the recovered 
ux of the source is decreased

while the noise in the image is increased. As a result the sensitivity is worse than the theoretical limit

by roughly a factor of 2 to 3 as in this test case and other cases we (and other groups) investigated.

Thus the theoretical limit for a detection of a point source is reduced from about 0.5 mJy to about

1.5 mJy.

While it is most likely that the loss of 
ux is due to temporal and spatial instabilities and e�ects not

included in CALC 8 | mostly ionosphere and wet atmosphere | bugs in PHREF cannot be excluded
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Fig. 4: The phases on the baselines to E�elsberg (left) and Medicina (right) are shown. The model phase is

indicated by the lines. The phase-referenced phases scatter around the model phase. This scatter disappears

completely and the phases match the model if they are self-calibrated.

completely (MK3 case). But any errors must be station and not baseline speci�c as self-calibrating

the phase-connected data removes the phase scatter and recovers all of the 
ux. This means that

if a source can be detected in a phase-referenced image, subsequent self-calibration will remove de-

correlation in the image at the expense of astrometric precision. Similar results were found by other

groups with VLBA data.

With our second test data set, L And was detected close to the fringe-�t signal-to-noise limit and thus

could be mapped with both the traditional phase self-calibration and the phase-referencing methods,

allowing us to compare the methods. We found signi�cant de-correlation and in addition that struc-

tures seen in both images might not agree in the weak signal-to-noise domain (see Fig. 5). In the case

of L And the image made directly with self-calibration is compatible with an unresolved point source,

while the phase-reference image with subsequent self-calibration shows two roughly equal components.

These two components are probably due to the side-lobe pattern in the phase-reference image which

because of the low SNR could not be removed by the phase self-calibration.

5 Present and Future Work

A new AIPS task was written at NRAO to correct for the above mentioned e�ects of the path delay

introduced by the ionosphere and its 
uctuations. This task uses GPS measurements which are

provided in IONEX format on various servers on the Internet. At present for the USA ionosphere

images are available with a time spacing of 10 minutes, while for Europe the time intervals are still one

hour. The new task undergoes extensive tests right now, but work by e.g. Ros, et al. (1999) has shown

that GPS-based determinations of ionospheric delays can successfully be used for phase-referencing.

Correcting the delay due to the wet component of earth's atmosphere is signi�cantly more di�cult.
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Fig. 5: The �gure on the left is a phase-referenced image of the star L And. It shows two components above the

noise. If the data is in addition self-calibrated with this image the sidelobes are removed, but two components

remain. The image on the right is a image of the same source made with standard phase self-calibration starting

from a point source. It has only one unresolved component. This comparison shows that structures so close to

the noise level are fairly unreliable.

Tests with a task that uses ground-based measurements of pressure, humidity and temperature were

only partly successful. This is due to the well-known fact that ground-based measurements may only

describe the conditions in a thin layer over the telescope, while the wet delay is caused by a much

thicker layer of the atmosphere. Possible improvements might be achieved by using water vapour

radiometers or GPS measurements. A particularly interesting development is the new and very cheap

(5000 $) water vapour radiometer designed at Haystack observatory.

A further reduction of systematic errors is expected when we have CALC 9 available. We plan to

upgrade the above described task PHREF to CALC 9 as soon as possible. In particular the new

CALC features of proper motion and parallax will be very useful for the observations of stars.

Another scheme which might be used to solve for ionospheric and atmospheric delays is being investi-

gated: two strong reference sources are observed together with the target source. The net observing

time on the target is reduced, but the two strong sources can be analysed and the residual di�erenced

phase can be used to determine and model all unknown quantities (Ros, 1997).

After all these problems have been solved the astrometric precision might be high enough to allow us

to measure displacements of nearby dwarf stars by earth-like planets, provided the radio emission is

not signi�cantly more extended than the star's surface.

6 Conclusions

We and other groups have shown that VLBI observations of stars and other weak radio sources are

possible with the phase-reference mapping technique. To exploit the full potential of the method more

work has to be invested to reduce the e�ects that cause de-correlation in the phase-referenced images.

Once all the disturbing in
uences are under control it might be possible to achieve routine astrometric

precision of position measurements relative to the phase-calibrator of about 0.1 mas for sources 
uxes

of about 1 mJy and over source separations of 2

�

to 3

�

.
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Where is VLBI Data-Acquisition Headed?

� Stay on tape?

� Disc?

� e-VLBI?

� VLBI is perhaps the world’s single most voracious data-gathering

activity in terms of collected data-volume/day!

� With the advent of Gb/sec recording systems, the near future

foresees ~1000 Tb/day (that’s a Petabit/day)

� In most cases, the single most significant driver is the cost of

moving VLBI data from station to correlator.

Comparison of available 1 Gbit/sec VLBI recording systems

Mark IV Toshiba D6

Recorder type Multi-track linear Multi-head helical scan

Data rate 1.024 Gbit/sec
(expandable to 2 Gbit/sec)

1.024 Gbit/sec

Recording capacity per

reel/cassette

~5 x 10
3
 Gbits

(~1.1 hours at 1 Gbit/sec)

3.7 x 10
3
 Gbits

(~1 hour at 1 Gbit/sec)

Areal data density

(not including overhead)

~23 Mbits/in
2

~95 Mbits/in
2

Error rate <1 x 10
-4

<1 x 10
-11

 (error corrected)

Read while write No Yes

Cost per reel/cassette ~$1000 ~$500

Media cost per Gbyte ~$0.5 ~$0.12

Estimated hardware cost

(recording system only)

~$250,000 ~$500,000

Typical headstack life ~3000 hours ~1000 hours

Approx. headstack

replacement cost

~$20K

(2 headstacks)

~$30K

(entire head array)
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Disc vs. Tape?  Magnetic vs. Optical?

Storage media cost only:

Tape –

Mark IV:

Now: ~30 Mb/in
2
 at ~$0.50/GB

In 5 years: ~120 Mb/in
2
at ~$0.12/GB

D-6:

Now: ~100 Mb/in
2
 at ~$0.12/GB

In 5 years: Unclear

Magnetic Disc –

Now:~3 Gb/in
2
 at ~$20/GB

In 5 years: ~15 Gb/in
2
 at ~$5/GB

In 10 years: ~100 Gb/in
2
 at ~$1/GB

Optical Disc –

CD: 0.7 Gb/in
2

DVD: 3.3 Gb/in
2

Problems: Low data rate

Relatively high costs

Optical Tape

� Terabit, Inc to announce 100 MB/sec at ~$0.50/GB, but

WORM!  (WORM=’write once, read many’)

� Whole optical tape market is struggling with magnetic

competition

magnetic
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e-VLBI: The Rationale

x Improve overall system reliability by reducing dependence

on tape recording systems in long term

x Automate stations; reduce operational station costs

x Monitor, test, debug stations in near real-time; improved data

reliability

x Reduce processing turnaround time

x Will help to allow use of heterogeneous VLBI data-acquisition

systems

Elements of Successful Wide-Area e-VLBI

1. Easy connection to any available network of any speed

2. Cross-compatibility between all VLBI DAS’s

(i.e. Mark IV, VLBA, K4, S2);

standardized data-transmission format preferred

3. For forseeable future – asynchronous data transmission; implies

significant local buffering at both DAS and correlator

� Disc storage now ~$20/GB and dropping rapidly

� Mark IV tape is ~600 GB.

4. Affordable network price structures

Note: In this model, the network connection need not be directly at

the station!
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Expt type #stations Total data Data-transmission time (total) Comments

1 Mbps 100 Mbps 1 Gbps

Station Checkout 2 2 Gb 30 min 20 sec 2 sec Observe strong source;

30 sec at 32 Mbps

‘Small’ 24-hr expt 5 55 Tb 1.7 yrs 6 days 15 hrs 128 Mb/sec/stn

‘Large’ 24 –hr expt 15 1300 Tb 41 yrs 150 days 15 days 1 Gb/sec/stn

Potential e-VLBI applications

Sampling of Current Network Connection Costs
       (based on telephone inquiries to several major communications companies in mid-1998)

MCI

Green Bank – Washington – Wettzel

T1 $12K/month (assumes availability in GB and Wettzel)

T3 ~$150K/month (but no current guarantee of availability)

Worldcom

Boston – London T1 $28-30K/month

Boston – London T3 $480K/month

Boston – Frankfurt T1 $58K/month + $1.5K/month Euro access charges

Boston – Washington T1 $4K/month + $1K/mo access charges

(~32% discount on 3-year contract)

Boston – Washington T3 $33K/month + $4.5K/mo/end site access charges

(~25% discount for 3-year contract)

ATT

Wettzel – Westford T1.5 $35K/month

T3 Not available

Westford – Wash T1.5 $5.8K/month

T3 $65K/month

Green Bank – Wash T1.5 $6.3K/month

T3 $46K/month

Notes:

T1 is ~1.4 Mbps

T3 is ~45 Mbps
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What is the future of e-VLBI?

x May be practical today for certain short, time-critical

experiments, particularly over limited geographic range

x Practicality on global scale is primarily dependent on network

costs

x Network backbone costs in U.S. are dropping faster than

‘Moore’s Law’ (12-month doubling time vs. 18-month doubling

time)

x Installed capacity U.S. coast-to-coast recently expanded by x5

when Qwest ‘lit’ 100 fibers carrying 100 Tb/sec!

x Improvement in wavelength-division multiplexing on optical

fiber promises ~4 Tb/sec/fiber

x Direct optical amplification used for long hauls, though

expensive

x One of biggest hurdles is high-speed, economical local

connections

The Bottom Line!

� Despite amazing gains by the disc industry, tape is likely to be

workhorse for most VLBI for at least 10 years, though disc may act

as buffer storage for some e-VLBI data.

� VLBI can, and should(!), occasionally take advantage of the vast

computer-industry R&D expenditures, most likely in a ‘snapshot’

mode, but may be expensive to adapt.  VLBI will not be driver for

industry.

� Global e-VLBI is not likely to be economical for some time,

though e-VLBI will be practical in certain limited situations.

Network prices are predicted to plummet in next few years as

competition heats up, though local connections may remain a

problem.

� Though e-VLBI is not practical now, the VLBI community would

be well-advised to begin international collaboration to define

standards. develop concensus, and lay the groundwork for e-VLBI

……’opportunity knocks for those who are prepared’.
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The Mark IV Correlator Project

VLBI Correlators (USNO;Haystack;JIVE;BKG/MPI):

x 1 Gbit/sec/station (16 channels @ 32 Msamp/sec/channel max),

expandable to 2 Gbit/sec/station

x Configurable to a variety of number of stations, up to 32

maximum

x Compatible with Mark IIIA, Mark IV and VLBA tape and

channel formats

Westerbork CEI:

x Up to 16 stations in a variety of configurations, operating at 40

Msamp/sec/channel max, up to 1 GHz total bandwidth.

SMA CEI:

x Up to 10 stations in a variety of configurations, operating at 208

Msamp/sec/channel (multiplexed x4 and presented to correlator

at 52 MHz), up to 4 GHz total bandwidth.

ALL USE SAME CORRELATOR BOARD AND CHIP!

+PPQXCVKQPU
x (KTUV�NCTIG�UECNG�8.$+�KPVGTPCVKQPCN�EQQRGTCVKXG�FGXGNQROGPV�GHHQTV
x (KTUV�NCTIG�UECNG�HUVCVKQP�DCUGFI�:.�EQTTGNCVQT
x (KTUV�HWNN�EWUVQO�8.5+�EJKR�HQT�8.$+�EQTTGNCVKQP
x *KIJ�URGGF�UGTKCN�FCVC�NKPMU�
`��)DRU�QP�UOCNN�EQCZ��HQT�FCVC

FKUVTKDWVKQP
x 5VCVKQP�OQFGN�KPVGTOKZGF�YKVJ�FCVC�HTQO�GCEJ�57
x *KIJN[�KPPQXCVKXG�YC[�QH�OCPCIKPI�HXGTPKGT�FGNC[I�CPF�RJCUG�

TQVCVKQP�UJKHVKPI�KP�EQTTGNCVQT�EJKR

255



Mark IV VLBI Correlator Features

x 1 Gbit/sec/station, expandable to 2 Gbits/sec/station

x Station-based architecture

x Scalable architecture allows up to 32 stations, 16 channels/station

x Full compatibility with Mark IIIA, Mark IV, VLBA

x 4X playback speedup compared to Mark IIIA correlator

x Efficient sub-netting

x Flexibility to exchange #baselines with spectral resolution

x Supports recirculation with ‘Data Distributor’ option

x Extensive use of VEX files for correlator operation/configuration

x HOPS post-correlation package

Division of Engineering Labor

x Haystack

� Correlator chip and board

� VLBI correlator data-interface boards

� SMA correlator data-interface boards

� High-speed serial data links

x JIVE/EVN

� Station unit

� Data distributor

- Control board

x Attempt to balance US/European contributions

x Software being independently developed
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VLSI Correlator Chip

x Developed as joint Haystack-UNM/NASA/SERC project

x Functional specification, design, simulation at Haystack

x Chip design at UMN/NASA/SERC under subcontract to

Haystack

x Fabrication at Hewlett-Packard foundry

x First packaged prototypes received Jan 95

x Commercial availability through UNM non-profit subsidiary

~10,000 chips have been fabricated

Correlator Board

Features

x 32 VLSI correlator chips/board

x Access to 64 2-bit data streams, configurable through 64x64
custom ASIC cross-point switch; up to 64 Msamples/sec data

rate

x 16,384 lags/board, flexibly configurable to real/complex

x Up to 128 baselines/board

x Cross-polarization and auto-correlation modes supported

x 16 modules required for 16-station, 1 Gbit/sec/station, 32

lags/baseline VLBI correlator    (64 modules for

32 stations)

x 48 modules required for 6-station, 4 GHz BW SMA correlator;
96 modules required for expanded 8-station SMA correlator

Status

x Has undergone exhaustive testing at Haystack, Dwingeloo

x Successfully tested to 70 MHz by CfA
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�UV�UVCVKE�HTKPIGU���,+8'�CPF�*C[UVCEM���#WI���
6GUVGF�HQNNQYKPI�EQTTGNCVQT�CURGEVU���
x FCVC�HNQY�VJTQWIJ�57
x UVCVKE�FGNC[�EQTTGEV�YKVJKP�57
x UGTKCN�NKPM�RGTHQTOCPEG
x KPRWV�DQCTF�(+(1�YQTMKPI
x EQTTGNCVQT�EJKR�CTKVJOGVKE�CPF�EQWPVGTU

�UV�8.$+�HTKPIGU���*C[UVCEM�1EV���
6GUVGF�HQNNQYKPI�EQTTGNCVQT�CURGEVU���
x %#.%�IGPCTQQV�URNKPG�OQFGN
x 57�IGPGTCVKQP�QH�EQTTGNCVQT�HTCOG�JGCFGT�RCEMGVU�HTQO�URNKPGU
x EQTTGNCVQT�EJKR�ECRVWTG�QH�JGCFGT�RCEMGVU
x F[PCOKE�RCTCOGVGT�ECNEWNCVKQPU
x RKRGNKPKPI�QH�RCTCOGVGTU�KP�57�CPF�%7�UQHVYCTG
x EQTTGNCVQT�EJKR�FGNC[�VTCEMGTU�HQT�DQVJ�UVCVKQPU�CPF�DCUGNKPGU
x HTKPIG�TQVCVKQP
x F[PCOKE�VCR�CFLWUVOGPV
x ���FGI�RJCUG�UJKHV�QP�FGNC[�EJCPIGU
x ��VCRG�FTKXG���57�HTKPIGU�(GD����
,+8'��CPF�#RTKN���


*C[UVCEM��CHVGT�FGNKXGT[�QH��PF�RTQVQV[RG�5VCVKQP�7PKVU
Software

x %QTTGNCVQT�EQPVTQN�GPVKTGN[�DCUGF�QP�H8':I�HKNGU��KPENWFKPI
HQDUGTXGI�HKNGU�CPF�8':�NKMG�HKNGU�HQT�EQTTGNCVQT�EQPHKIWTCVKQP��VJKU
CRRTQCEJ�QHHGTU�GCUG�CPF�HNGZKDKNKV[�VQ�CFCRV�VQ�URGEKCN�TGSWKTGOGPVU

x /GUUCIG�DCUGF�RTQEGUU�KPVGTCEVKQPU
x 4GNCVKXGN[�UOCNN�COQWPV�QH�ETKVKECN�TGCN�VKOG�EQPVTQN�KU�PGGFGF�FWG

VQ�OQFGN�IGPGTCVKQP�D[�57IU�CPF�GODGFFGF�UVCVKQP�RCTCOGVGT�
RCUUKPI�KP�FCVC�UVTGCO�

x 2QUV�EQTTGNCVKQP�UQHVYCTG�KU�CP�GZVGPUKQP�VQ�VJG�*125�RCEMCIG
CNTGCF[�KP�WUG�YKVJ�/CTM����#�

x 2NCP�GCU[�FCVC�OKITCVKQP�RCVJ�VQ�#+25�CPF�(+65�
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Schedule
x /QUV�JCTFYCTG�KU�TGCF[�GZEGRV�5VCVKQP�7PKVU�
x 5VCVKQP�7PKV�FGNKXGTKGU�HTQO�#NNKGF�5KIPCN�GZRGEVGF�/CTEJ�#RTKN����
x 2JCUG�ECN�OQFWNGU�KP�57�JCXG�NCIIGF�F�RTQDNGOU�CTG�PQY�DGNKGXGF

VQ�DG�EQTTGEVGF��DWV�FGNKXGT[�QH�RTQFWEVKQP�WPKVU�YKNN�PQV�DG�WPVKN
`�3���

x /CTM���EQTTGNCVQT�VQ�DG�FGNKXGTGF�VQ�7501�KP�`/C[����VKOG�HTCOG
YKVJ�H/CTM�+++#�ECRCDKNKVKGUI��DWV�YKVJQWV�RJCUG�ECN�ECRCDKNKVKGU�

x /CTM���EQTTGNCVQT�VQ�DG�FGNKXGTGF�VQ�$-)�/2+�KP�`,WN[����
YKVJQWV�RJCUG�ECN�ECRCDKNKVKGU�

x 5QHVYCTG�FGXGNQROGPV�KU�RCEKPI�KPKVKCN�FGNKXGTKGU�
x #FFKVKQPCN�UQHVYCTG�FGXGNQROGPV�YKNN�EQPVKPWG�VQ�UWRRQTV�HWNN

ECRCDKNKVKGU��VQ�DG�EQORNGVGF�KP�������OQPVJU�HQNNQYKPI�KPKVKCN
FGNKXGTKGU�

Mark IV Corre la tor  In terconnect ion B lock Diagram
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The Canadian S2-VLBI-System

Wayne Cannon

�

Abstract

The S2 VLBI System was developed in Canada as a low cost, high preformance, 128 Mbit/sec

VLBI system for use in geodesy and astrophysics. It consists of the S2 VLBI Data Acquisition

System, the S2 VLBI Data Record System, the S2 VLBI Data Playback System, and the S2 VLBI

Correlator. To date there are approximately 55 S2 VLBI Data Record and Playback systems in use

for various astronomical purposes in more than a dozen countries. The S2 VLBI system features a

frequency agile local oscillator for geodetic applications of group delay measurements by bandwidth

synthesis (BWS) over 900 MHz as well as a frequency agile VLBI correlator for processing frequency

switched VLBI observations. The S2 VLBI correlator also features multiple tone extractors and

pulsar gating capabilities as well as high frequency lobe rotators capable of processing space VLBI

observations with ther attendant high Doppler rates. There are, in addition, three other \S2 Ca-

pable" VLBI correlators located in Sydney Australia, Mitaka Japan, and St. Petersburg Russia,

with a fourth under development at the Astro Space Center in Moscow. These correlators are not

designed to accommodate all the features of the S2 system, in particular frequency agile signal pro-

cessing, but are nevertheless capable of processing S2 VLBI data tapes in a subset of S2 operational

modes. The Mitaka correlator processes S2 data tapes by using S2 VLBI Data Playback Systems

to copy them to VSOP data tapes before correlation. Other S2 correlators make use of S2 VLBI

Data Playback Systems for direct input to the correlator The Space Geodynamics Laboratory has

begun development of the S3/S4 family of VLBI Data Record and Playback systems which will

operate in the range from 1024 Mbit/sec to 4096 Mbit/sec and will feature a robotic tape changer

for 24 hour unattended operation.

�

Space Geodynamics Laboratory, e-mail: wayne@sgl.crestech.ca



Dual Channel Water Vapour Radiometer Development

Borys Stoew and Carsten Rieck

Onsala Space Observatory, Chalmers University of Technology, SE-43992 Onsala

   A new instrument for measuring the atmospheric water vapour is being developed at the Onsala

Space Observatory (OSO).  It is a dual frequency microwave radiometer, measuring the sky

brightness temperatures at the double-side bands centered at 21 GHz and 31.4 GHz respectively.

Compared to the radiometer presently operating at the observatory, the new instrument is more

compact and transportable.  It will be used for comparisons at the Onsala site, especially studying

the effect of narrower antenna beams.  It will also be operated at other sites, e.g. in the Swedish

GPS-network SWEPOS. Each channel uses two reference temperature black bodies (matched

loads) for calibration:  one “warm” - at regulated room temperature and one “hot” which is

stabilized at .  The stability tests of the latter showed temperature bound within

around .  The recent work on the microwave part and the data acquisition (DAQ) system is

presented together with the solution for the positioning of the radiometer.

1     INTRODUCTION

In space geodetic techniques like VLBI1 and GPS2-based surveys of the motions of the Earth’s crust a major

error source is the wet delay.  The wet delay is the equivalent excess propagation path of the radio wave

caused by the water vapour in the atmosphere.  Information about the integrated water vapour content in the

atmosphere can be derived from measurements of the sky brightness temperatures on and off the water

vapour absorption line at .  The idea is not new and it has been implemented in the already

operating water vapour radiometer (WVR) - ASTRID.  The virtues of the new WVR are the narrow antenna

beams, the enhanced precision of the positioning, the data acquisition / control system (DAQ), and the

compactness of the instrument.  We present a summary of the work carried out on a new water vapour

radiometer being developed at OSO.  Section 2 presents the microwave system and the overall construction

of the instrument. Section 3 discusses the solution of the DAQ system.

Figure 1.   A view of the new WVR derived from the AutoCAD blueprints.

1. Very Long Baseline Interferometry.

2. Global Positioning System.

100 °C 0.03°±
100 °C

22.235 GHz
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2     HARDWARE  LAYOUT

The new WVR is equipped with two lens horn antennas - one for each of the two frequency bands.  The two

antennas are short but have rather large apertures.  This suggested the usage of two pointing mirrors (one for

each channel) for the different positions in the sky - a design which can be seen in Figure 1.  The two

mirrors (elevation) and the main axis (azimuth) are operated by stepping motors controlled by the

positioning system run by sending commands from a personal computer (PC) to a microcontroller in the

WVR.

The instrument is a dual frequency radiometer, with bands centered at  and

respectively.  We will concentrate on the operation of only one channel, since the structure is identical for

both channels (see Figure 2).  The sky noise radiation enters the antenna towards the mixer through a

mechanical and a ferrite switch.  The voltage at the output of the detector is proportional to the total thermal

noise power.

(1)

(2)

(3)

Ideally, the total system noise temperature should be split in two - the  generated by all passive and

active elements in the receiving system; and  which we assume to be the noise temperature of a black

body - the sky, the “warm” or the “hot” load (depending on the configuration of the switches).  In (1) the

gain  and the temperature  are not known, but can be calculated from the measured voltages

 and the controlled temperatures .  Different algorithms for retrieving the

wet delay from the observed sky brightness temperatures are described in [1].

Figure 2.  Structure of one microwave channel in the WVR.

The most important features of the microwave part and the data acquisition system are shown in Table 1.

21 GHz 31.4 GHz

Vsky G Tsky Tsys+( )⋅=

Vwarm G Twarm Tsys+( )⋅=

Vhot G Thot Tsys+( )⋅=

Tsys
T
*

G Tsys
Vsky Vhot Vwarm, , Thot Twarm,
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3     DATA  ACQUISITION  SYSTEM

The Data Acquisition (DAQ) and control system is based on the commercially available FieldPoint /

LabVIEW 5 products. They provide high quality measurements (eight 16 bit ADCs) and current generators

(eight 12 bit DACs), along with discrete input and output modules for the waveguide switches.  The

communication between the PC running LabVIEW and the FieldPoint DAQ and control units is carried out

over RS-232 serial interface.  The LabVIEW programming environment provides a good basis for fast and

easy development of user friendly software of satisfactory computational speed.

Figure 3.  Convergence and stability of the temperature of the calibration “hot” load.

Software control is applied to the temperature of the calibration loads.  Figure 3 shows the behaviour of

the “hot” load for the  band - the left figure presents the typical time needed for the “hot” load to

heat up - approximately  or less than 1.5 hours1.  The figure on the right is the same data zoomed

a. Analog to Digital Converter.

b. Digital to Analog Converter.

1. Since this is the slowest process taking place in the WVR, data acquired immediately after the start-up of the instrument should be discarded.

Table 1.  Features of the microwave and the data acquisition system.

Parameter 21 GHz channel 31.4 GHz channel

Lens horn antenna beam width

Physical temperature of the “hot” load (controlled)

Stability of the temperature of the “hot” load

Physical temperature of the “warm” load (measured) ~ ~

Resolution of the ADCa measuring the output volt-

ages, temperatures of the calibration loads.

16 bit

Resolution of the DACb controlling the temperature

of the “hot” loads.

12 bit

Communication with the PC RS-232 (optical fibers) - up to 115200 bps

3° 2°

100 °C 100 °C

0.03°± 0.03°±

40 °C 40 °C

31.4 GHz

5000 s
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around .  The temperature is confined within  which together with stable regime of the

microwave hardware should ensure very slow changes in the gain from (1).  A more detailed description of

the choice of temperature control algorithm can be found in [2].

4     POSITIONING  SYSTEM

5     PROSPECTIVES

The narrow beams of the lens horn antennas offer an instrumental basis for the evaluation and eventually

improving the existing atmospheric delay models, especially for low elevations.  The light weight and the

size of the new WVR will allow studies to be carried out on various sites of interest.

      REFERENCES

[1] Elgered, G., “Tropospheric Radio-path Delay from Ground-based Microwave Radiometry”, repr.

from chapter 5 in Atmospheric Remote Sensing by Microwave Radiometry”, edited by Janssen, M.

A., John Wiley & Sons, 1993.

[2] Stoew, B., “Microwave Radiometry: Data Acquisition and Software Based Temperature Stabiliza-

tion”, M.Sc. thesis report, Chalmers University, Sweden, 1998.

[3] Beillon, A. and M. Lager, “Construction of a Dual Frequency Dicke Switched Water Vapour Radiom-

eter”, M.Sc. thesis report, Chalmers University, Sweden, 1992.

Table 2.  Features of the positioning system.

Parameter Azimuth value Elevation value

Stepping motors 5 phase 5 phase

Gears with low dead motion (less than 2 arcmin) 1:100 1:50

Holding torque 37 Nm 5.5 Nm

Step resolution achieved after the gear boxes (full step mode)

Angular velocity for the different axes >

Resolution of the ADCs measuring the output voltages from

the environment sensors (eventually air pressure, tempera-

ture, humidity)

16 bit

Communication with the PC RS-232 (optical fibers)

100 °C 0.03°±

0.0072 ° 0.0144 °

10 °/sec 10 °/sec
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Abstra
t: A faster and semiautomati
 data analysis is an important 
ontribution to the a

eleration

of the VLBI pro
edure. A 
on
ept for the automation of one of the most widely used VLBI software

pa
kages the MarkIII Data Analysis System was developed. Then, the program Pwx
b, whi
h extra
ts

weather and 
able 
alibration data from the station log-�les, was automated supplementing the existing

Fortran77 program-
ode. The new program Xlog and its results will be presented. Most of the tasks

in the VLBI data analysis are very 
omplex and their automation requires typi
al knowledge-based

te
hniques. Thus, a knowledge-based system (KBS) for support and guidan
e of the analyst is being

developed using the AI-workben
h Babylon, whi
h is based on methods of arti�
ial intelligen
e (AI).

The advantages of a KBS for the MarkIII Data Analysis System and the required steps to build a

KBS will be demonstrated. Examples about the 
urrent status of the proje
t will be given, too.

1 Introdu
tion

Based on the inertial referen
e system of extragala
ti
 radiosour
es VLBI is an extremely pre
ise

geodeti
 te
hnique for monitoring the Earth rotation and for the realization of the global referen
e

system. However, the 
osts are relatively high and there is still a delay of �ve days minimum between

the time of observation and the availability of the results. If this gap 
ould be shorthened 
onsiderably

this would allow to monitor the Earth rotation parameters (ERPs) and the relative station motions in

near real-time. This 
ould be extremely useful for high pre
ision positioning and navigation. Results

in near real-time 
ould also be used as referen
es for other `on-line' observing methods, e.g. laser gyros

or supra-
uid helium gyros, as well as for observing transient astronomi
al phenomena.

The paper presents a 
on
ept for the automation of the MarkIII Data Analysis System, a widely used

VLBI software system (Ryan et al., 1980). This 
on
ept has been developed at DGFI, Muni
h, within

a resear
h proje
t 
alled `Appli
ations of Methods of AI for the VLBI Data Analysis'. The goal of

the proje
t is to a

elerate and automate the VLBI data analysis. It belongs to a general proposal

for VLBI in near real-time that was presented by S
huh (1995), where the means for automation and

a

eleration of the VLBI pro
edure are des
ribed for all steps of the VLBI pro
edure, i.e. s
heduling,

observation, 
orrelation and data analysis. When looking at the work done by the analyst during the


ourse of VLBI data analysis, it 
an be seen that almost all tasks 
an be supported by typi
al AI

methods, as proposed by S
huh (1991, 1993). Some tasks 
an be realized by additional algorithms or


ross
he
ks 
onventionally programmed within the existing software. This paper gives examples for

both, the automation with 
onventional methods and with methods of AI, and shows the advantages

of knowledge-based te
hniques.

A �rst su

essful realization of an on-line VLBI-System is the Japanese Keystone proje
t. In this

proje
t four radioteles
opes in the Tokyo area produ
e geodeti
 results in near real-time. It is part of

the Japanese Earthquake Predi
tion Programme (Yoshino, 1994, Koyama et al., 1998).
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2 Reasons for the development of a Knowledge-Based System

In the next few years the number of geodeti
 VLBI observing sessions will in
rease 
onsiderably. The

degree of automation within the present MarkIII Data Analysis System is very low. Most steps during

the data analysis have to be 
arried out manually and the data analysis is very 
omplex and often

requires the analyst's (expert's) de
isions. Already today there is a shortage of quali�ed experts and

the analyst's training takes a long time. Moreover, even experien
ed analysts make time-
onsuming

errors. Wrong results 
ould lead to misinterpretations and to in
orre
t 
on
lusions. This leads to

the ne
essity of a faster and even semiautomated data 
ow during the data analysis, what 
an only

marginally be a
hieved by faster 
omputers. Thus, the goal should be to make the VLBI data analysis

faster and safer by ensuring that less failures and less errors are made even by less experien
ed analysts.

A

ording to the des
ription of a knowledge-based system (KBS) (Sundermeyer, 1991) a KBS 
an be

used to model the knowledge needed for the VLBI data analysis and to use this knowledge for solving

the 
omplex problems within the data analysis automati
ally. A KBS is less sus
eptible to errors,

allows to 
onserve the analyst's knowledge and to 
he
k his de
isions. More information about KBS


an be found in S
hnupp et al. (1989).

3 Automation of VLBI data analysis

To examine the possibilities for the automation of the di�erent steps within the data analysis, the data


ow inside the MarkIII Data Analysis System was analysed. Espe
ially the appli
ability of knowledge-

based te
hniques was investigated but it was also 
onsidered, to automate some steps with 
onventional

programming te
hniques by supplementing the existing program-
ode. Therefore the data 
ow inside

the MarkIII Data Analysis System was subdivided into �ve parts ea
h related to a superior task:


orrelator output, a-priori information, generation and modi�
ation of databases, log-�le pro
essing

and data analysis (see Fig. 1).

The demands on a software whi
h should automate the data analysis di�er for ea
h of the parts.

Table 1 shows to whi
h degree a KBS would be useful in the di�erent parts of the data analysis.

A KBS 
an be used as a tea
hing system and for spe
ial aspe
ts of the data pro
essing. The main

appli
ation, however, will be for de
ision-support, diagnosis and analysis of results in Part V.

KBS for diagnosiseducation

Part I

Part II

Part III

Part IV

Part V

data control
and verification

decision
support

analysis
of results

Tab. 1: Possibilities for the appli
ation of a KBS in the VLBI data analysis.

After having thoroughly analysed the data 
ow inside the MarkIII Data Analysis System the program

Pwx
b in Part IV was automated. This 
ould be done so far with 
onventional programming te
h-

niques that is by supplementing the existing program-
ode written in Fortran77, be
ause the knowledge

needed for these tasks is relatively simple. The new program is 
alled Xlog and is des
ribed in the

next se
tion.
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analysis of results

MarkIII database

MarkIII data

MarkIII program

Fig. 1: Flow 
hart of the stan-

dard MkIII Data Analysis Sys-

tem.

3.1 Automati
 pro
essing of station log-�les

During the analysis of VLBI experiments the meteorologi
al data and the 
able 
alibration data have

to be read from the station log-�les and are entered into the experiment database. For that purpose

the program Pwx
b extra
ts the meteorologi
al and 
able 
alibration measurements from the station

log-�les and stores the data in separated �les, the so 
alled `
alibration �les' (see Fig. 1, Part IV). The

data from these �les are entered into the database by the program Db
al. Creating the 
alibration

�les 
an be very time-
onsuming be
ause of wrong entries in the log-�les whi
h have to be 
orre
ted

manually. In addition, the extra
ted data have to be 
he
ked with respe
t to their plausibility. These

tasks shall be performed now by an automated version of Pwx
b 
alled Xlog. All possible errors

had to be 
onsidered when developing the software, even if they appear quite implausible, to obtain

a high reliability of the automation. Xlog 
onsiders o�sets, gaps and single outliers in the data, too

few data, wrong entries in the log-�les (e.g. missing keywords, mixing up temperature and pressure,

et
.) and obvious met sensor problems (e.g. 
onstant temperatures entered in a log-�le whi
h is an

indi
ation for a sensor failure).
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The program 
an be started by several user-modes: In the semi-automati
 mode the analyst has to


on�rm all a
tions done by the program, i.e. original and edited data are plotted by Xlog and the

analyst is asked to de
ide whi
h data should be used or if he wants to edit the data manually with

Pwx
b. In the fully automati
 mode the analyst is asked for a 
on�rmation only if there are problems

with the automati
 pro
essing of the data, e.g. if suspi
ious data were dete
ted but not deleted, if

more than 10 % of all data points were deleted, et
. In a third user-mode the program runs without

user intera
tion and no messages are printed on the s
reen. In this 
ase the analyst is able to 
he
k the

results by looking at the output �les of Xlog whi
h 
ontain information about the automati
 pro
es-

PLOT DATA

SAVE DATA

XLOG

DBCAL
CONTROL-FILE

READ DATA

IDENTIFY
INPUT-FILE

CONTROL-FILE

CHECK DATA

Fig. 2: Data 
ow of the program Xlog.

sing of the log-�les. More details about the user-

modes 
an be found in the users-guide of Xlog.

The data 
ow inside Xlog is shown in Fig. 2. The

program starts reading the 
ontrol-�le whi
h 
on-

tains all ne
essary information to pro
ess the log-

�les automati
ally, e.g. user-mode, input-�lelist, ex-

periment des
riptor, et
. Then the program runs

through the following steps for every input-�le. First

the program identi�es the type of the input �le

(MarkIII-, MarkIV-log-�le or an existing 
alibration

�le). The data extra
ted from the input-�le will be


he
ked with respe
t to their plausibility and will

be saved if they are o.k. and the next �le from

the input-�lelist is going to be pro
essed. If there

are problems during the automati
 pro
essing or if

Xlog runs in semi-automati
 mode, warning mes-

sages are sent to the analyst and the original and

edited data are plotted. Then the analyst is able to


he
k the plausibility with stronger or weaker 
on-

ditions to �nd wrong data. If the results are still not

o.k., the analysts is able to de
ide that the original

data should be used and be pro
essed with Pwx
b.

Finally Xlog 
reates the 
ontrol-�le for the pro-

gram Db
al.

The automati
 pro
essing of the log-�les was 
he
ked on real data. Thereto about 200 station log-�les

whi
h had been already pro
essed manually were repro
essed with Xlog. Almost 25 per
ent of the

200 log-�les have had wrong entries and had to be edited manually. The 
omparison of the results

showed a su

ess rate of better than 96 per
ent of the automated version 
ompared to manual editing

whi
h means that basi
ally the same results were a
hieved. For four per
ent of all 
ases the log-�les

were not pro
essed 
orre
tly by Xlog, but in all 
ases the program wrote warning messages into the

output �les and on the s
reen. An example for su

essful automati
 editing of 
able 
alibration data

is shown in Fig. 3. The 
able sign was dete
ted by Xlog and written into the 
able 
alibration �le.

The o�set within the data (see left part of Fig. 3) was deleted, too. To demonstrate whi
h errors 
ould

be dete
ted by Xlog Fig. 4 shows the automati
 editing of intentionally falsi�ed meteorologi
al data

(see left part of Fig. 4) by the present version of the program. All obvious errors were dete
ted by

Xlog. Merely at the end of the experiment there is a problem when no data are available for three

hours whi
h reveals some weaknesses of the 
onventionally programmed version of Xlog. Hen
e there

is a di�eren
e of almost eight degrees 
entigrade between the last data point before the gap and the

�rst point after. At present Xlog 
annot de
ide if this is a measurement error or if the data after the

gap are 
orre
t be
ause this requires the knowledge and the experien
e of the analyst about the usual

weather 
onditions at the station. In su
h 
ase, the analyst will be warned by Xlog and he will edit

the data manually. Anyway, using the 
urrent version of Xlog a 
onsiderable amount of time and

e�ort 
an be gained. At present, a beta-version of Xlog is being tested for routine appli
ation. It is

planned to release version 1.0 in Spring 1999.
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Fig. 3: Comparison of original 
able measurements at a VLBI station from the log-�le (left) and the data after

automati
 pro
essing with Xlog (right).

Fig. 4: Comparison of intentionally falsi�ed temperature measurements at a VLBI station (degrees 
entigrade)

from the log-�le (left) and the data after automati
 pro
essing with Xlog (right).

3.2 A knowledge-based system for the VLBI data analysis

3.2.1 General remarks

The KBS for the automation of VLBI data analysis with the MarkIII Data Analysis System will be

developed to support the analyst in an impli
it and expli
it manner. Impli
it means that all steps done

by the analyst are 
he
ked by the system in the ba
kground. The analyst only notes these 
he
ks, if

the system sends a warning message. Expli
it means that the analyst is able to 
onsult the system

anytime to solve a problem.

The development of a KBS 
an be supported eÆ
iently by AI software tools. Thus the AI-workben
h

Babylon (Christaller et al., 1992) is going to be used for our purpose. Babylon 
ontains formalisms

for knowledge representation, a problem solving 
omponent to pro
ess the knowledge and an explana-

tion 
omponent to tell the user how the system arrived at a solution.Babylon is implemented in LISP,

the most 
ommon AI programming language. It was developed by the `Gesells
haft f�ur Mathematik

und Datenverarbeitung (GMD)' in Sankt Augustin, Germany. To 
onstru
t a KBS using Babylon,

the knowledge needed for the problem must �rst be 
olle
ted, stru
tured and organized (knowledge

a
quisition). This knowledge has to be formally represented and stored in the knowledge base (know-

ledge representation). The eÆ
ien
y of a KBS depends on the quality of the knowledge within the

knowledge base, whi
h should be modular, 
exible and extensible. Be
ause the general pro
edure of

VLBI data analysis is very similiar in all VLBI analysis programmes, the system is being designed to
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be transferable to other VLBI software pa
kages like O

am (developed at the Universities of Bonn,

Madrid and Saint Petersburg) or MASTERFIT/MODEST (developed at Jet Propulsion Laboratory,

Pasadena, CA). Therefore the knowledge base will be built to a high degree independently from the

MarkIII Data Analysis System. A system interfa
e will be needed to a
quire data from the MarkIII

Data Analysis System and to 
ontrol the data analysis with the KBS.

3.2.2 Automation of the standard VLBI data analysis

At present the KBS is going to be developed for the automation of a single VLBI experiment a

ording

to the standard pro
edure applied for analysing geodeti
 VLBI data (Nothnagel, 1995). The system

should automate the steps of Part V (see Fig. 1) of the VLBI data analysis:

1. Group delay ambiguity shifting

2. Ionosphere 
alibration

3. Update of the data base

4. Final parameterization

Every step 
ontains several subsequent tasks, whi
h are sometimes trivial from the point of view of

an expert but have to be 
onsidered by the KBS. The main problem when automating these tasks

is the representation of the knowledge, be
ause the methods used by the problem solving 
omponent

are in prin
iple the same for both, trivial and 
omplex tasks. A trivial task is for example the 
orre
t

parameter setting of the 
lo
k parameters during the group delay ambiguity shifting. The following

examples are given to show how the di�erent knowledge representation formalisms of Babylon 
an

be used to represent the knowledge about this task. The knowledge needed for this task a

ording to

Nothnagel (1995) 
an be summarized by the following rules:

� One station of a VLBI experiment has to be used as referen
e station for whi
h no 
lo
k parame-

ters will be estimated.

� The referen
e station should be in the 
entral area of the network.

� The referen
e station should not be known for strong 
lo
k variations.

� For ambiguity shifting only the �rst two 
lo
k parameters (
lo
k o�set and rate) are estimated

at ea
h station ex
ept the referen
e station.

To represent this knowledge and to de�ne the steps to 
ontrol the 
orre
t setting of the 
lo
k parameters

the following formalisms are used:

� Frames to represent the stations and their attributes (e.g. name of a station, 
hara
terization of

the 
lo
k (bad if it is known for strong 
lo
k variations otherwise it is good), et
.).

� Behaviours to 
hange the attributes of a station, for example to set the 
lo
k parameters to [0 0℄,

whi
h means that the station is going to be used as referen
e station:

(defbehaviour (vlbi-station :set-
lo
k-referen
e) ()

 :put '
lo
k-para [0 0℄)

� Prolog to analyse the situation, for example to 
he
k if by mistake a station is set as referen
e

station. The result of the `Prolog 
lause' is-wrong-referen
e-
lo
k is TRUE if the 
lo
k is

des
ribed as bad and if the 
lo
k parameters at the station are set to [0 0℄:

((is-wrong-referen
e-
lo
k station)

 

(is [0 0℄ ( station :get '
lo
k-para))

(is bad ( station :get '
lo
k)))
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� Rule-sets to 
he
k the 
lo
k parameter settings and to 
ontrol the analysis, for example to 
he
k

if by mistake more than one station was set as referen
e station:

(defrule-set :test-multiple-referen
e-
lo
k

(rule-1 ($and (is-referen
e-
lo
k station1)

(is-referen
e-
lo
k station2))

($exe
ute

(SAY ''There are multiple defined 
lo
k referen
es'')

( station1 :set-
lo
k-2p)

( station2 :set-
lo
k-2p)

(find-impli
ations :define-
lo
k-referen
e :do-all))))

The rule test-multiple-referen
e-
lo
k uses the behaviour is-referen
e-
lo
k to 
he
k

if a spe
i�
 station is set as referen
e. If more than one station is set as referen
e a message

is plotted to the s
reen, the behaviour set-
lo
k-2p is used to set the 
lo
k parameters of

all stations to [1 1℄ and the rule-set define-
lo
k-referen
e is started to de�ne a referen
e

station.

The knowledge is stored in two knowledge bases. One 
ontains all knowledge with respe
t to the

stations and the other 
ontains the knowledge for the 
lo
k parameter settings. This is ne
essary

be
ause the informations about the stations are going to be used in other steps of the data analysis,

too. Thus the modularity of the knowledge bases is guaranteed.

To 
he
k the 
lo
k parameter settings the system performs the following steps:

1. 
he
k if more than one station is de�ned as referen
e, if yes:

(a) set the 
lo
k parameters of all stations to [1 1℄

(b) de�ne one referen
e station

2. 
he
k if the referen
e station 
an be used as 
lo
k referen
e, if not:

(a) set the 
lo
k parameters to [1 1℄

(b) �nd a 
orre
t referen
e station

To automate the tasks of the VLBI data analysis des
ribed above for ea
h step several knowledge

bases have to be 
reated. These knowledge bases 
ontain the knowledge whi
h is ne
essary to solve

the spe
i�
 problem and 
an be merged to automate the data analysis of single VLBI experiments.

4 Con
lusions

To automate the VLBI data analysis either 
onventional programming te
hniques or methods of

arti�
ial intelligen
e 
an be used. The automation of Part IV of the MarkIII Data Analysis System by

supplementing the existing Fortran77 program-
ode was su

essful but has also shown the weaknesses

of 
onventional methods. Knowledge-based te
hniques are mu
h more pra
ti
al for the automation of

the VLBI data analysis, be
ause they allow an expli
it modelling of the multifa
eted knowledge needed

for these tasks. At present the KBS is going to be built for the most 
omplex and time 
onsuming

step in the VLBI data analysis: the sele
tion of parameters inside Part V in Fig. 1.
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Phase Centre Determinations at GPS-Satellites

with VLBI

Hayo Hase

�

Abstract

The collocation of various geodetic space techniques provides the tie of satellite reference sys-

tems into the quasi-inertial reference system of radio sources. The concept of a fundamental station

is the ideal realization for collocating instruments on Earth's surface. A challenge is to tie satellite

transmitters of navigation systems directly into the International Celestial Reference Frame, the

most accurate realization of a quasi-inertial reference system with VLBI measurements. An orbit

determination of the phase centre of the satellite transmitters complement existing orbit determi-

nations. For VLBI-type determinations some research and development work needs to done. For

this purpose a new type of dual beam radio telescopes will be of advantage. If the method will be

successful an inertial frame service is possible in the future.

1 Global Reference Systems

In (space) geodesy two kinds of reference systems play an important role:

� celestial reference frame (CRF),

� terrestrial reference frame (TRF).

Reference systems are necessary to describe measurements for the determinations of position and

velocity in space. In principle the determined position and velocity can be expressed only relative

to the measuring platforms, which are moving themselves. Therefore a strong interest exists in the

de�nition and availability of a globally available inertial reference systems.

Within the solar system the catalogue of �x stars was used for more than a century as an inertial

reference system. However with the increase of accuracy and the long time span of observations of

the measurements, the proper motion of galactic stars is in contradiction to the realization of an

inertial system. The development of radio astronomy and of the Very Long Baseline Interferometry

observation method allows the observation of the most remote objects in the universe. Today the very

distant extragalactic quasars are providing the most accurate realization of a global inertial system.

The proper motion of the very distant quasars is often negligible, but variations of the source structure

require continuous monitoring programmes. The small changes of the radio objects themselves request

the expression quasi-inertial system.

The optical reference frame became obsolete when VLBI demonstrated a higher astrometric accuracy

of about two magnitudes in the reference frame of quasars. This was acknowledged by the IAU

recommendation [1]:

The ICRF will be based on radio sources observed by VLBI and will therefore replace the

optical objects of the FK5, beginning from January 1st, 1998.

�

Bundesamt f�ur Kartographie und Geod�asie, Fundamentalstation Wettzell, e-mail: hase@wettzell.ifag.de
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This recommendation is meaningful, since VLBI is now responsible for the primary quasi-inertial

reference frame. Any kind of results from non-VLBI space geodetic measurements are comparable

only, if they can be expressed relative to the inertial frame ICRF based on radio sources.

The only measurement technique which gives access to the inertial frame of distant radio sources with

the best current level of accuracy is the Very Long Baseline Interferometry (VLBI).

2 Tie of Reference Frames

It is possible to generate (periodically) global solutions for each individual geodetic space technique

including all the participating measuring platforms. The result are terrestrial reference frames for

each single technique. One of the geodetic tasks is to compare these independent results of baselines

or station coordinates. The comparison is possible:

� if the individual techniques are collocated at one site and the of the reference points can be

provided by a local survey. This is best realized by operating fundamental stations for geodesy.

� if the individual techniques can be collocated in space; e.g. retrore
ector for satellite laser

ranging (SLR) at GPS satellites.

There exists another option since GPS-satellites and VLBI-techniques are using from the electromag-

netic spectrum similar wavelengths: microwaves. The question arises:

Why don't we use astrometric VLBI methods to tie the GPS satellite orbits

directly into the ICRF?

3 Astrometry

In astrometry the phase-referencing method is applied to measure weak sources relative to known

quasars. If the angular separation between both objects should not exceed about 5

�

in order to

assume the same atmospheric e�ects on the propagation of the signals. If both sources are observed

alternating then the most accurate method of phase-di�erencing is applicable.

The ICRF is based on about 608 radio sources which are distributed over the entire sky. The statistical

distribution on a sphere results in an averaged angular separation of each ICRF reference source of

about 9

�

.

4 GPS

Currently are 27 GPS satellites on an orbit, of which 24 are operating. At one ground location at

middle latitudes 7 to 8 GPS satellites are above the horizon for about 4:5 hours each. In this article

GPS serves as an example. The idea of monitoring phase centres of GPS-transmitters applies to any

other navigation system, like e.g. GLONASS or newer developments.

The orbits of GPS satellites are represented usually by the movements of the centres of mass. But the

measurements with GPS refer to the centre of phase at the transmitting and receiving antennae. Since

GPS uses two di�erent carrier frequencies there are two di�erent phase centres at the transmitter,

which can be assumed to be o�set to each other. (For simplicity in following the singular form is

used in this article.) The centre of phase and the centre of mass of the extended GPS satellites are

minimisation o�set by more than one meter. Due to the perturbations of the orbits due to solar wind,
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Earth shadow and gravitation the orientation of the o�set between centre of mass and centre of phase

are subject of temporal changes. As result the orientation of the eccentricity vector between the centre

of phase as the geodetic reference point and the centre of mass as the dynamical reference point is not

�xed in space and requires continuous monitoring and orbit determinations. The International GPS

Service computes daily precise orbits of the GPS satellites based on ground stationed GPS permanent

receivers. The residuals range typically from 2{20 cm.

VLBI has the potential to verify these GPS orbit determinations.

5 Phase Centre Determination of GPS-Transmitter with VLBI

The VLBI-method of phase-referencing would allow to observe GPS-transmitters during apparent

approaches to radio sources. GPS-transmitters are very strong sources compared with quasars, but

phase-referencing method will enable high accuracy for the orbit determination due to the of atmo-

spheric e�ects (�g. 1).

Satellite Quasars

orbit

orbit arc

at transmitter
max. 5°centre of phase

centre of mass

Fig. 1: Apparent approaches of satellite to ICRF radio sources. Phase-referencing astrometry can be carried

out within a range of about 5 degree of angular separation.

Assuming that 608 sources and 24 GPS transmitters are observable, there should be statistically

always globally six apparent approaches and at each site one apparent approach with less than 5

�

angular separation observable. The orbit of the phase centre would be determined in arcs which need

to be interpolated when no radio source is available.

For those kind of observations some research and development problems have to be solved:

� Phase referencing on quasar pairs is static, while phase referencing on quasar and GPS-transmitter

is kinematic. Interferometry models will need to include velocities of transmitters relative to

Earth rotation.

� Phase referencing with quasar pairs is done in same spectrum for each source, while GPS fre-

quencies are in L-band and the ICRF is based mainly on S/X-band observations. Astrometric

determined positions of quasars show sometimes dependency on the observed frequencies. Is

it possible to translate the phases between di�erent spectra? If this is not possible, then the

quasars must be observed in L-band or future navigation satellite projects should be equipped

with S- and X-band transmitters.

� Method of the interpolation of orbit arcs achieved from phase-referencing method must be in-

vestigated.
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� Introduction of satellite tracking routines to the antenna control units and PC Field System for

alternating observations between quasar and transmitter.

� Method of simultaneous observation of two objects requires a new observing instrument: Dual

beam radio telescope with movable eccentric second feed. The advantage is the continuous

simultaneous observation of both objects relating to the same reference point at the antenna.

The large re
ector would observe the weak quasar, while the eccentric feed would observe strong

satellite transmitter. The main re
ector tracks by compensating the Earth rotation, while the

ex-centric feed compensates for the satellite orbit in the inertial frame (�g. 2).

� GPS-transmitters seen in an altitude of 20000 km with a VLBI baseline of about 6000 km would

allow to make a three-dimensional orbit determination (near-�eld). The 3-D position needs to

be transformed in to the unit-sphere ICRF (far-�eld).

< 5°

360°

secondary beam

Quasar Satellite

Dual Beam Radiotelescope (Cassegrain)

main reflector

primary beam

subreflector

moveable feed

static feed

Fig. 2: Dual beam radio telescope for simultaneous phase-referencing VLBI observations. The primary beam

tracks the quasar by compensating Earth rotation while the secondary beam tracks the satellite by compensating

in a given range of maximum 5

�

angular separation the satellite movement. The result is a very precise orbit

arc of the transmitter relative to the position of a quasar.

The advantages of simultaneous observations of quasar and transmitter with the dual beam radio

telescope are:

� Direct continuous phase comparisons.

� Intersection of radio telescope axes is the ground based geodetic reference point for quasar and

transmitter observations without eccentricity. This is of importance for the tie of ground based

geodetic networks.
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The observation schedule will contain pointings to GPS-transmitter whenever an apparent approach

is observable and to quasars in between. The quasars will be selected due to the apparent approaches

and due to the optimisation for the determination of Earth orientation parameters. The bene�ts of

such observation schedules are:

� It will be possible to decorrelate the orbital errors from earth orientation variations.

� Orbits of the phase centre of the GPS-transmitter should be derived with about 3-6 cm accu-

racy in an inertial frame.

� If orbits of transmitters are determined in the ICRF in return the observation of nutation and

earth rotation can be performed with the much denser global GPS permanent network.

6 Outlook

Let us assume, that a new instrumental generation consisting of dual beam radio telescopes with

real-time-VLBI infrastructure will be available in a global network. Applying dual beam VLBI tech-

niques with simultaneous observations to the existing (or a new generation of) navigation satellites

would allow the orbit determination on the level of a few centimetres directly tied in the ICRF. New

navigation satellite programmes could be designed VLBI friendly by choosing frequencies which are

also in the S/X-band regime and by higher altitudes for the transmitters for new space navigation

purposes. The centimetre-level in accuracy of orbits obtained by VLBI-methods should re
ect higher

accuracy by positioning on the ground as well, since less hypothesis about the orbits themselves and

the signal propagation through atmosphere are involved.

If the navigation satellites can be directly measured in the quasi-inertial frame of the ICRF, the

deep space navigation can use the strong signals of the navigation satellites. Tied into the ICRF they

provide stable reference points for high precision space navigation manoeuvres. While the remote space

vehicle could navigate with the relatively strong signals from the navigation satellites rather than those

weak signals from quasars, it will be also possible to include the remote space vehicle in the VLBI

observation programme. VLBI phase referencing method will allow precise orbit determination also

at larger distances of any transmitter.

The extension of the quasi-inertial reference frame of quasars with directly tied navigation satellites

could be used as a backbone for an inertial frame service.

References

[1] Ma, C., Arias, E.F., Eubanks, T.M., Fey, A.L., Gontier, A.-M., Jacobs, C.S., Sovers, O.J., Archinal,

B.A., Charlot, P.: The International Celestial Reference Frame as Realized by Very Long Baseline

Interferometry, The Astronomical Journal, 116, S. 516-546, July 1998



Proceedings of the 13th Working Meeting on European VLBI for
Geodesy and Astrometry, Viechtach, 1999

278

Characteristics of a Ring Laser for Geodesy

Ulrich Schreiber, Manfred Schneider

Forschungseinrichtung Satellitengeod�asie

Fundamentalstation Wettzell

D- 93444 K�otzting, Germany

Geo�ery E. Stedman

Department of Physics and Astronomy

University of Canterbury

Private Bag 4800

Christchurch, New Zealand

Wolfgang Schl�uter

Bundesamt f�ur Kartographie und Geod�asie

Aussenstelle Wettzell

D- 93444 K�otzting, Germany

Abstract

Large Ring lasers are not yet used for geophysical applications. C-II is a prototype

for such a device and has a square optical path with side 1 m. One di�erence with

the earlier C-I laser testbed - and similarity to an aircraft gyro - is its monolithic

construction. It is housed 30 m underground in a New Zealand military bunker. The

measured ringdown time of 0.20 ms corresponds to a quality factor 6 � 10

11

and a

�nesse 9:4� 10

4

. for the observed exit beam power of 10 pW, this gives an angular

rotation sensitivity 4 � 10

�9

rad/s/sqrt(Hz). C-II performance limits therefore rival

those of Sagnac matter- wave gyroscopes (2�10

�8

rad/s/sqrt(Hz), Gustavson et. al.,

Phys. Rev. Lett. 78, 2046-9 (1997)). This also corresponds to a quantum noise line

width of 220 microhertz, consistent with that observed (172 microhertz) in the direct

spectrum and with the coe�cient of inverse time in the Allan variance plot.

Keywords: Ring laser gyroscope, Sagnac e�ect, earth rotation

1. INTRODUCTION

Ring lasers are known mostly from their application in inertial aircraft navigation, where

they are used due to their many advantages over mechanical gyroscopes employing spinning

masses. The relationship between the imposed rate of rotation and a splitting of the

frequency of two counter-rotating laser beams enclosing a given area A is given by the

Sagnac equation (1) for active cavities:
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�f =

4A �


e

�L

(1)

where L is the perimeter of the ring and � = 633 nm the wavelength of the HeNe laser,

while 


e

is the rate of earth rotation. Under ideal conditions this de�nes the unbiased

operation of ring laser gyroscopes.

The C-II ring laser project involves a multinational and multi- institutional collaboration (as

detailed in the acknowledgements). Its planning was reported at the Stuttgart Symposium

Gyro Technology 1996 [1]. C-II was installed in January 1997 and we report here some of

the results obtained so far.

2. THE C-II EXPERIMENT

Details of the rationale and design of C-II and the mathematical formulae needed to analyse

these results in the manner done below have been published elsewhere [1, 2] and we sum-

marise here only a few key points. C-II has a square beam path, with side 1.000 m, mirror

mountings machined and polished to an accuracy of 10 arc sec, and two 
at mirrors diag-

onally opposed, with two curved mirrors of radius 6.0 m on the other diagonal (�gure 1).

The supermirrors have total losses including transmission of each mirror of 1.2 ppm when

new. The path is bored out of a solid piece of Zerodur, 1:2� 1:2� 0:18 m, except that in

two cut-out sections the path and laser gas are bounded by tubes, one of which functions

as a gain tube (under r.f. excitation) and the other of which is available to access beams

for research purposes.

Figure 1: Photograph of the C-II ring laser at its site in the cashmere cavern in Christchurch,

New Zealand
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The d.c. component from a single beam is used to monitor the emergent optical beam

power, and to servo the radio frequency amplitude for driving the plasma in order to

keep the beam ampitude at a predetermined level. For monomode operation with this

servoing system the required plasma power is typically 0.8 W, the plasma length 10 mm,

and the exit beam power (measured for the quantum noise calculation to follow) 10 pW.

Any higher power level leads to appreciable excitation of adjacent longitudinal modes. The

Earth Sagnac rate nominally 79.4 Hz, was obtained with a measure of pushing and pulling

associated with ambient pressure and believed to result from mirror backscatter, details

have been published elsewhere [3]. The Sagnac frequency was stable, showing no variation

to a precision of 1 mHz when the gain tube was used to vignette the beam, driving the

servoed r.f. power to 1.2 W. With a 4 mm gain tube, the laser operated consistently in

TEM(0,0). Transverse modes were absent under virtually all conditions.

The ringdown time was determined to be 0.20 ms as shown in �gure 2. This translates

into a quality factor of 6:0� 10

11

, and a cavity �nesse of 9:4� 10

4

. We believe this to be a

record for the passive quality factor of an optical resonator.
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Figure 2: Ringdown time measurement on the C-II ring laser. The 1/e- value is reached

0.2 ms after the driving power was cut o�.

One of the major requirements for a longterm stable ring laser operation is a constant

ambient temperature. Therefore the ring has been located in an underground cavern at

Cashmere, New Zealand, which was originally built in World War II for defence purposes
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and has no use otherwise. The mechanical and temperature stability are greatly superior

to those of alternative sites, for example, the typical temperature excursion of the C-II

pier is less than 10 mK over a few hours, and microseismic background e�ects may be

monitored. This project therefore serves as another illustration of the increasing use of

gyros for peaceful and purely scienti�c purposes [2].

This cavern environment has unusually good thermal and mechanical stability, and its

availability has helped to meet the ultimate performance limits of such a device. When

combined with the observed output power (10 pW) and mirror transmission of 0.24 ppm,

this implies a circulating energy of 1.1 pJ and, with the observed ringdwon time, a total

power loss (mainly from scatter and transmission) of 5.6 nW. Together, these results imply

a quantum noise induced full width half maximum of 220 microhertz. This is in good

agreement with the observed value of 172 microhertz of the measurement shown in �gure 3.

It also agrees well (to within a factor of 2) with an Allan variance study of the output

frequency in such runs (�gure 4). At the right side of the Allan variance plot of two sample

runs the instrumental drifts from scaling factor variations caused by atmospheric pressure

changes are the dominating error sources.
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Figure 3: A sample spectrum from the C-II ring laser. The full width at half maximum was

determind to be 172 microhertz.

The de�ning relationship [4] is that the Allan variance times sample time is half the one-

sided power spectral density, itself (within a quantum noise picture) the above-mentioned
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full width at half maximum power divided by pi. This argument renders C-II of sensi-

tivity 4 � 10

�9

rad=s=sqrt(Hz), somewhat greater than that of atomic gyros (Gustavson

et al. (1997) who obtained 2 � 10

�8

rad=s=sqrt(Hz), Lenef et al. (1997) who obtained

3� 10

�7

rad=s=sqrt(Hz)).
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Figure 4: Allan variance plots for two sample runs. C-II currently produces the lowest

scatter for a dataset length of 300 to 1000 s. For runs longer than that scaling factor

variations introduced by changes in the atmospheric pressure are the dominant error source.

A scanning Fabry-Perot, a Newport SR-130 supercavity, is used for monitoring the abso-

lute frequency of the C-II beam relative to that of an external Winters iodine- stabilised

HeNe reference laser. The resultant frequency information is used to servo a piezo on one

supermirror, stabilising the perimeter, and this has signi�cantly reduced the drift in the

Sagnac frequency. The residual drift now has an rms variation typically of a few millihertz

as shown in �gure 5.

An online display is available at:

http://www.phys.canterbury.ac.nz/research/ring_laser/latest.html

This drift itself is signi�cantly reduced by continuing development, including the imple-

mentation of pressure compensation and numerical correction methods, which is now well

in progress. Figure 5 shows the di�erence between the raw data and the current simple

correction model.
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Figure 5: A sample plot of the Sagnac frequency over time. The raw data shows excur-

sions which are caused by the atmospheric pressure variations. A correction model which

takes 
uctuations of the scaling factor into account smoothes the timeseries of the Sagnac

frequency substantially.

3. SUMMARY

These results, and in particular the reduction of drift to a few millihertz, are reassuringly

close to the original projections, and augur well for the eventual performance of C-II reach-

ing the parts-per-million level (of the Sagnac frequency) precision as proposed in its original

conception. This indicates that the C-II laser system is ful�lling its intended purpose of

acting as a prototype and testbed for the much larger (4m � 4m) laser G, itself under

construction for the detection of short-terms 
uctuations in Earth rotation [1, 2].
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