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Preface

This report collects all contributions to the 8th Working Meeting on
European VLBI for Geodesy and Astrometry.

In the first part of these proceedings a short overview of the meeting has
been given, followed by a list of participants.

The second part contains all written (scientific) contributions sent to us
by the participants. The total 1ist of papers has been divided into four
categories, according to the set-up of the programme of the Working
Meeting: first the station reports from the different countries, secondly
the status reports on campaigns and system related matters, followed by the
papers concerning the astrometric applications of VLBI and finally all
papers referring to computational methods in Geodetic VLBI.

The meeting has been supported by:

- The Netherlands Geodetic Commission.

- Leids Kerkhoven Bosscha Fund.

- The Survey Department of Rijkswaterstaat.

- The Netherlands Foundation for Research in Astronomy.

This support is gratefully acknowledged.

I also want to thank my co-convenor Ger de Bruyn and especially Ronald
Molendijk and Anton Jongeneelen who served as the local organizing commit-
tee, whereas Ronald also served as editor of these proceedings.

I hope - and trust - that all participants can look back on a both fruitful
- in the scientific sense - and pleasant Working Meeting, and look forward
to the next one.

Frits J.J. Brouwer,
convenor



The 8th Working Meeting on European VLBI for Geodesy and Astrometry

The 8th Working Meeting on European VLBI for Geodesy and Astrometry has
been held on 13th and 14th June 1991 at the Netherlands Foundation for
Research in Astronomy facilities in Dwingeloo, The Netherlands.

The official part of the meeting started with a lunch on Thursday. Partici-
pants who had arrived the day before visited the Westerbork Synthesis Radio
Telescope in the morning.

The scientific programme had been divided into four parts, containing
respectively status reports from the different countries, reports on
systems and campaigns, activities in the field of astrometry and finally
recent developments in computing methods in geodetic VLBI.

After lunch time Frits Brouwer (convenor) followed by Wim Brouw (NFRA
institute) gave a short introduction mentioning some statistics and
historical facts about the preceding meetings.

The meeting itself started with James Campbell (page I-1) sketching the
history and present status of European VLBI and summarising the contents
and goals of this meeting. He paid special attention to some vital subjects
like the funding (NASA-DOSE project, EC proposal SCIENCE plan) and the
correlation situation. He concluded by emphasising the importance of this
kind of meetings for inter-European scientific and technical cooperation.

Session I: Station reports

Till coffee break status reports from the groups in the different countries
were presented containing information on organisation, participation in
campaigns, (proposed) developments in instrumentation and research. The
reports presented were successively the status report of RT Wettzell (D) by
Richard Kilger (page I-5), the Matera (I) VLBI status report by Bartolomeo
Pernice (page I-9), the Medicina and Noto (I) status report by Paolo Tomasi
(page I-17), the Madrid DSN (ESP) status report by Antonio Rius (page
I-20), the Dutch status report by Richard Schilizzi (page I-22), the status
of the Hartebeesthoek Radio Astronomy Observatory (RSA) by Axel Nothnagel
(page 1-24), the Onsala (S) Status Report by Gunnar Elgered (page I-25) and
finally Stan Gorgolewski with a status report of the Torun Radio Astronomy
Observatory (PL), where a new (renovated) telescope is planned to be
operational by spring 1993 after which further extension of geodetic VLBI
to the east will be possible.

Session II: Status reports on systems and campaigns

After the break the meeting was continued with a session containing reports
on systems and campaigns.

Arno Miiskens (page II-1) started with a report on the present status of the
MKIIIA Correlator in Bonn. He emphasised the limited capacity as the most
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important bottleneck at the moment.

An overview of progress and future plans at the ERS/VLBI station 0'Higgins
in Antarctica was given by Hayo Hase, followed by Kenneth Jaldehag (page
II-5) with some interesting features about the new S/X feed systems for the
SEST and Onsala Radio Telescopes. Axel Nothnagel (page I1I-12) continued
with an overview of the IRIS-S activities at the Bonn Geodetic Institute.
The last two presentations on Thursday contained both results of computa-
tions on observed VLBI campaigns. Gérard Petit (page I11-18) informed the
participants about the results of the 1989 Mobile VLBI European campaign,
analysed with the MODEST software, the successor of the MASTERFIT software
from JPL.

Hayo Hase and Vincenza Tornatore (page I1-23) presented a recent analysis
of European VLBI experiments situated in the tectonically interesting
Mediterranean with a comparison of VLBI results and geophysical models.

The rest of the first day was spent in one of the conference hotels in
Hoogeveen with an informal dinner offered by the Dutch sponsors of the
meeting.

Session III: Astrometry

In the first session on Friday attention was paid to astrometry.

Gérard Petit (page III-1) reported about the results and the progress of
research on observations of millisecond pulsars. Josep Parades (page I1I-7)
followed with some results observing the radiostar LSI+61303 to link the
Hipparcos reference frame and the extra-galactic one through VLBI observa-
tions.

Anton Jongeneelen continued with an overview of phase referencing using the
Dutch DEGRIAS software on a project dealing with the detection of proper
motion of M8l using two reference sources. Finally Maria Rioja (page
I11-10) presented some results of differential astrometry on the pair of
quasars 1038+52 A&B.

Session IV: Computing methods in Geodetic VLBI

The fourth session contained all topics related to computing methods in
Geodetic VLBI. Esther Sardon (page IV-1) started with some results on the
utilisation of Kalman analysis to Geodetic VLBI observables. Following the
good results (less memory, stochastic modelling atmosphere) there are plans
to implement this approach in the next version of the OCCAM software.
Gunnar Elgered (page I1V-7) dealt in his talk with results of handling the
variations in the wet path delay; Giinter Zeppenfeld (page IV-16) told about
his results on applying source structure corrections in the data analysis
software and Axel Nothnagel (page I1V-22) presented the status of the
automatic creation of optimised VLBI observing schedules.

Hans-Georg Scherneck (page IV-30) followed with the presentation of a new
parameterised earth tide model for VLBI, especially meaningful as a new
model for computation of the station displacement due to earth tides.
Berthold Plietker and Harald Schuh (page IV-39) presented some results on
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research on free network adjustment in VLBI data analysis and the applic-

ability of DOP-factors for VLBI-solutions (page IV-47).

The morning session was concluded by Nestor Zarraoca {(page IV-59) providing
all participants some background information about the new OCCAM software

After a short walk to the radiotelescope for the common group photo, every-
body met in the restaurant for lunch.

During lunch the Madrid group gave, in continuation of the introduction
earlier, a short instruction and demonstration of the OCCAM software.

After lunch Hermann Seeger gave an introduction to the TIGO concept
(Transportable Integrated Geodynamical Observations) and the corresponding
IfAG-plans to support VLBI in the southern Hemisphere. With this in mind he
also emphasised that additional correlator capacity would be necessary.
Harald Schuh (page IV-53) introduced his idea about the design of an expert
system for VLBI data analysis because of the complexity of the data-editing
and decision process on model parameters in view of the large amount of
data.

Stan _Gorgolewski examined the possibilities and the application of Space
VLBI station coordinates. Finally Bartolomeo Pernice presented some results
on recent data analysis from Matera.

General discussion

The meeting ended with a general discussion on present day topics. The main
items discussed were the developments on the correlator situation like the
necessity of new centres, an proposed upgrade of the existing instrumenta-
tion (MARK-IIIA/MARK-IV developments) and related problems like the exten-
sion of the EVN network.

The meeting was then adjourned with the agreement to have the next meeting
in Matera (Italy). As stated during the presentation of the Torun status
report by Stan Gorgolewski, for the meeting after the next one the geodetic
and astrometric VLBI community would be welcome in Poland.
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The European Geodetic VLBI-Network - Status Report

J. Campbell

Geodetic Institute, University of Bonn
Bonn, Fed. Rep. of Germany

ABSTRACT: In 1990 Europe has seen a rapid expansion of its geodetic VLBI-net with the
establishment of several new stations with full geodetic capability, especially in the Mediter-
ranean. Thus one of the world's most densely spaced VLBI-networks of fixed stations for
regional crustal motion research has been created. In order to provide a sound basis for regular
observations in this network, proposals have been presented to NASA and to the European
Community. EC-funding is expected for the support of network operations, whereas correlator
expansion at the MPIfR in Bonn will be subjet to an inter-agency agreement between
radioastronomers and geodesists in Germany.

1. THE EUROPEAN GEODETIC VLBI NETWORK

The successful start of multistation-observations among geodetically equipped radio telescopes
in western Europe in 1989 marks the beginning of a truly European crustal dynamics program
(Campbell 1989). The establishment in the Mediterranean of three new stations fully capable
of operating in the geodetic mode has been a major breakthrough, which would not have
occurred without the strong commitment of Italian scientific community in favour of VLBI.
Now the network comprises six stations, the two base stations in the central and northern part
of Europe (Wettzell in eastern Bavaria and Onsala in southern Sweden), the NASA/DSN-
Station of Robledo west of Madrid in central Spain and three stations in Italy, i.e. Medicina
near Bologna in northern Italy, Matera west of Bari in southern Italy and Noto at the south-
eastern tip of Sicily. The coverage of this network represents an excellent geometric
configuration, because it allows the determination of relative motions between some of the
most important crustal blocks in the European plate puzzle (Campbell, 1987).
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2. DATA PROCESSING AND ANALYSIS CAPABILITIES

2.1 Correlator Situation

In Europe, at present there is just one MKIII correlation facility, operated by the Max-Planck-
Institute for Radio Astronomy in Bonn, FRG. With the introduction of the high density head
system and a new design of correlator modules, this correlator has been gradually transformed
into the MKIIIA version. At present five tape units are available, two of which offer also nor-
mal density playback. In combination with ten correlator modules (plus one spare) this allows
the correlation of a five station mode C experiment in one pass. Problems with the reliability
of playback quality and with the limited coputation speed of the HP 1000F machine still persist
and this is why normally only 4 stations can be made to run satisfactorily. Further improve-
ments in the playback elctronics are being implemented and two new tape units (one VLBA
and one Penny&Giles machine) will be available as spares during this year (1991) (see also A.
Miiskens in these proceedings).

2.2 Correlator Plans at MPIfR

The development of the next generation MKIV system, which includes such features as a
fourfold data rate for higher delay resolution and greater sensitivity, improved fied systems for
easier observing and an upgraded correlator with new design for faster and more efficient
processing, requires a timely discussion on the Europeans side on how to keep systems updated
and operational.

Negociations have begun between the Max-Planck-Institute in Bonn and the Institute for
Applied Geodesy in Frankfurt to embark on a joint project to build at the MPIfR in Bonn a
copy of the new MkIV-correlator with the support of the Haystack group. Progress in this
work will of course entirely depend on the time scale envisaged for the development of the
MKIV correlator at Haystack. The present estimate for this development is two years, if the
funding level is not less the $500k per year. If the work can start in 1992 the earliest start in
Bonn would be in 1993. With appropriate funding the new Bonn correlator could then be
available from 1995, but 1996 seems more realistic. In the meantime an interim solution has to
be found in order to increase the correlator power in relation to increasing demand. At present
one solution appears to be the reactivation of the old MKIII correlator modules and to add the
necessary tape drives, which could later be upgraded to suit the MKIV norm. This would mean
that a 5-station MKIIIA and a 4-station MKIII correlator would be available for simultaneous
use in the years 1992-1996.

2.3 Geodetic Processing

The geodetic VLBI group includes one geodetic correlation supervisor and a contingent of
student labor to carry out the correlation of geodetic experiments within the time allocated by
the MPIfR to geodesy (25% of the total time). The CALC/SOLVE package to produce geodetic
results is available both at the MPIfR and at the Geodetic Institute of the University of Bonn.
The VLBI-Group at the Geodetic Institute is using this software for several ongoing projects,
such as the analysis of IRIS-S (South) and some of the CDP-campaigns, Intensive UT1- and
Polar Motion observations, special experiments for relativity and tests on schedule optimization
and source structure effects. In parallel, the Bonn VLBI software system (BVSS) has been de-
veloped into a full-grown multi-station analysis system with special features by the Spanish
VLBI group in Madrid (Zarraoa et al. in these proceedings). More VLBI-analysis software is
available also in the other European countries such as in Italy, France, the Netherlands and in
Sweden.



3. NASA RESEARCH ANNOUNCEMENT DYNAMICS OF THE SOLID EARTH (DOSE)

The NASA Research Announcement 'Dynamics of the Solid Earth* (DOSE) of December 28,
1990 introduces a program which is essentially a continuation of the CDP, albeit with a much
larger scope adapted to the themes of the U.S. Global Change Research Program. In order to
avoid a fragmentation of the European efforts in this field, the WEGENER-group took the
initiative to collect and coordinate the European proposals relevant to the NASA
announcement.

The WEGENER group (Working-group of European Geo-scientists for the Establishment of
Networks for Earth-science Research), which up to now has mainly taken care of the SLR
work, has been re-organised to include also the other geodynamical observing techniques. At
special meetings in Frankfurt and Kootwijk the European geoscientists interested in this
program met and dicussed the primary goals under which the individual proposals in response
to the NASA announcement should be sent in. These goals are the investigation of the
kinematics and dynamics of the south-western boundary of the Eurasian plate, the study of
post-glacial uplift in Fennoscandia and the study of the relationships between changes of
height, changes of sea level and global warming. In addition a commitment is made to continue
the support of global programs. A total of 28 individual proposals from institutions in 24
different countries have been submitted jointly to NASA under an agreed upon management
structure.

The proposal for European geodetic VLBI has been included in the WEGENER joint proposal
for two obvious reasons:

- For the European geodetic VLBI community it will be essential that the planned activities
become part of the follow-up NASA program in the same way as has been the case with the
CDP, to ensure that the necessary hard- and software support as well as the ability to use US
telescopes and the CDP databases will continue to be available.

- The aims of the VLBI basline measurements largely coincide with the goals of WEGENER
and will benefit from close cooperation and coordination of efforts.

It should be noted that the participation in the NASA program does not include any form of
financial support. This is why in a separate move an application for financial support has been
submitted to the EC.

4. EC - PROPOSAL FOR EUROPEAN GEODETIC VLBI

An application for financial support of the planned regular VLBI campaigns for crustal motion
in Europe has been presented to the European Commission under the so-calfed Science Plan for
the years 1988-1992. This funding concept aims at ‘improving the quality and efficacy of
scientific and technical research in all member states* and tries to ‘overcome the traditional
European weakness of isolation and fragmentation'. The specific objects of the plan include
the promotion of training and improvement of mobility of European researchers, the further
development of cooperation and the setting up of ‘rintra-European cooperation- and
interchange networks'.

The support method consists of either twinning or operations contracts and provides funds to
cover costs for travel, extra staff and extra equipment needed for the proposed project. The
total funding available for any one project of three years duration is relatively small (500
kECU, = 700k$), but seems just about adequate to cover the extra costs arising from the
carrying out of the proposed VLBI-campaigns.

The idea of this proposal is to mobilise the inherent potential of the European VLBI-network
to determine crustal motions in the active zones between the African and Eurasian plates. Up



to now this potential has been largely used by the U.S.A. through the channels of the NASA
Crustal Dynamics Project. This project will come to an end of 1991, and discussions with
NASA officials showed that they would welcome the shifting of the initiative to the European
side. This of course means that the Europeans have to provide all the services in organisation
and data processing which have been mainly in the hands of the NASA-Goddard Space Flight
Center VLBI Group.

The operations contract of the EC Science Plan binds together six participants, which are re-
presented by the five institutions supporting the geodetic VLBI activities at the observatories,
and a coordinating centre, which is identical with the scheduling and processing center for
geodetic VLBI in Bonn. The contract members are: Geodetic Institute, University of Bonn (co-
ordinator); Istituto di Radioastronomia Bologna (CNR), Centro di Geodesia Spaziale Matera
(ASI); Instituto de Astronomia y Geodesia, University of Madrid (CSIC); Rijkswaterstaat,
Meetkundige dienst, Delft; Onsala Space Observatory, Technical University of Goteborg;
Satellitenbeobachtungsstation Wettzell (IfAG, Frankfurt).

The proposed funding scheme is largely made up of manpower costs, which are seen as a vital
stimulus for the proliferation of the application of the VLBI technology in Europe. There is a
great need of young experts to be trained when they graduate or are leaving the universities.
Due to the lack of appropriate temporary positions, it has been exceedingly difficult to find
experienced staff in this new field. There is only one full position of a scientist, who is
designed to act as the prime coordinator and investigator. For the other positions graduate or
post graduate students will be employed in accordance with the available conditions in each
country.

The running costs such as travel, tape shipments and consumables are required on the marginal
level and are very small compared to the total cost of operating and maintaining the obser-
vatories. The total EC-contribution of about 800 KECU for this project, which combines 6
different groups from 5 different countries has been based on the average funding level of
about 400 KECU for 3 countries with 4 organisations.

The proposal of a European VLBI network should be optimally suited for the Science funding
scheme and it is hoped that it will make its way successfully throug the different stages of
evaluation and selection at the EC in Brussels.

5. REFERENCES

Campbell, J. : European VLBI for Geodynamics. Proc 3rd Int. Conf. on the WEGENER/MED-
LAS Project, Bologna, May 1987, Ed. by P, Baldi and S. Zerbini, Publication of the University
of Bologna, p. 361-374, 1988

Campbell, J.: Status report on global and European VLBI. Proc 7th Working Meeting on
European VLBI for Geodesy and Astrometry, Ed. by A. Rius, Consejo Superior de Investi-
gaciones Cientificas, Madrid, October 1989



Wettzell, MAY 29TH, 1991

This report presents an overview of the activities at radiotelescope
Wettzell regarding observing and upgrading the hardware of our VLBI-
system since our last meeting in Madrid.

Since Wettzell is a station, dedicated 100% to geodesy, our observing
activities do not change much through the years. A board, whose mem-
bers are

- Prof. Dr. H. Seeger, President of IfAG, Frankfurt,

- Prof. Dr. M. Schneider, Technical University of Munich,

- Prof. Dr. J. Campbell, Geodetic Institute of University of Bonn,

- Dr. W. Schlueter, Satellitenbeobachtungsstation Wettzell,

decide over additional observations of our radiotelescope.

- IRIS-A : The continuous participation in IRIS-A is still our ma-
Jjor effort in geodetic observing campaigns. The net nor-
mally consists of the radiotelescopes:

- Westford, Massachusetts,

- Richmond, Florida,

- Mojave, California,

- Wettzell, FRG and

- Onsala, Sweden, (about once per month).

The IRIS-A session is an old observing session, its his-

tory reaches back to the year 1980. There have been some

changes through the years to improve

- the geometry of the network,
(From May 29th to August 7th RT Algonquin will join
IRIS-A; this measure will not really improve the geo-
metry of the network, since Algonquin is too close to
Westford.
Plans of NGS to add a telescope in Brazil near Recife
to IRIS-A will significantly improve the North-South
extension of the network.)

- the selection of the observed sources,

- the strategy of the observing schedule,

- the hardware of the observatories.

A11 these measures help to make IRIS-A to one of the

most accurate and valuable geodetic measurements.

One of the last major changes happened at April 22, 1991.

The network IRIS-A, now called also network NEOS-B obser-

ves weekly:

- starting at Monday, 8:00 UT and

- finishing at Tuesday, 8:00 UT.

An additional network NAVNET, with the additional syno-

nym NEOS-A, consisting of the radiotelescopes

- Greenbank, West Virginia,

- Richmond, Florida,

- Fairbanks, Alasca, and

- Kokee Park, Hawai,

observes also weekly, but 3.5 days later,

- starting at Thursday, 20:00 UT

- finishing at Friday, 20:00 UT.

Both nets are expected to measure with highest possible

precision:

Proceedings of the 8th Working Meeting on European VLBI for Geodesy and Astrometry (page I-5 - I-8)



- IRIS-S

- INTENSIVE

- CbP

Europe

- the coordinates X+Y of the rotational pole of the
earth,

- UT1-UTC, or changes of the length of a day,

- horizontal and vertical components of the baselines
between participating observatories, as well as their
changes with time,

- the position of the radiotelescopes, thus forming a
terrestrial reference frame, serving for instance GPS
networks as fiducial reference frame,

- the coefficients of nutation and precession,

- the coordinates of the observed radio sources, thus
forming a celestial reference frame,

- the performance of the hydrogen masers at the sta-
tions, etc.

The tapes of both networks are correlated at the corre-

lator of the US Naval Observatory in Washington.

The results are published in the monthly issued IRIS,

Earth Orientation Bulletin, A+B by NGS {1] and contri-

bute to the earth orientation parameters, published by

the BIH.

: There have been changes in IRIS-S as well. While pre-

viously the network operated once per year, performing
about six 24h-sessions within one month, it now opera-
tes on a regular basis with about twelve 24h-sessions
per year. The network normally consists now of follo-
wing radiotelescopes:

Hartebeesthook, Suedafrika,

Westford, Massachusetts,

Richmond, Florida,

Mojave, California, and

Wettzell, FRG.

This session is correlated by the Geodetic Institute
of the university in Bonn at the correlator of the Max
Planck Institute of Radioastronomy.

: Based on the values of X + Y of the rotational pole of

the earth and the coordinates of the radio sources it

is possible to determine with a single (East West) base-

line interferometer:

- UT1-UTC and the length of day,

- performance of the hydrogen masers at the observato-
ries and

- the atmospheric zenith path delay.

The net consists of the radiotelescopes at Westford and

Wettzell, forming an East-West-interferometer with a

6000 km-baseline. 4 radio source are recorded twice in

sequence. The measurement is performed once daily at the

same siderial time between IRIS-A-sessions. The session

runs since April 1984 continuously.

Correlation is done at WaCo, USNO, within 5 days after

recording.

The results are published in IRIS, Earth Orientation

Bulletin, A+B. [1]

: The radiotelescope Wettzell is integrated in the CDP-

program of NASA since 1984.
The network consists of the European telescopes:
- Onsala, Sweden,



- Madrid, Spain,
- Medicina, Noto and Matera, Italy, and
- Wettzell.
Correlation is done by Geodetic Institute in Bonn at
the correlator of Max Planck Institute for Radioastro-
nomy.
X-Asia : The network consists of the radiotelescopes
- Hartebeesthook, South Africa,
DSS 45, Australia, at Tidbinbilla, 34m-RT,
Hobart, Australia,
Shanghai, China,
Kashima, Japan,
Wettzell, FRG.
The session connects 2 telescopes in Australia (South
Pacific) to the telescopes in Asia, Africa and Europe.
R&D-program: NASA (Goddard Space Flight Center) and Haystack Obser-
vatory are in the process of improving the hardware of
VLBI measuring technique. Main steps towards this goal
are:
- doubling of the band width of the upper side bands
of the video frequencies from 2 to 4 MHz.
The recording speed of the tape unit increases from
120 to 240 ips;
- doubling of the spanned IF-bandwidth
: in X-Band from 360 to 720 MHz
: in S-Band from 85 to 125 MHz.
The video frequencies in a R&D sessions are:

X-Band S-Band
[MHz ] [MHZ]
132.99 200.99
172.99 210.99
272.99 230.99
432.99 285.99
652.99 * 320.99
772.99 * 325.99
832.99 *
852.99 *

In order to enable the participation of our radiotele-
scope in R&D sessions we had to perform following major
modifications in our system:
X receiver:
X-Band: replacement of filters and amplifiers
S-Band: replacement of filters
The preamplifiers in the dewar remained unchanged. But
it is highly desirable to change these preamplifiers in
the dewar against units being tuned to the higher band
width.
x MIII-DAT:
Video Converters: Addition of 14 4 MHz-filters
IF-Distributor : Addition of a modul IF3,
reducing the 4 higher IF-Bands (*) with a LO frequency
of 500.1 MHz to Tower levels, which the video conver-
ters are able to process.
R&D-experiments started in Mar 27th, 1989 at the radio
telescopes in Westford, Mojave, Fairbanks and Pie Town.
Our radiotelescope joined the R&D network since begin-
ning of 1991 and the present network consists of:
- Westford, Mojave, Fairbanks, Los Alamos (VLBA-site)



[1]

Kokee Park and Wettzell.

Together with additional measures, as

- better modelling of refraction (wet and dry component)
by improved software (Kalman filter) and low elevation
observations (E1 = 2 degree)

- avoiding sources with strucure,

- shorter scans (due to receivers with less noise) and

- more sophisticated strategies regarding sky coverage

the accuracy of R&D measurements has improved by a factor

of about 3.

SUBCOMMISSION INTER- IRIS-EARTH ORIENTATION BULLETIN,

NATIONAL RADIO INTER-  BULLETIN A

FEROMETRIC SURVEYING and

(IRIS) IRIS-0BSERVATORIES PERFORMANCE
REPORT, BULLETIN B



MATERA VLBI STATUS REPORT

B.Pernice ASI-CGS Matera

L.Garramone
TELESPAZIO-CGS Matera
V.Luceri

1. Introduction

This report summarizes the present status (to June 1991) of the VLBI activities at the
Matera Center for Space Geodesy (CGS).

In the first part of this report the main characteristics of the VLBI system are described
with operating and technical remarks.

In the second part, the VLBI data analysis activities at Matera CGS are described.

2. VLBI system characteristics

In fig.1 there is the block diagram of the Matera VLBI system and TAB.1 describes its
main characteristics.

2.1 Operating remarks

Since May 1990, when the VLBI system became operating, Matera partecipated to 3
CDP european experiments (EUROPE....) and to 9 USNO experiments
(NAVEX....).

Moreover Matera has plan to partecipate to the USNO NAVNET campaign (weekly)
and to the NGS IRIS-A experiments (monthly).

Other dedicated experiments are also planned for S/X band Radio Astronomy and
Geodesy.

2.2 Technical remarks

- The first experiment revealed a significant phase drift (Of/f = 5 x 10‘14) of the
Local Oscillator of the Down Converter.
On February 1991, the origianl L.O. was replaced with the one provided by NASA
(Offf< 1x 10714),

- Experiments between October 1990 and February 1991 showed low sensitivity in the
S-band.
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This problem was solved after accurate check and calibration of the S-band.
- RF interferencies in the S-band are present at Matera due to TV relays.
The effect is significant on two S-band VLBI channels.

2.3 Operating team

The Matera VLBI system is operated by Telespazio undér the Italian Space Agency
management (Project Manager: B.Pernice).

The operating team is composed by 1 operation manager (shared), 2 system engineer
(shared) and 4 technicians (full-time).

3. Data analysis

The data analysis activity at the Matera Space Geodesy Center began with the
installation of the Solve program on the HP 9000/835 computer of the Center in May
1990.

In the same period (precisely on the 24th of May) the first 6-hours experiment
involving Matera took place.

The obtained data were analyzed with the above-mentioned program and the estimate of
the Matera-Wettzell baseline was compared with the same baseline calculated from the
laser coordinates of the two sites (TPZ90.1 solution) and the laser-vlbi eccentricity
vectors.

A difference of cm. 5 between these two measurements came out (fig. 2).

Later, as a training activity, the data of the IRIS campaign from 1984 to 1988, already
processed at GSFC, were analyzed in order to obtain: time serie of baselines and station
coordinates, site velocities, earth rotation parameters.

The same parameterization was used for the whole set of data, except few experiments
(batch mode with 1 hour for clock and atmosphere, Lanyi model for the calibration of
atmosphere, reweighting of the baselines, Westford as master station moved according
to the Minster-Jordan model). '

From the obtained estimates of the station coordinates and with the determination of the
regression lines ( fig. 3), the site velocities calculated with three different techniques,
that is VLBI, SLR and Minster-Jordan model, were compared (figures 4 and 5).

4. Future plans

4.1 Operation
- The Matera VLBI station is expected to guarantee up to 140 operational days per year.
- An additional High Density VLBI Tape recorder will be procured in the near future.
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- Upgrading of the VLBI acquisition system is planned according to the new standard.

4.2 Data analysis
- Data analysis activities will continue in the future, based on the use of CALC-SOLVE
software.
Main goals will include:
-extension of time series of geodetic parameters (station coordinates, ERP);
-comparison of Terrestrial Reference System;
- VLBI versus SLR and GPS;
- short periodic Polar Motion (provided VLBI data coverage sufficiently long).

TAB. 1

* ANTENNA RECEIVING SYSTEM

- 20 m Cassegrain radiotelescope

- 2 m actively controlled subreflector (5 degrees of freedom)
- 0.4 mm overall accuracy of the main reflector surface

- Altazimuth mount with crossing axes

- 2 deg/s max angular velocity (both axes)

- Dual band, S/X conical horn feed

- Two stages, helium cooled fet low-noise RF receiver

- Wide band down-converter

* DATA ACQUISITION AND TIMING SYSTEM

- MARK III-A Data Acquisition Terminal with upgrated tape
recorder (Signatron Inc. USA)

- HP 1000/A400 field computer

- H-MASER frequency standard EFOS-8 by Oscilloquartz SA-CH
host in a dedicated underground room
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Medicina and Noto stations: status report

P. Tomasi

Istituto di Radioastronomia; CNR
Bologna - Italy

1. Introduction

Since 1989 the Istituto di Radioastronomia (I.R.A.) of
C.N.R. took part regularly in geodetic V.L.B.I. experiments
with the two 32 meters dish antennas: the oldest one near
Bologna (the Medicina antenna) and the new one not far from
Siracusa (Sicily), (the Noto antenna).

Both these antennas are used mainly for astronomical obser-
vations, but a reasonable fraction of their working time 1is
devoted to geodetic V.L.B.I. experiments. In the past the
Medicina antenna was involved in IRIS observations, to measure
Polar motion and UT1l, in EATL experiments, to measure the
enlargement of the distance between North-American plate and
Eurasian plate, and in a number of ad hoc experiments, with
South Africa, Japan and China, together with Wettzell antenna.

May be of interest to remember that the Medicina antenna is
fully equipped for V.L.B.I. geodetic observation: S/X cooled
receiver with a band of about 500 MHz, MarkIII terminal with
high density head recorder and the HP1000 computer, with field
system installed, to drive the antenna and the schedule.

The Noto antenna come into operation in March 1989 and its
first geodetic V.L.B.I. observation was in June 1989, with an
IRIS experiment. During that summer the Noto antenna was
heavily involved in EUREF experiment for establishing precise
reference points along Europe, with mobile V.L.B.I. antenna.

Differently from the Medicina antenna, the one in Sicily is
not fully equipped for geodetic VLBI observations. The S/X
receiver 1is on long term loan from N.A.S.A. and it is uncool-
ed, the antenna site have no MARKIII receiver, and we operate,
in this field, only when N.A.S.A (or other agency or Institu-
te) send a terminal to Noto.

2. Recent activity

The main observing program for both antennas, during the
last two years, was EUROPE, in order to measure the Eurasian
plate deformations, in the south-western Mediterranean, and
the horizontal and vertical movements in particular in the
colliding zone between Eurasian and African plates.

For these goals the European V.L.B.I. network is really
well tailored: a western antenna in Spain near Madrid, three
antennas along Italy, from North to South: Medicina, Matera
and Noto; and two antennas, Onsala and Wettzell, on stable
Eurasian plate, for reference. Preliminary results from obser-
vations, have been presented in this meeting by Hase and
Tornatore (1991), showing a 1 cm./year velocity at Noto, more
or less in the North direction.
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Medicina antenna was also involved in the POLAR experiment,
for measuring, with large accuracy, the Polar motion.

The Noto antenna took part to an IRIS experiment, immedia-
tely after the Sicilian earthquake (12 October 1990). The
experiment was made on October 18, and, as expected from the
magnitude of the earthquake, no motion was measured within the
errors.

From March 1992 the Noto antenna was equipped with a VLBA
terminal, assembled with parts from IFAG (Germany) and some
others from my institute. In fact IFAG, in order to test the
modules and the software, before sending them the new station
in Antarctica, agree with IRA to left the modules behind, to
be assemble at the Noto station, with the VLBA recorder and
within the rack property of Istituto di Radioastronomia. In
this way, for about 8 months the Noto station had a full VLBA
terminal, and the modules were tested together with the soft-
ware.

The first test was a full comparison, on the same experi-
ment, between a MARKIII DAT and a VLBA terminal. 12 hours
experiment, with both terminals driven manually (the HP1000
refused to start few hours before the experiment), show no
different results between data collected by MARKIII and by
VLBA terminal. The differences at the correlator (quality
factor slightly worst for VLBA) may be due to formatter
faults, found and fixed at later experiment. The software for
driving the VLBA terminal, provided by Interferometric, was
tested in its evolution, and at the end (September 1991) it
seems working in every parts.

The Noto site was equipped with Satellite Laser Ranging
pad, and that pad was occupied during September 1990 with a
SLR successful campaign.

Also GPS campaigns were performed at Noto site by different
groups.

More over the monumentation around the antenna was made,
and the Italian Space Agency and Telespazio linked the local
network. The antenna invariant point will be measured and
linked to the local network next year.

From the data analysis point of view, at Bologna we have
now an HP9000/360 workstation, with Unix CALC/SOLVE running,
and CNPLT, the graphics part of SOLVE, working on the large
screen without window (the used graphics library is STARBASE) .
CATLG is now working and can import database via electronic
ftp. The archive facility is still not developed.

3. Future plans

In the next future we will expand our activity within the
European network, ready for making much regular European
observations along the years.

We are trying to enlarge the capability of the stations
with GPS experiment, using V.L.B.I. positions as reference
points. We are planning to have a permanent GPS receiver at
the stations (probably Rogue), and we are involved directly in
two experiments for measuring the absolute sea level rising,
using V.L.B.I. and GPS. One is for the "Laguna veneta" near
Venice, the other in the southern Mediterranean, near Noto.

At the station workshop, we are making a new S/X receiver
with lower temperature and larger band, ready early 1992,
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probably for the Noto antenna. In the same time we have
already ordered a 4 basebands VLBA terminal. This terminal is
not able to make MARKIII compatible geodetic observations, but
we are confident to be ready to order the 10 more, along the
next year (it will depend on budget). In any case we will have
a N.A.S.A MARKIII terminal from January to April 1991, and
probably more in autumn if a fully compatible VLBA will not be
ready.

Also the data reduction will be keep update: the HP work-
station will be moved to 380 for higher speed and a new disk
will be added for allowing more room for database. Also the
HP700 option will be considered.

In the meantime the software will be updated with the new
SOLVE version now working at Goddard Space Flight Centre.

4. References

H. Hase and V. Tornatore: Analysis of recent European VLBI
Experiments, Proceedings of the 8th Working Meeting on
European VLBI for Geodesy and Astrometry, Dwingeloo, June
1991, in press.
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MADRID STATUS REPORT

A. Rius
Instituto de Astronomia y Geodesia, C.S.I.C.-U.C.M.
Madrid, Spain

1. Radioastronomy resources at the Madrid Deep Space

Communications Complex

Front ends
DSS63 (70 meter antenna)
Receivers

L Band 1 Cooled FET circular polarization
S Band 2 TWM'dual polarization
X Band 2 TWM dual polarization
22GHz 1 TWM LCP polarization

Calibration devices

Noise Diodes in all the receivers

Beam waveguide switching in the 22 GHz receiver
Phase calibration units at the L, S, X receivers
IF Phase calibration system for the 22 GHz receiver

DSS 65 (34 meter antenna)

Receivers
S Band Cooled FET
X Band HEMT and TWM

Calibration devices
Noise Diodes in all the receivers
Phase calibration units in all the receivers

Signal recording and processing

1 VLBI MKIII DAT (2 recorders)

2 VLBI Mk II JPL BWS

1 dedicated microcomputer with A/D and D/A
interfaces

Time and frequency
2 Hydrogen MASERS
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Water Vapor Radiometer
JPL D1 unit

GPS receiver

SNR-8 ROGUE GPS receiver

Meteorological equipment

Pressure, humidity and temperature sensors.

2. Iocal Geodetic Ties

Conventional geodetic measurements between the different the
VLBI points of DSS63, DSS65, the ROGUE antenna and several
geodetic marks have been performed.

3. VLBI experiments

DSS 65 has participated in all the geodetic VLBI experiments
in the EUROPE series organized by the NASA Crustal Dynamics
Project. Results of these experiments could be found in
several papers published in these proceedings.

Detailed information on other experiments performed by the
different users of the DSN R/A resources could be found in
the document "Radio Astronomy And the Deep Space Network. A
report for 1990 JPL 1750-1990" compiled by the Jet Propulsion
Laboratory,Telecommunications and Data Acquisition Science
Office.

4. OCCAM

The software OCCAM announced during the Madrid meeting and
developed in cooperation with the Bonn University group has
been released to different interested parties. Details about
its availability could be found in these proceedings.
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STATUS REPORT NL-VLBI

Frits J.J. Brouwer, Ronald E. Molendi jk
(Survey Department RWS, Delft)

Richard T. Schilizzi

(Netherlands Foundation for Research in Astronomy, Dwingeloo)

At the moment, research on Geodetic and Astrometric VLBI in
the Netherlands is concentrated at the Netherlands Foundation
for Astronomy (NFRA) in Dwingeloo, the University of Leiden
and the Survey Department of Rijkswaterstaat in Delft
(RWS/MD) .

Instrumentation at the WSRT.

Geodetic VLBI equipment:

- one Mk3 terminal with narrow track heads

- one hydrogen maser frequency standard

- S/X receivers being constructed as part of the Multi-
Frequency-Frontend project for the WSRT. A prototype
frontend is expected to be tested on one of the WSRT
telescopes in 1993, and all elements will be outfitted
by 1995.

Correlator facilities.

As part of the plan to upgrade EVN facilities, a 20-station
correlator has been proposed for joint multi-national/EC
funding. It is to be located in Dwingeloo. At the time of the
meeting (June 1991), the Netherlands government had committed
approximately 20% of the required funding contingent on the
remaining funds becoming available. Discussions with other
possible partners are on-going. The correlator design will
take account of geodetic VLBI requirements

Scientific research on Geodetic and Astrometric VLBI.

The Survey Department of Rijkswaterstaat is responsible for
all aspects related to height information in the Netherlands.
For detailed studies on sea level changes it is necessary to
detect land subsidence at tide gauges.

Geodetic VLBI, in combination with e.g. GPS, can be used for
monitoring land subsidence. This is one of the reasons for the
Survey Department to continue the work done at the Delft
University of Technology in the past years.

During the last one and a half years, most of the time spent
on VLBI has been used for the upgrading of the DEGRIAS soft-
ware, developed at the Delft University of Technology. The
difference in the basic geometry between BVSS and DEGRIAS is
less than a hundredth of a nanosecond.
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Worth mentioning is also that DEGRIAS has been used for phase
referenced VLBI in astrometry at the University of Leiden.

After further comparison with BVSS and other software packages
DEGRIAS will be used to analyze European VLBI campaigns.

A second goal with respect to the interest of the Survey
Department is schedule optimisation for special (European)
VLBI height campaigns. First computations have been carried
out and in the near future the results will be compared with
other work in this field.

In addition to participation in the EC-SCIENCE project with
other members of the EVN, the Survey Department is a partici-
pant in an EC-EPOCH project (climate change, sea level rise
and its impact in Europe). Both projects support the work
mentioned above.
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Station Report
Hartebeesthoek Radio Astronomy Observatory

Axel Nothnagel
Geodetic Institute of the University of Bonn
Nussallee 17
D-5300 Bonn 1
Federal Republic of Germany

Equipment
Mark III Terminal, regular density (on loan from NGS)
Dicroic S/X feed system, EFOS H-Maser
Future modifications to meet VEGA specifications (VLBI Enhanced Geodetic

Accuracy)
System Equivalent Flux Densities (SEFD)
with Dicroic without Dicroic
S-Band 1320 (65 K) 450
X-Band 5190 (300 K) 5000
2100 (120 K) (GaAsFET on loan)
1000 (50 K) (HEMT to be purchased)

Participation in Experiments

12 IRIS-S, 1l/month with Wettzell, Westford, Richmond, Mojave (NGS)

12 Southern Hemisphere Survey (SHS), 1/month with Hobart (NGS)

SURVEY-S with Hobart (NASA)

POLAR-S with Santiago, Hobart, DSS45, [Antarctica] (NASA)

X-ASIA with Wettzell, Seshan, Kashima, Hobart, DSS45 (NASA)

GLOBAL (48 hours) with Onsala, Santiago, Fairbanks, Westford, Kauai,
Hobart (NASA)

28 1IRIS-IP4 with Wettzell, Kashima, Hobart (2 hours each) (GIUB)

1 SESH91 with Wettzell, Kashima, Seshan (GIUB)

H oD NN

(All sessions of 24 hour duration, exceptions are marked;

Organising institution in paranthesis)
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Geodesy VLBI Activities at the Onsala Space Observatory:
Status Report for 1990-1991

G. Elgered, R.T.K. Jaldehag, J.M. Johansson, B.I. Nilsson, B.O. Rénnéng
Onsala Space Observatory
Chalmers University of Technology
S-43900 Onsala, Sweden
phone +46 300 60650, fax +46 300 62621, e-mail geoQoden.oso.chalmers.se

Abstract. This report describes the geodesy VLBI and related activities at the Onsala
Space Observatory—including the SEST antenna on La Silla, Chile—during 1990-1991.
The performed and planned VLBI observations are summarized; the local footprints mainly
maintained using the GPS technique are described; and ongoing technical developments
for an improved quality of future geodesy VLBI data are presented.

1. VLBI Observations

IRIS-A

The IRIS-A experiments coordinated by the GRDL at NOAA in the US have
had Onsala participation approximately once per month. (A list of abbreviations
are found at the end of the paper.) Twelve experiments were performed during
1990 and eleven experiments are planned for 1991. The stations included in these
experiments are Westford, MA, Richmond, FL, and Mojave, CA, in the US and
Wettzell in Germany. Up to April 1991 these experiments were ran every 5 days.
Thereafter, there is one IRIS experiment every 7 days (start Monday morning at 8
UT with a duration of 24 hours). The reason is that another campaign (NAVNET)
coordinated by the USNO has one experiment scheduled every Thursday evening
resulting in estimated Earth rotation parameters every 3.5 days starting in April
1991.

The European network

The European network—now consisting of three Italian sites (Noto, Matera,
and Medicina), Madrid in Spain, Wettzell in Germany and Onsala in Sweden—has
proven to be a sensitive network with formal errors of estimated baseline lengths
at the few millimeter level (see e.g. other contributions in these proceedings and
e-mail communication from B. Potash, Interferometrics Inc./NASA /GSFC). Onsala
participated in three experiments during 1990 and another three are planned for
1991.

The Global and Polar networks

A 48 hour long Global experiment (suggested by the Onsala staff and coor-
dinated by NASA) was performed in May 1990. The reason was the possibility to
include a telescope on the South American plate for the first time, namely the SEST
antenna at the ESO site on La Silla, Chile. This telescope—with a diameter of 15
meters—is primarily intended for millimeter and sub-millimeter radio astronomy
research. The over all surface accuracy is approximately 70 microns. A photo is
shown in Figure 1. In spite of a limited sky coverage due to a safety limit of 50°
around the sun and limited time on the telescope to optimize the prototype feed
system the formal uncertainty of the estimated baselines to the SEST site was a few
centimeters (Jaldehag, 1991, these proceedings). The new dedicated geodesy VLBI
antenna in Santiago de Chile is planned to replace the SEST antenna in the Global
experiment planned for 1991. The use of the SEST telescope in less regular geodesy
VLBI experiments may still prove useful in a geophysically interesting area.
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Figure 1. The 15 m telescope for sub-millimeter radio astronomy
on La Silla, Chile.

The Polar experiments during 1990 and 1991 have been scheduled simultane-
ously with IRIS-A experiments. This offers the possibility to study any systematic
dependence caused by different networks on the estimated Earth rotation parame-
ters. The used sites are Kashima (Japan), Fairbanks (AL), Haystack (MA), Madrid,
Medicina, and Onsala.

2. GPS activities

The increased interest in space geodetic measurements using GPS has first of
all resulted in a continuously operating tracking station (in the CIGNET network)
at the Onsala site. Furthermore, national interests have been coordinated to make
available several GPS receivers for measurement in local networks. It is obvious
that it is important to establish and maintain high precision local networks around
the VLBI sites. Previously, such a network with baselines of some hundred meters
existed at the Onsala site established with “conventional” geodesy. Here we present
a summary of the GPS measurements around the Onsala and SEST VLBI sites.
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Continuous Operation of the GPS Tracking Station at Onsala

The Onsala site has been a part of CIGNET since December 1987. Excluding
shorter time periods of equipment failures data from at least one receiver have been
available from this time. Table 1 gives the equipment status over the last years and
Figure 2 shows the present configuration.

Table 1. GPS receiver occupation at the Onsala CIGNET site.

Time Period Receiver Remark

Dec87-May91 T1-4100 Loan from Statens Kartverk, Norway
Oct90-May91 Ashtech L-XII Loan from the National Land Survey, Sweden
Jun9l-present Rogue SNR 800 Grant from the Wallenberg Foundation

UPS
220V
S0 Hz

Choke ring
GPS antenna

Rogue
SNR 800

(=3

Monitor PC

,///:;Hz J
0® ¢ O
X 1 pps
Hydrogen
maser Modem Control PC

TCP/IP
internet ¢ —

Onsala Tracking Station

Onsala Space Opservatory

Aug 29 1991 | JJ/BN

Figure 2. Block diagram of the present setup of the Onsala GPS tracking station.
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Figure 8. The small footprint at the Onsala VLBI site. The solid lines
have been measured using both conventional geodesy and GPS. The VLBI tie
(dotted lines) to this network has been obtained using conventional geodesy
only. Finally, the baseline between the two telescopes has been estimated from
VLBI data ( Lundquist, 1984).

Maintenance of the Onsala Local Footprint

A small footprint with the size of a few hundred meters is shown in Figure 3.
GPS measurements have verified the consistency with conventional geodesy at the
1-2 millimeter level in all coordinates. A larger footprint, shown in Figure 4, has
been measured using dual-frequency GPS receivers in June 1989 and February 1990.
A couple of Danish sites have been added to the network and another Swedish site
approximately 100 kilometers east of Onsala is planned to be included in early 1992.

Establishment of the SEST Local Footprint

GPS measurements were carried out simultaneously with the GLOBAL VLBI
experiment mentioned above. A WM-102 receiver (loan from the National Land
Survey, Sweden) was shipped to Chile for several months. In addition to the im-
portance of the footprint itself this work was also called for in order to obtain a
South American tie between the VLBI reference network (via the SEST site) and
the SLR reference network (via the SLR station on Cerro Tololo). The SEST site
was used as a reference site in a larger GPS experiment coordinated by the TUB.
In addition to the WM-102 used at SEST, receivers were borrowed from TUB in
order to establish the footprint shown in Figure 5.

3. Technical Developments and Plans for the Future

Upgrade of the 20 m telescope

Grants have recently been allocated to upgrade the surface and to install a
new steering system on the 20 m telescope. The surface improvement has little
impact on the S/X band aperture efficiency (< 1%) since the surface has already
an RMS accuracy of approximately 0.25 mm. The new steering system, including
numerically controlled motors, are planned to allow for slewing speeds of about 3 °/s.
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Figure 4. The GPS footprint on the Swedish west coast. The
baseline Onsala — Rivlanda is 45 km.
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Figure 5. The GPS network used to tie the SLR and VLBI

reference frames together in South America.
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New S/X band feed systems for Onsala and SEST

The Onsala feed system has been improved using a new design of the dichroic
surface and a prototype feed system for SEST has been developed. Further details
can be found in Jaldehag [1991] (these proceedings).

Improvement of the Onsala Water-Vapor Radiometer (WVR)

A few modifications have been implemented in the WVR. The last VLBI
experiment with the old WVR design was carried out in October 1990. The reference
loads which were cooled using liquid nitrogen have been removed. Instead, new,
more accurate hot reference loads have been installed. Preliminary tests indicate
that these will imply an improved accuracy of the inferred atmospheric emission.

New software running on an IBM PC-AT clone will allow more flexible data,
acquisition and faster slewing rates in azimuth and elevation. Furthermore, it will
be possible to slew from horizon to horizon via the zenith direction. This is an
important feature which implies that a faster (and therefore more accurate) tip-
curve calibration can be performed.

Finally, the WVR will be mounted on a new foundation near the reference
marker “Ref. point # 301” shown in Figure 3. The radome of the 20 m telescope
gives here a much smaller sky blockage compared to the present location which is
approximately half the distance from the 20 m telescope.

List of Abbreviations

CIGNET Cooperative International GPS Network
ESO European Southern Observatory
GPS Global Positioning System
GRDL Geodetic Research and Development Laboratories
GSFC Goddard Space Flight Center
IRIS International Radio Interferometric Surveying
IRIS-A IRIS Atlantic
NASA National Aeronautics and Space Administration
NOAA National Oceanic and Atmospheric Administration
SEST Swedish-ESO Submillimetre Telescope
SLR Satellite Laser Ranging
TUB Technical University, Berlin
USNO United States Naval Observatory
VLBI Very-Long-Baseline Interferometry
WVR Water-Vapor Radiometer
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Report About the Geodetic Use
of The MarkIITA Correlator in Bonn

A. Miskens

Geoddtisches Institut der Universitat Bonn
Federal Republic of Germany

ABSTRACT: The present correlator configuration at the MPIfR in Bonn is described.
The short and long term planning are discussed as well as the present geodetic policy.
A short summary of the global statistics on the correlator time usage for Geodesy and
Astronomy of the last few years are given.

1. Introduction

The MarkIIIA VLBI correlator has set the standard in VLBI instrumentation since the
mid of the 1980%. In Europe in Bonn the 'Max-Planck-Institut fir Radioastronomie’
(MPIfR) has operated a MarkIII correlator of Haystack design since 1982. Developed as
an outgrowth of the original MarkIII VLBI system, now the MarkIIIA correlator at Bonn
was funded by MPIfR. The Bonn University Geodetic VLBI group has helped to finance
an extension of the correlator and has provided operations support by trained students.
Therefore the MPIfR. commits around 25% of the correlator time to the Geodetic VLBI
Group.

The correlation of the IRIS-S experiments (12 times per year / 5 station [Mode B/C])
forms the main part of the geodetic correlation. Additionally extra correlations are done,
such as some of the East-Atlantic-Experiments (EATL-n), the EUROPE experiment with
the participation of 6 stations ( Madrid [Spain] , Matera [Italy], Medicina [Italy], Noto [Italy],
Onsala [Sweden], Wettzell [Germany]) and other special experiments which are scheduled
by the Geodetic VLBI group (SHAWE,IPM,EOP e.t.c) for measurements of the earth
rotation rate and the spin-axis orientation.

2. General aspects of MKIITA correlator operations

USA ( Haystack and USNO correlator )

Both correlators in the USA are configured for split mode operation. Eight drives at
Haystack and seven at Washington are equipped with an additional control computer,
interface, disks and extra drives. Thus simultaneous correlation of two experiments is pos-
sible - for example a three- station (3 baselines) and a four-station (6 baselines) experiment
can be done with seven drives total. Moreover, the split correlator operation permits some
routine functions, such as fringe search, tape test and recorder maintenance to be done
without interrupting the correlation process. In this way the throughput in Washington
is sometimes even greater than 100% relative to a single five station correlator operating
full time.
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Germany ( Bonn correlator at MPIfR )

In the beginning the MPIfR acquired a three station MarkIII correlator , designed by
Haystack. Expanded with two more playback drives , high density playback heads and
new correlator modules, at present we have a five station MarkIIIA processor running.
Four of these recorders still have the old wide track heads in addition to narrow track
MarkIIIA heads which are on all playback units. The correlator expansion to 12 crates
with MarkIIIA modules was completed in December 1990. This gives us now a correlator
capacity of max. 10 baselines in mode B/C and 5 baselines in mode A with two spare
crates, which are useful for optimal operational processing.

Limited future expansion of the MarkIIIA correlator is planned. Two more tape drives
will be installed at the correlator. A 6th playback drive, designed by Penny & Giles who
recently started to produce instrumentation recorders, is being installed at the correlator
since May this year. This playback drive has been purchased with EEC money and pro-
vides a test of playback compatibility with Honeywell based recording systems.

A 7th playback drive has been purchased primarily to develop VLBA-style playback
recorder electronics. We hope that one of these recorders will eventually provide a useful
6th station input and will provide more flexible playback at the end of 1991 (2 passes, 6
station Mode B/C).

3. Present situation for geodetic correlation

The fundamental limitation at the MPIfR/Bonn correlator is the present HP1000F corre-
lator control computer power. Operating the five-station correlator, 10 baselines at a time
in mode B/C, forces a rather large pre-averageing time of the data (ca. 7 sec), and this
effectively prohibits further expansion of the correlator without replacing the computer

with a more powerful one. However, plans to replace the old correlator control computer
HP1000F by a new model like the HP1000-A990 series have been abandoned.

3.1 Software and periphery

The standard software for schedule preparation (SKED/DRUDG) has been installed on
the HP1000-A900 at MPIfR/Bonn, as well as on the HP9000 series330 under HP-UX at
the Geodetic Institute at the University of Bonn. In addition the wellknown PC-SCHED
program written by Alan Rogers (Haystack) is available on a '386’ personal computer at
both institutes. The last version of the correlator software from Haystack is installed on
the HP1000F correlator control computer. New modified upated software for fringe-fitting,
refringing and archiving is running on the A900 as well as the geodetic CALC/SOLVE
analysis software (Clark et al, 1988). At the Geodetic Institute the CALC/SOLV software
is running on an HP1000F and in the near future also on an HP9000 workstation.

Since May this year a new DAT (Digital Audio Tape) unit has been installed on the
A900 for the archiving of correlator and fringe-fitting output. It has replaced the A- and
B-tapes archiving (1600bpi, traditional 9-track tapes). With the DAT cassette system a
whole correlated experiment can archived in the old A-tape format (file types 50,51,52)
on a single cassette which can hold a total of 1.2Gbytes. In the furture a different format
may be chosen for archiving. At present the standard SAVEM format insures that the
data is readable by the DBFT program for further CALC/SOLV analysis and by MK3IN
for fring-fitting in AIPS. In addition we have the possibility to archive the same data in
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Figure 1: MarkllIA Correlator Usage at Bonn/MPIfR from 1983 to 1991

UNIX readable TAR format which will be used for archiving at some point in the future.
This TAR format could be read easily by all foreign users and principal investigators, who
could then do the fringe-fitting and further mapping at their own computer systems.

3.2 Geodetic Correlator Usage

The load on the correlator shows us a steady increase from 1986 to 1991 (see Figure 1).
Due to the initial installation of narrow track heads the correlator was much less used in
1989. A lot of time has been spent on reducing the problems of high error rates of the
MKIIIA recordings and into doing other problems of the tape drives - mostly connected
with the read interface. In general we could see an increase to more than 3000 hours of
real correlator CPU-time per year up to the end of 1991 for both user groups (Astronomy
and Geodesy).

4. Outlook

At present the different possibilities of increasing the efficiency of the existing correlator
at Bonn are being investigated. The split correlator concept may not really increase the
actual productivity of the Bonn correlator as much as it has at both American correlators.
The reasons are that geodesists and astronomers (actual 1/3 partition) at MPIfR/Bonn
correlator do not simplify simultaneous correlation. Mainly geodesists use the standard
recording Mode C and the astronomers Mode A. Besides both users have mostly five
participating stations or more. Therefore all available crates are fully loaded. Only during
the recorrelation of occasionally less than five stations, fringe-tests and fringe-searching
could make a split correlator useful. Additional modification as well as one more drive,
additional CPU and hardware for split mode operations and live support could not be
realized without extra funding.

It is obvious that the present MPIfR processor centre will be pushed to it limits to handle
the needs of future VLBI/VLBA projects for the German Geodetic Community (GGC)
and the European Astronomy Community (EAC). For both sides we need greater VLBI
sensitivity. Likewise the world wide VLBI activities forced the geodesists to think about a
new type of correlator. The actual development of a MarkIV system is an expansion of the
MarkIIIA system to cater for operating with wider bandwidth, providing the greater sen-
sitivity to be used in the future. This MarkIV system for example has 14 video converters



each with a maximum bandwidth of 8MHz/sideband and supports 1 or 2bits/sample data
replacement format only, support several modes of multiplexing, with a maximum data
rate of 1024 Mbits/sec on 64 tracks.

For geodesists it is essential that we use the widest available bandwidth (8MHz/sideband)
for recording and that in near future we need a correlator capable of wideband processing
of a maximum of 7/8 stations to use.

On the correlation side the development of the new MarkIV-system requires of course the
construction of a new MarkIV correlator, a project which is being started this year by the
Haystack Group. For the geodetic data processing in Europe this means that in some way
or another this new development has to be followed on our side. The issue is now being
discussed at all levels and before the end of this year a viable option has to be decided
upon.

In order to arrive at a financially sound solution, the German geodetic community is
seeking to intensify and expand the history partnership with the Max-Planck-Institut for
Radio Astronomy at Bonn (MPIfR) to build or contract out a copy of the new MarkIV
correlator. The minimum timescale for such an undertaking will be four years. In the
meantime, however, the present correlator will have to be improved to be able to handle
to increasing demands by both astronomers and geodesists in the coming years.

References

1. Clark,T.A., Corey,B.E., Davis, J.L., Elgered, G., Herring, T.A., Hinteregger, H.F.,
Knight, C.A., Levine, J.I., Lundqvist, G., Ma, C., Nesman, E.F., Phillips, R.B.,
Rogers, A.E.E., Ronning, B.O., Ryan, J.W., Shupler, B.R., Shaffer, D.B., Shapiro,
[.I., Vandenberg, N.R., Webber, J.C., Whitney, A.R., 1985: IEEE Transactions of
Geoscience and Remote Sensing, GE-23, No. 4, 438

2. The MarkIV VLBI System - next step ; East Coast VLBI group ; October 23.1990



NEW S/X BAND FEED SYSTEMS
FOR
THE SEST AND THE ONSALA RADIO TELESCOPES

by

Kenneth Jaldehag
Onsala Space Observatory
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S-439 00 Onsala, Sweden

ABSTRACT. Both the SEST (Swedish-ESO Sub-millimeter Telescope) antenna and the Onsala 20-m
antenna are primarily built for radio astronomical research and therefore not directly suited for geo-V LBIL
New feed systems are therefore needed to handle simultaneous dual frequency observations and the large
bandwidth. This paper will give a few examples of existing feeds for geo-VLBI and describe a new system,
with two offset parabolic reflectors fed by horn antennas. The central part of one of the reflectors has been
replaced by a plane dichroic surface. This design has the advantage of not interfering with the existing radio
astronomical receivers of traditional Cassegrain antennas. The feed system has been tested and used at
the SEST antenna, located in the Andes in Chile, during two geo-VLBI experiments in 1990. Theoretical
efficiencies are presented and compared with measured values.

1. INTRODUCTION

It is possible to divide the antennas used for geo-VLBI into two categories. The first one is antennas
dedicated for geo-VLBI. Dual frequency feed systems for such antennas can be constructed without any
concern for receiver and feed systems at other frequencies. Dedicated antennas exist in the US, Germany
and Italy. The Cassegrain antenna in Wettzell, Germany, uses a large dual frequency corrugated horn
(Whitington et al. 1981). Front-fed antennas, such as the VLBI antenna in Westford, MA, USA, use a
concentric dual frequency scalar horn design with choke rings.

The second category is antennas primarily built for radio astronomical research, temporarily reconfigured
for geo-VLBI. Three examples are the 32-m antenna at the Medicina station, Italy, the Onsala 20-m antenna
and the 26-m antenna at Hartebeesthoek, South Africa. Although Medicina is a Cassegrain antenna it uses
the same sort of primary feed horn as Westford. By simply removing the subreflector, during geo-VLBI
observations, the primary focus becomes available. The Onsala 20-m antenna and the 26-m Hartebeesthoek
antenna is supplied with two different kind of feed systems. The present feed system at Onsala uses a large
dual mode horn for X-band, located behind an offset parabolic reflector, used for S-band. The central part of
the offset reflector is replaced by a dichroic surface, described later in this paper. Hartebeesthoek is supplied
with a similar feed system.

Table 1 shows a few parameters, as of August 1991, for the above mentioned antennas.
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TABLE 1. PERFORMANCE OF DIFFERENT GEO-VLBI ANTENNAS

Antenna Diameter Aperture System Effective Sensitivity
Efficiency Temperature Area
D [m] 1a[%] Tuys [K] Aegs [m?] SEFD [Jy]
X-band
Wettzell 20 55 45 173 718
Westford 18 50 55 127 1200
Medicina 32 45 110 362 846
Onsala 20 45 80 141 1562
Hartebeesthoek 26 22 220 117 5190
S-band
Wettzell 20 50 60 157 1054
Westford 18 55 55 140 1100
Medicina 32 45 110 362 846
Onsala 20 30 80 94 2343
Hartebeesthoek 26 21 53 112 1320

In the following chapters, new low budget feed systems for the 15-m SEST (Swedish-ESO Sub-millimeter
Telescope) antenna and the Onsala 20-m antenna, will be described and evaluated.

2. NEW DUAL FREQUENCY FEED SYSTEMS FOR SEST AND ONSALA

High quality radio astronomical antennas used in the mm/submillimeter wavelength regime are mostly
of Cassegrain type with a movable subreflector of low weight. The secondary focus cabin is typically crowded
with quasioptics and front-end receiver equipment. The restrictions for low frequency operation are thus:

1. No prime focus operation
2. No extra equipment in the secondary focus cabin,
conditions which should be combined with the demand for
3. Fast and easy changeover from radio astronomical observations to geo-VLBI
4. Dual frequency operation
5. 10 % bandwith, and
6. Low cost.

The design shown in Figure 2.1 fullfills all these requirements. It takes advantage of the fact that the
subreflectors of both the SEST antenna and the Onsala 20-m antenna are located in the near-field of a feed
system at the geo-VLBI frequencies. As the phase center of the near-field is located behind the feed aperture,
the optimum position of the feed is in front of the Cassegrain focus.

The system consists of two standard offset parabolic reflectors, one for each frequency, fed by horn
antennas. The S-band reflector, 1.2 meter in diameter, is located in front of the smaller X-band reflector,
0.45 meter in diameter. The central part of the S-band reflector is therefore replaced with a dichroic surface,
transparant for X-band and reflective for S-band signals.
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DUAL FREQUENCY FEED SYSTEM AT SEST
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Figure 2.1 Dual frequency feed system at SEST.
The Cassegrain focus is located at (0.0) and the vertex of the main dish at (3.0).

This dichroic surface consists of crossed slots with a thin layer of plastic foam as a supporting sheet.
See Figure 2.2.

Silicone, £r=2.54, t=0.09 mm Y

Glass fibre, er= 4.5, ;:0.3 mm

L=13.0 mm
w=1.8 mm
D=10.0 mm
a=17°

Figure 2.2 The layers (left) of the dichroic surface
using crossed slots (right) (from Johansson (1985)).

The surface is designed for a transmission band at 8.0-9.0 GHz and a reflection band at 2.05-2.65 GHz
with an angle of incidence of 26.5° (see, e.g., Johansson (1985)). The theoretical performance is shown in
Figure 2.3.

For simplicity the dichroic surface is plane. Its diameter is fixed and given by the aperture diameter of
the X-band reflector located behind. Since it is plane, rather than parabolic, it will introduce phase errors
for the reflected field at S-band. However, one can minimize the resulting losses by placing the dichroic
surface at the optimum axial position. The optimum position is mentioned in Chapter 4.
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Figure 2.3 Theoretical performance of the dichroic surface. Reflection band to the left and
transmission band to the right. Dashed line: TE-polarization, Solid line: TM-polarization.

3. THEORETICAL EVALUATION OF THE DESIGN

Two different methods have been used to analyze the feed systems. The first one uses Gaussian beam
optics in order to calculate a first approximate feed configuration for optimum efficiency of the Cassegrain
antenna. This method accounts for losses due to spillover, illumination, subreflector blocking, and phase
errors (see, e.g., Saitto (1981) and Love (1979)). The method is used because it is fast and gives the
opportunity to test many different feed configurations. The second method uses Physical Optics (PO)
integration and accounts, in addition to the above mentioned subefficiencies, for diffraction losses, which can
be high at longer wavelengths, for polarization losses and blocking losses due to struts.

The software used for the PO integration is the ELAB PO code (Kildal et al. 1989) and the ELAB
SAC code (Symmetrical Antenna Code), (Kildal et al. 1986), both developed at ELAB-RUNIT, Trondheim,
Norway. The software has been implemented on a PC-AT. In order to fit the purposes of this project, some
of the software have been modified. New software has also been developed, compatible with the PO and
SAC code, by the author in cooperation with Per-Simon Kildal.

The SAC code calculates, among other things, the aperture efficiency of classical rotationally symmetric
Cassegrain antennas with a hyperboloidal subreflector and paraboloidal main reflector. The input to the
code is the incident co- and crosspolar radiation pattern for ¢ = 45° on the subreflector and can be found
from the PO code. This means that only the radiation integral over the induced currents of the first reflector,
i.e., the reflector feed, has to be evaluated, whereas for the PO code, the radiation integral over the induced
currents of all reflectors in the Cassegrain system has to be evaluated. This saves a lot of computer time.

The SAC code requires as input the far-field from the feed. In the case under study, the subreflector is
in the near-field of the feed system, at S-band as well as at X-band. However, the SAC code will also work



properly by using an incident near-field, if this has the form of a far-field at the distance of the subreflector.
In order to calculate the near-field radiation pattern from the reflector feed by PO integration, the PO code
has to be extended, as the original PO code cannot do this. A limitation of the analysis method is that the
SAC code cannot handle a possible beam squint, introduced by the reflector feed.

A complete analyze of the feed systems, together with a comparison of the above mentioned methods,
will be given in a report, by the author, to be published this autumn. See also Jaldehag (1991). In the next
chapter a few results will be given.

4. RESULTS FOR THE SEST ANTENNA
AND
THE ONSALA 20-m ANTENNA

The parameters describing the antenna configurations for the SEST antenna and the Onsala 20-m
antenna are given in Table 2 below, where @9 and g are the subtended angles from the primary focus to
the main reflector, and from the secondary focus to the subreflector, respectively.

TABLE 2. PARAMETERS FOR THE SEST ANTENNA
AND THE ONSALA 20-M ANTENNA

Doygin [m] dyub [m] O [deg] Yo [deg]
SEST 15 1.5 75.1 5.6
Onsala 20 1.8 58.0 6.2

4.1 Theoretical and Measured Results at X-Band

Gaussian beam optics shows that edge taper values of -38 dB at SEST and -33 dB at Onsala, for the
0.45 meter X-band reflector, give the highest possible aperture efficiency. A corrugated horn which gives this
illumination would, however, be too large. Instead a horn which gives an edge taper of -20 dB has to be used.
This results in a degradation in aperture efficiency of about 0.5 dB compare to the highest possible value.
By using these results in the PO and SAC code, it is shown that theoretical values of the total aperture
efficiency can be as high as 59 % and 62 %, respectively, in spite of the poor illuminations. In the SEST
case the measured efficiency is 50 %.

However, the dichroic surface together with the limited hole in the S-band reflector (in which the former
one is attached) will introduce losses. Transmission losses through the dichroic surface is estimated to be
less than 5 % over the complete band. Another degradation of the X-band performance is the diffraction
and blocking losses due to the limited extent of the hole in the S-band reflector. The measured efficiency,
with the complete feed system installed, is 40 % at SEST.

4.2 Theoretical and Measured Results at S-Band

Gaussian beam optics shows, for both the SEST antenna and the Onsala 20-m antenna, that an edge
taper of -20 dB for the 1.2 meter S-band reflector gives the highest possible aperture efficiency. By using
these results in the PO and SAC code it is shown that theoretical values of the total aperture efficiency can
be 62 % for both the SEST antenna and the Onsala 20-m antenna.

Let us now include the plane dichroic surface but neglect the reflection losses at S-band of the surface.
These are normally small, of the order of a few percent, for a good design and will therefore not be considered.
However, the non-parabolic surface of the dichroic plate will introduce phase errors for the reflected field,
which will degrade the aperture efficiency at S-band.
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An estimate of the loss of gain due to these phase errors in the reflector aperture is obtained by means
of Ruze formula (Ruze 1966)

2

? f f(r, 6)e3* ¥ rdrdg
G _loo
G_o = p— 3 (4.1)
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where Gy is the gain without phase errors, G is the gain with an arbitrary phase error or abberation 6(r, ¢),
a is the radius of the reflector, and f(r,¢) is the illumination function in terms of the aperture coordinates
r,¢. The illumination function used is

fr,¢)=(1-r%)" (4.2)

where the edge taper is determined by the value of n.

In Jaldehag (1991) this method, to calculate the loss of gain due to the plane dichroic surface, is compared
with the results from the modified PO code. The methods show very good agreement.

The theoretical results for the total aperture efficiency with the dichroic surface fixed to the reflector
are as low as 10 and 12 % for SEST and Onsala, respectively. However, by moving the dichroic surface to
the position where the phase errors are minimized, which is about 2-3 cm behind the S-band reflector, the
total aperture efficiency can be increased to 43 and 44 %, respectively.

Another way, in order to minimize the phase errors, is to make use of a parabolic shaped surface. The
design and manufacturing of such a surface are, however, complicated and expensive. A compromise is to
manufacture the dichroic surface in several plane parts, rather than one. This was done for the SEST feed
system, resulting in a measured efficiency of 30 %. Another approach is of course to make use of a plane
dichroic surface of less diameter. This requires, though, a smaller aperture of the X-band reflector.

5. PRELIMINARY RESULTS OF THE ESTIMATED BASELINE LENGTH
BETWEEN SEST AND ONSALA

Figure 5.1 shows the first preliminary results of the estimated baseline length between the SEST antenna
and the Onsala 20-m antenna (Goddard Space Flight Center, Personal communications 1990). The 24
hour long April experiment (X-GLOBAL) included three stations and the 48 hour long May experiment
(GLOBAL) eight stations in USA, Japan, South Africa, Tasmania, Chile and Sweden. The different networks
may explain the 7 cm difference in estimated baseline length. The quite high formal 1o error can be explained
by the fact that the effective area of the SEST antenna is small and due to a safety limit of 50° around the
sun.

6. CONCLUSIONS

Two feed systems of similar configurations have been studied, one for the SEST antenna and one for the
Onsala 20-m antenna. The one at SEST has been manufactured, tested and used at two different geo-VLBI
experiments during spring 1990. The preliminary results from these experiments have been discussed.

The choise of a plane dichroic surface has shown to be more critical than expected. The losses at S-band
due to the plane dichroic surface can, however, be minimized by moving it in axial direction. A few other
approaches, in order to decrease these losses, have been discussed.

The conclusion is that feed systems of the type described in this report is a good low budget solution
for simultaneous dual frequency observations. The calculations show that aperture efficiencies sufficiently
good for geo-VLBI can be obtained. The measured results show a quite good agreement with the theoretical
results.
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IRIS-S Data Analysis at the Bonn Geodetic Institute

Axel Nothnagel
Geodetic Institute of the University of Bonn
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D-5300 Bonn 1
Federal Republic of Germany

1. Introduction

Since December 1989 the IRIS-S network (International Radio Interfero-
metric Surveying - South) has been scheduled in monthly intervals to observe
polar motion, UTl, and nutation. The standard configuration of the IRIS-S
network consists of five stations, i.e. Westford Observatory (Massachusetts,
USA), Richmond Observatory (Florida, USA), Mojave Base Station (California,
USA), Wetttzell Geodetic Fundamental Station (Bavaria, Federal Republic of
Germany) and Hartebeesthoek Radio Astronomy Observatory (South Africa).

The VLBI data is being routinely correlated at the Mark III correlator
of the Max-Planck-Institut fur Radioastronomie in Bonn, FRG, by members of
the VLBI group at the Geodetic Institute of the University of Bonn (GIUB).
With 5 playback drives the Mark III correlator presently allows 10 baselines
to be correlated simultaneously if the equipment operates smoothly. On
average one week per month is used for geodetic correlation (Muskens, this
Volume).

The geodetic VLBI data, i.e delays and delay rates, is subsequently
analysed at the Geodetic Institute of the University of Bonn where earth
orientation parameters are determined and submitted to the International

Earth Rotation Service (IERS).

2. Data Analysis
The geometric time delay r of a plane wave front of white noise arriving

at two radio telescopes is to first order a function of the baseline vector

b between the two telescopes and the unit vector in the direction of the

radio source k:

T = ok &)
c

The negative sign reflects the conventions used in defining r and b. ¢ is the

velocity of light.
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For practical reasons the baseline vector b is normally expressed in a
three dimensional Cartesian coordinate system defined by a number of VLBI
radio telescopes while the radio source positions form a quasi inertial
reference frame in space at a certain epoch (J2000.0).

In order to express b and k in the same coordinate system a number of
transformations are necessary (e.g. Ma, 1978). These can be applied to either

vector. In a unified system eq. (1) is written as:

y = -%b WSNP k (2)

where W is the rotation matrix for polar motion (wobble), S is the diurnal
spin matrix, N is the nutation matrix and P is the precession matrix. Any
parameters in equation (2) or combination of parameters can be determined
depending on the configuration of the VLBI experiment.

The data collected at the Geodetic Institute up to the end of 1990
consists of 12 sessions in monthly intervals. These data sets alone are not
sufficient to determine terrestrial and celestial reference frames with
adequate accuracies. Therefore, we have chosen to use the results of the
global VLBI solution GLB627 (= GSFC 90 R 01) of the VLBI group at the NASA
Goddard Space Flight Center which contains all Mark III S/X experiments from
1979 to December 1989 (Ma et al., 1990).

The list of station positions of GLB627 includes continental drift
parameters dx/dt, dy/dt, dz/dt for each station which permit the computation
of station coordinates for each of the IRIS-S observing dates. The radio
source positions are identical to RSC(GSFC) 90 R Ol.

All sessions of the IRIS-S campaign are individually reduced using the
CALC 7.0/SOLVE software system (Ryan, 1989) which is based on the MERIT stan-
dards (Melbourne et al., 1983) and which is consistent with the IAU (1976)
Resolution on Astronomical Constants, Time Scales and the Fundamental Refe-
rence Frame (Kaplan, 1981). The theoretical delays in the adjustment are
calculated according to the Shapiro model (Ryan, 1989) and Hellings (1986)
correction for relativistic bending. Horizontal and vertical ocean loading
displacement effects Scherneck (1991) are applied to the delay observables.
For the tropospheric corrections we use the CfA model (Davis et al., 1985)
based on surface meteorological data. The ionospheric refraction is dis-
persive and can therefore be calibrated by dual frequency observations. Only

group delay observables are used in our analyses.
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In the least squares adjustments the two polar motion components Xps Yp»
Universal time UT1l - TAI and two nutation offsets (dy, de) relative to the
IAU 1980 Theory of Nutation (Wahr, 1981) are estimated as principal para-
meters. In addition, atmospheric excess path delays in zenith direction and
their rates as well as relative offsets, rates and higher order terms of the
atomic clocks have to be estimated.

In an attempt to keep the number of unknown parameters at a reasonable
level, the parametrisation for the atmospheric excess path delay is chosen to
follow the real behaviour of the atmosphere as closely as possible. The only
indications of variations are changes in the refraction calculated for the
dry and wet component of the atmosphere determined from surface meteorologi-
cal data, i.e. pressure, relative humidity and temperature. Figures 1 and 2
display the variations in the dry and wet refractivity components of the
station HartRAO. The initial parametrization consists of one offset and one
rate parameter for the atmospheric excess path delay for each station at the
beginning of the experiment. When the refractive behaviour of the atmosphere
at one station indicates a significant change, additional rate parameters are
introduced starting from the epoch of the change. The arrows in the figures
indicate epochs where rate changes are introduced. This method, however, does
not account for possible time lags due to advanced or delayed air mass
movements at greater heights.

The behaviour of the atomic clocks of the stations are modelled using
one initial set of relative offsets, rates and second order terms per station
except of one reference station. Additional parameters for modeling the clock
behaviour are chosen depending on obvious deviations in the residuals.

The formal errors of the pole coordinates are based on observation

weights adjusted so that the Chi-square per degree of freedom ratio

2 = Y pvv (3)

n-u

is close to unity (p = observation weights, v = post fit residuals, n =
number of observations, u = number of unknown parameters). These contri-
butions to the a priori variances should account for unmodelled effects in

the data reduction (Herring et al., 1986).
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3. Results

The average formal errors of the IRIS-S experiments are listed in
Table 1 together with average formal errors of the IRIS-A experiments of
1990. Owing to the network geometry with the improved north-south extension,
the x and y component of the pole and the two nutation offsets show conside-
rably smaller standard deviations in the IRIS-S experiments as compared to
the IRIS-A sessions. Only the UT1 - TAI parameter is better determined with
the IRIS-A network. The reason is that in the IRIS-A sessions more observa-
tions are scheduled on the east-west baselines which are particularly sensi-

tive to changes in UT1.

EOP IRIS-S IRIS-A GIUB - IERS
Av. F.E. Av. F.E. RMS
II Xp 0.25 mas | ;, 0.27 mas 1.02 mas
Yp 0.16 mas 0.28 mas 0.74 mas
UT1 0.015 ms 0.013 ms 0.062 ms
dy 0.34 mas 0.58 mas 0.60 mas "
de 0.15 mas | 0.21 mas 0.63 mas "

Table 1, Average formal errors of IRIS-S and IRIS-A experiments and RMS
differences between IERS evaluation and GIUB solutions

EOP(GIUB) — IERS
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Fig. 3, Differences between GIUB and IERS evaluation after an offset and a
linear trend were removed

- II-16 -



The accuracy of the IRIS-S series can best be demonstrated displaying
a comparison with a preliminary annual evaluation of the International Earth
Rotation Service (IERS). Figure 3 depicts the differences in the EOP between
the evaluation of the IERS and GIUB after an offset and a linear trend are
removed. Offset and trend originate from the different celestial and
terrestrial reference frames used in the analyses. The RMS differences are
listed in Table 1.

The number of sessions analysed is still comparably small and a single
outlier does affect the overall results. Special attention will be given to
the sessions with larger deviations, for example the January 1990 session, in
order to investigate the reasons for the differences. Nevertheless, the RMS
differences between the two series show very good agreement and may be
improved even further. Right now a study is underway which should provide
some information about the backgrounds of the offsets and trends between the

IRIS-S and other EOP series.
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PRELIMINARY RESULTS OF THE 1989 MOBILE VLBI

EUROPEAN CAMPAIGN

IGN 2 avenue Pasteur 94160 Saint-Mandé
BIPM Pavillon de Breteuil 92312 Sévres Cedex

N.REBAI
G.PETIT

8th Woorking Meeting on European VLBI for Geodesy and Astrometry Dwinggloo 13-14
June 19991

A mobile VLBI campaign was done in Europe in 1989 with the goal of
establishing a high precision geodetic network. Once established, this network
will be wused as a fiducial network for other studies (geodynamics,
oceanography...) and for the determination of a global terrestrial reference
system. The experiment uses the current standard of geodetic VLBI technique
(acquisition system MARKIII, double frequency receiver S and X with Hydrogen
maser clock). This VLBI system allows to obtain in one day of observations a
geodetic precision of a few centimeters on the baseline components between
antennas. The data lasts 26 days, staggered on four months, with four to five
days of observations by station. This experiment includes nine IRIS sessions.

The VLBI data processing includes three steps. Correlation of the
data recorded on tapes, determination of delays and delay rates (measured
quantities), adjustment of geometric parameters (the vector joining the two
radio-telescopes) to the mesured quantities.

The first two stages have been done by the US National Geodetic
Survey who gave us the VLBI measures. We use the VLBI adjustment software
MODEST of "Jet Propulsion Laboratory".

The data analysis requires a preliminary study adjustment, during
which we estimate the troposphere and clock, session by session, while
excluding bad observations. The only parameters determined are, for each
station, excepting WETTZELL taken as reference, the geodetic coordinates, with
a vertical tropospheric delay and an average of two to four linear segments
representing the clocks. All the other parameters of a priori models have been
fixed.

A first global solution has been produced with all the stations
coordinates, a vertical troposphere delay by session and by station and the
same segments of clocks as in the preliminary treatment.

The residuals after adjustment of the model on the measures have a
normal distribution and a quadratic average of 100 ps for the delays and
70 fs/s for the delay rates. The comparison of coordinates determined by our
global solution with the ITRF90 solution of the IERS allows us to conclude on
the precision of our results to be about 2 cm (lo) on the station coordinates.
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Characteristics of the VLBI solution

Software

MODEST from JPL.

Clock and tropospheric parameters estimated over
a given interval.

A priori model

Station coordinates: ITRF89 system

Solid Earth fides: Quadrupole response, K1 correction
Ocean loading: Turned off

Antenna terms: Axis offset from station info

Source coordinates: IERS Celestial Reference Frame
Source structure: none

Earth orientation: IAU precession and nutation
UT1, polar motion, celestial

pole offsets from I|ERS

Troposphere: Vertical delay from Saastamoinen model
Lanyi mapping function

Relativity gamma: 1.
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Preliminary analysis

One session at a time.
Wettzell reference station (x, y, z, clock)

Solve for: station coordinates
1 troposphere vertical delay
2—4 linear segments (clock)

RMS of residuals (typical): 100 ps
70 fs/s

Repeatability of 1—day solutions:
Station #days RMS (mm) East  North Vertical

Hohen. ) S ) 22
Metsahovi 5 14 18 86
Tromso 4 14 20 47
Carnoustie 4 3 S o6
Brest 4 16 4 86
Grasse 4 10 6 56
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FIRST GLOBAL SOLUTION

Test global consistency

Solve for :

(All) station coordinates
1 troposphere vertical delay/day/st.
Clock parameters ( same intervals as preliminary
solutions)

- Comparaison of the solution with ITRF 90
- Parameters transformation and standard deviation.

Seven parameters of transformation between the two sets

TRANSLATION (m) | SCALE | ROTATION (mas)
DESIGNATION TX TY TZ | D(10-8) RX RY RZ
SIGMA TX|SIGMA TY|SIGMA TZ| SIGMA D|SIGMA RX| SIGMA RY|SIGMA Rz
VLBI MOBILE | 0.124 | 0.032 | 0.054 | -2.18 | 0.90 0.10 -1.8
0.025 | 0.018 [ 0.020 0.20 | 0.80 0.10 0.5
ITRF 90 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.000
SIGMA NORMAL( 0.000 | 0.000 | 0.000 | 0.000 | 0.000 [ 0.000 0.000

Agreement at the level of 2 cm

Largest residual :

11-22

Brest vertical 5 cm




Analysis of Recent European VLBI Experiments

Hayo Hase
Geoddtisches Institut der Universitat Bonn
NuBallee 17, D-5300 Bonn 1

Vincenza Tornatore
Istituto di Radioastronomia - Consiglio Nazionale delle Ricerche
Via Irnerio 46, I-40126 Bologna

Abstract: Following the December 1990 earthquake near Noto (Sicily),
a preliminary analysis of the European VLBI-experiment was carried
out in order to find possible earthquake-related displacements. So
far, no significant baseline changes could be detected, but baseline
repeatability of 1 cm confirms the accuracy level of European
experiments.

1 Introduction

During the last three years the number of European VLBI stations
increased from two (Wettzell, Onsala) to six (Medicina, Madrid, Noto,
Matera), Campbell [1989]. The observations in the expanded European
VLBI network began with the East-Atlantic experiments of the NASA
Crustal Dynamics Project (CDP) in 1988 and 1989, in which the US
stations Westford and Richmond still took part. Since 1990 a pure
European VLBI network consisting of the six station mentioned above
is being observed. This series is called EUROPE. Today the data of
the observation period of almost three years is available.

For the comparison of the results we have to introduce a common
reference system and the same strategy of post-processing should be
used. For this presentation we focussed our attention on experiments
containing baselines to Noto station because of the occurence of an
earthquake close to Noto on December 12th, 1990. In addition we used
some IRIS-A experiments in which Noto took part as tagged along
station.

For this presentation a short overview of the results concerning the
baselines to Noto is given. (Results of the European network are in
preparation.)

The Mediterranean area is a tectonically instable region, as shown
by its seismicity and vulcanism. This area represents the zone of
collision between the Eurasian and the African Plate. According to
some geodynamic modellings this area 1is subdivided in several
microplates, Geis, Drewes [1987], Campbell [1987]. A model based on
the study of Besse et al. [1984] shows a northward motion of the
Sicilian plate; while the model by Jongsma et al. [1987] shows an
eastward motion. In this scenario Noto station appears to be situated
on the Sicilian Plate.

2 Data Analysis
2.1 Experiments with Noto

The following table gives an overview of the experiments that have
been processed in this analysis.
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Experiment Name Stations ]
WETT-ONSA-MEDI-MADR-NOTO-MATE WEST-RICH-MOJA
289JUNO3 E.ATL-2 WETT-ONSA- MADR-NOTO WEST
B89JUN21XE IRIS-A WETT- NOTO WEST-RICH-MOJA
289JUN26XE IRIS-A WETT- NOTO WEST-RICH-MOJA
AB89AUG3OXE IRIS-A WETT- NOTO WEST-RICH-MOJA
A89SEPO4 IRIS-A WETT-ONSA- NOTO WEST- MOJA
2B89SEP29 IRIS-A WETT- NOTO WEST-RICH-MOJA
R90JAN6XG EUROPE-1 WETT-ONSA-MED1-MADR-NOTO
A90SEPOSXA EUROPE-2 WETT-ONSA-MED1-MADR-NOTO-MATE
A90DEC18XT IRIS-A WETT-ONSA- NOTO WEST-RICH-MOJA
RYODEC20XA EUROPE-3 WETT-ONSA-MEDI -MADR-NOTO-MATE

2.2 Data Analysis

The correlation was done at Washington and Bonn. The geodetic
software used was CALC 7.0 and SOLVE for standard Mark III
experiments. The software runs on the HP 1000-F of the Geodetic
Institute.

In the SOLVE program we followed two principles for the

parametrization:
1. Use of significant parameters for modelling the reality during
observation.

2. Use of consistent reference systems for a priori values.

In the procedure to realize the principles we followed six steps:

1. Consistent systems are derived from the CDP global solution
627. The corresponding changes were made with the mapping
functions for stations, sources, earth orientation and nutation
parameters.

2. The translations of the coordinate system were fixed at
Wettzell as reference station. The rotations were fixed in the
the IRIS experiments using Westford and Richmond or Mojave, in
the EUROPE experiments using the IRIS earth orientation
parameters.

3. For the calibration of the atmosphere we used the CfA model.
The atmosphere parameters were introduced according to the
local weather conditions.

4. The clock behaviour was modelled by visual inspection of the
residual plots.

5. We examined outlyers for low elevation (stronger influenced by
the atmosphere), signal to noise ratio and the quality factor
of the correlation process.

6. The baselines were reweighted.

As results we obtained the coordinates of the new stations and

sometimes in addition coordinates of those sources that did not form
part of the standard catalog.
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2.3 Results

The following tables give an overview of the baseline lenghts and
their errors. The EUROPE-2 and EUROPE-3 experiment of 1990 were split
into two 12hour-experiments because of the limitation of the capacity
of the HP 1000-F. (In these experiments short scans were used, which
means more than 3000 observations in 24 hours.)

Experiment | Name Stations Observations | Number of | WRMS
WETT-ONSA-MEDI -MADR-NOTO-MATE WEST-RICH-MOJA | Total Used | Parameter [ps]
289JUNO3 E.ATL-2 WETT-ONSA- MADR-NOTO WEST 863 725 54 44
AB9JUN21XE | IRIS-A WETT- NOTO WEST-RICH-MOJA 540 467 106 52
DBYJUNGXE | IRIS-A WETT- NOTO WEST-RICH-MOJA 602 553 76 67
B8PAUG3OXE | IRIS-A WETT- NOTO WEST-RICH-MOJA 511 420 65 101
ABISEPOL IRIS-A WETT-ONSA- NOTO WEST- MOJA 604 462 60 58
RA89SEP29 IRIS-A WETT- NOTO WEST-RICH-MOJA 750 532 55 57
I B90JAN26XG | EUROPE-1 WETT-ONSA-MEDI -MADR-NOTO 1664 1531 70 64
A90SEPOSXA | EUROPE-2 | WETT-ONSA-MEDI-MADR-NOTO-MATE 1790 1486 64 69
D90SEPO6XA | EUROPE-2 WETT-ONSA-MEDI -MADR-NOTO-MATE 1683 1392 79 70
A90DEC18XT | IRIS-A WETT-ONSA- NOTO WEST-RICH-MOJA 1398 1321 64 67
I G90DEC20XA | EUROPE-3 | WETT-ONSA-MEDI-MADR-NOTO-MATE 1641 1079 75 50
" @P0DEC20XB | EUROPE-3 | WETT-ONSA-MEDI-MADR-NOTO-MATE 1490 1097 68 i
[_;;;;ri- Name Wettzell - Noto | Onsala - Noto Madrid - Noto Medicina - Noto | Matera - Noto
ment 1371100,000 [m] | 2280150,000 {m) | 1711830,000 [m) | 893720,000 [m 444530,000 [m)

89JUNO3 E.ATL-2 +1,056 ¢ 0,003 +4,885 + 0,003 +2,917 &+ 0,003

89JUN21XE IR1S-A +1,058 ¢+ 0,004

89JUN26XE | IRIS-A +1,062 + 0,006

89AUG30XE IRIS-A +1,055 ¢ 0,006

89SEPO4 IRIS-A +1,056 ¢ 0,004 +4,898 ¢ 0,005

89SEP29 IRIS-A +1,067 + 0,004

9Q0JAN26XG EUROPE-1 +1,056 + 0,002 +4,876 + 0,003 +2,908 + 0,002 +4,232 + 0,002

Q0SEPOSXA EUROPE-2 § +1,043 ¢ 0,003 +4,874 ¢ 0,003 +2,908 £ 0,003 +4,221 + 0,002 +2,979 + 0,003

90SEPOSXA EUROPE-2 | +1,050 ¢+ 0,003 +4,877 + 0,003 +2,900 + 0,003 +4,227 + 0,003 +2,992 ¢ 0,003

90DEC12 Mag. 5.1 earthquake at 37.2°N, 15.2°E, depth 10 km

90DEC18XT IRIS-A +1,035 + 0,005 +4,856 + 0,006

90DEC20XA EUROPE-3 ] +1,053 + 0,003 +4,885 ¢ 0,003 +2,908 ¢+ 0,003 +4,221 ¢ 0,002 +2,983 ¢ 0,003

90DEC20XB EURCPE-3 | +1,046 + 0,003 +4,896 ¢ 0,003 +2,911 z 0,003 +4,222 ¢+ 0,002 +2,980 ¢ 0,003

Although the number of experiments on the European baselines is still
rather small, it is possible in some cases to see first signs of a
trend in the length evolution, but no estimates shall be given at
this stage of the analysis.

As a good example a plot of the baseline Wettzell-Noto which contains
10 experiments over a time span of nearly two years is shown below.
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Baseline Wettzell - Noto
length = 4371 km, 10 experiments
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The WRMS scatter about the mean is + 9 mm, which shows an excellent
baseline repeatibility over a distance of 1371 km. There is at
present no sign of any significant earthquake-related displacement
at lcm-level. A refined analysis with more experiments to come will
have the potential to reveal even smaller displacements.
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VLBI OBSERVATIONS OF MILLISECOND PULSARS
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ABSTRACT

Millisecond pulsars provide a direct way to 1link the
extragalactic celestial reference frame with the dynamical
reference frame of the solar system, by comparing astrometric
positions obtained with VLBI and timing observations. We
present an observing and processing procedure to obtain VLBI
positions of millisecond pulsars, and preliminary results of a
first experiment designed to validate the method.

1. INTRODUCTION

Linking to one another the different realizations of celestial
reference systems is a major task of present astrometry. A
survey of this field can be found in ([Dickey 1989]. In this
respect, millisecond pulsars can be used to provide a direct
link between the extragalactic reference frame of the quasars,
observed by VLBI, and the dynamical frame of the Solar System.
Indeed timing observations provide the astrometric position of
the pulsars in the 1latter frame with sub-milliarcsecond
precision. VLBI observations of the pulsars could provide
milliarcsecond VLBI positions in the former frame thus the
link would be determined provided several pulsars, well
distributed over the sky, can be observed.

Noting that the signals from millisecond pulsars are regularly
spaced in time and dispersed by the interstellar medium, it is
possible to gain significant Signal to Noise Ratio (SNR) by
gating and dedispersing the VLBI data before correlation
[(Petit et al. 1990). Noting that the Phase Reference Tracking
(PRT) technique allows to obtain VLBI position of even very
weak objects relative to a reference [Lestrade et al. 19907,
we started a project whose goal is to obtain VLBI positions of
millisecond pulsars relative to nearby quasars. A system is
being developed that will allow to gate, dedisperse and
correlate VLBI data. It is initially based on the MarkII
acquisition system, but could be adapted to other systems in
the future.

A first experiment in March 1990 has acquired MarkII data on
PSR1937+214 and two nearby quasars. We report here preliminary
results based on the quasar data that allow to validate the
processing scheme and observation procedure.
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2. KEY POINTS OF THE PROCESSING

The basic observation scheme is to acquire data alternately on
the reference source and on the program source (here the
pulsar). The PRT technique gives a position accuracy that is
basically proportional to the uncertainty on the phase
difference (program minus reference) of one observation, and
inversely proportional to the (square root of the) number of
observations for which the reference phase can be
unambiguously connected. The procedure must thus fulfill two
goals: Allow to connect unambiguously the reference phase and
minimize the uncertainty on the phase difference.

The first point is mainly related to the knowledge of the
physical model: The best it is known, the farthest apart the
phase connection can be realized. We will assume observations
at 1.6 GHz (1 cycle = 0.6 ns, 1 cycle/10 min = 10"12), with
baselines not exceeding 2000 km and H-masers clocks at the
stations. In these conditions, the errors due to the geometry
and to the clock random behavior can be neglected for
intervals of up to 15-30 minutes. The limitations will be from
the troposphere and mainly from the ionosphere.

The uncertainty on the phase difference contains two parts:
The measurement noise and the error in the model of the phase
difference. The first part is 1linked to the SNR while the
second 1is, again, a problem of propagation linked to the
spatial separation of the reference and program sources and to
the separation in time of the observations.

In the following section, we will address these points, using
the quasar observations of our preliminary experiment.

3. PHASE-REFERENCED TRACKING QUASAR-QUASAR

The experiment included the 100-meter antenna at Effelsberg,
the 70-meter DSS63 antenna near Madrid and the 34-meter
antenna at Medicina. The observing sequence was 10 to 1.0.5
minutes long with 3-minute scans on two quasars (1923+210 and
1929+226) and on PSR1937+214. 1929+226 is a quasar which has
been identified for this experiment and whose precise position
is not known. As a test of the procedure, we will determine
its position with respect to 1923+210 using PRT.

3.1. Phase connection

For each baseline, we try to connect the residual phases of
the consecutive scans on 19234210 using the residual phase
rates for each scan. We do not describe here the exact
algorithm that is used, but just want to enhance the main
result: Although it cannot be proved at this stage that the
connection is correct or not (this can be done in the next
step, in our case where the program source is strong), it is
clear that, under moderate ionospheric conditions (i.e. until
some time between 9H and 10H UT), the connection can be
performed adequately over a 10-minute interval (Figure 1).
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3.2. Estimation of the phase difference

After connection, the residual phase of the reference is
estimated at the times of observation of the program source,
and a total reference phase is reconstructed by adding back
the correlator model. The total phase of the program source is
also computed and the differenced total phases are formed.

The PRT technique does not require that these differenced
phases are connected but, as the program source (1929+226) was
powerful enough, it was possible to obtain connected
differenced phases. One check was then to form the closure
phase for the times where the three stations were recording
simultaneously (unfortunately only 1.5 hour). Figure 2 shows
that the closure condition is fulfilled with uncertainties of
0.04 cycle for the phases and 0.9 mHz for the rates.

It should be noted that this merely checks the quality of the
phase connection: Large biases (from propagation) could remain
in the differenced phases on each baselines, which would bias
the astrometric solution without showing up in the closure.

3.3. PRT position of the new quasar

We then estimate the differenced propagation phase
(troposphere from in situ meteorological measurements and
ionosphere from GPS dual frequency measurements at Madrid and
Paris). We substract it from the differenced total phase to
obtain estimates of the differenced geometrical phase, which
are input to the mapping routine [x]. Figure 3 is an example
of dirty map obtained from this data. We can make the
following comments:

*The dynamic is not so good, with a second peak at about 70%

of the main. This is due to a weak geometry after the loss of
some data. However, in similar configurations, the a-priori
position of the pulsar (obtained from the timing position)
should be good enough to discriminate the peak.

*The RMS of the phase residuals is at the level of 0.16 cycle
which is much more than expected from system noise for those
two quasars. Thus the main source of error is the ionosphere,
and it should be about the same for the pair quasar-pulsar.

*Propagation mismodelling can cause a large bias in the
gstrometric position. For example when it is assumed that
lonosphere has no effect (figure 4), the obtained position
differs by more than 50 mas from that with an estimation for
19ngsphere (figure 3). This stresses the importance of
minimizing the ionospheric error.
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4. CONCLUSIONS

A 1.6 GHz MarkII Phase Reference Tracking experiment has been
conducted. Preliminary analysis of the data provides the
following indications:

*It is possible to connect the reference phases up to 10
minutes apart under moderate ionospheric conditions, thus
allowing to spend about 60% of the time on the program source.

*The uncertainty on the position will probably be limited by
the ionosphere, if system noise phase error is lower than 0.1
cycle. For a 1l2-hour experiment with 3 baselines of the order
of 1000 km, it will result in a position uncertainty of a few
mas.

*Ionospheric error being probably the limiting factor on the
position accuracy, one possibility is to measure the
ionospheric effect at the stations, for example with dual
frequency GPS receivers. Another approach would be to have two
or more reference sources in order to more closely monitor the
phase variations due to ionosphere fluctuations in space and
time.
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FIGURE CAPTIONS

Figure 1: Connected residual phases for the quasar 1923+210 on
the baseline Effelsberg-Medicina. The segment at each point
indicates the phase rate.

Figure 2: Sum of the phase differences (1929+226 minus
1923+210) for the triangle Effelsberg-DSS63-Medicina.

Figures 3-4: Dirty map of 1929+226 from the phase differences

with 1923+210, with (fig. 3) and without‘(fig..4) ionosphere
correction. The origin of the coordinates is arbitrary.
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VLBI OBSERVATIONS OF THE HIPPARCOS
RADIO STAR LSI+61°303

J. M. Paredes!, M. Massi?, R. Estalellal'3, M. Felli?

1Departament d’Astronomia i Meteorologia, Universitat de Barcelona, Av. Diago-
nal 647, E-08028 Barcelona, Spain

2Qsservatorio Astrofisico di Arcetri, Largo E. Fermi 5, 50125 Firenze, Italy

3Laboratori d’Astrofisica, Societat Catalana de Fisica (IEC), Spain

Abstract. An hybrid map of the radio star LSI+61°303 has been obtained from
VLBI observations, at 6 cm wavelength. The map of the source reveals two compo-
nents separated by 0.9 mas and aligned along a position angle of 45°. The size of the
source, at a contour level of 50% of peak intensity, is approximately 1.6 mas.

1. Introduction

Radio stars are suitable objects for linking the Hipparcos reference frame to extra-
galactic objects through VLBI observations. An observational program monitoring
the flux density of selected radio stars has been carried out during the last years.
From a preliminary list of radio stars with optical characteristics suitable for Hippar-
cos observation, objects with good characteristics for VLBI observation have been
selected. Here we report VLBI observations of one of these stars, LSI+61°303. The
radio emission from LSI4+61°303 exhibits periodic behavior with a period of 26.5 d
(Taylor & Gregory 1982, 1984). In addition, the peak radio flux density is modulated
on a time scale of approximately 4 yr (Gregory et al. 1989; Paredes et al. 1990). An
optical modulation, with a period of about 26.5 d has been reported by Mendelson
& Mazeh (1989). Radial velocity observations are consistent with the radio period
and give support to the presence of a companion (Gregory et al. 1979; Hutchings &
Crampton 1981). The system has also been identified as an X-ray source (Bignami
et al. 1981) and a probable v-ray source (Pollock et al. 1981). All these character-
istics place LSI+61°303 in the class of X-ray binaries with associated variable radio
emission, which includes SS 433, Cyg X-3, Sco X-1, and Cir X-1.

LSI4+61°303 has been already observed with VLBI techniques (Lestrade et al.
1985) during its quiescent state (25 mJy) at 1.6 GHz, yielding a source size of 4 mas
entirely due to interstellar scattering. The extrapolation of the 1.6 GHz measure-
ments gives a size, due to interstellar scattering, of only 0.4 mas at 5 GHz.

2. Observations

The observations were made with the Mark III VLBI system in the standard A
mode (56 MHz) on 6 June 1990, at 6 cm wavelength. The antennas used were Effels-
berg, Westerbork, Medicina, Onsala and the VLA. The calibrator source 0224467
was observed three times, during 3 minutes each time, along the 14 hours observing
run.

Our observation was carried out at an orbital phase ¢ = 0.7, that is, approx-
imately two days after the predicted maximum of the 26.5 d periodicity, and two
months after the predicted maximum of the long term (4 yr) periodicity (Paredes et
al. 1990).
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Figure 1: Map of LSI+61°303. The peak flux density is 36 mJy beam~1. The lowest
contour level is 25 % of the peak and the increment is 10% of the peak. The half
power contour of the restoring beam is shown as a hatched ellipse.

The radio star was detected at all baselines, with a SNR above 7. The source
correlated flux density was 220 mJy.

3. Results

The hybrid map of the source was obtained with the Caltech VLBI package. Fig-
ure 1 shows the final map obtained with a HPBW of 0.6 x 0.5 mas (P.A. = 45°). Two
components, separated by 0.9 mas, can be seen in the map. The southern component
is approximately two times stronger than the northern component. The overall size
of the source, at a level of 50% of peak intensity, is 1.6 X 1.0 mas, which corresponds
to a linear size of 5.51013 x 3.410'3 cm for a source distance of 2.3 kpc. The total
flux density in the VLBI map is 200 mJy.

4. Discussion

From our results, we estimate the brightness temperature to be 5.510° K. This
value confirms the non-thermal nature of LSI+61°303. Assuming an spectral index
of —0.2, which is the value observed by Taylor & Gregory (1982, 1984) in previous
multifrequency observations for an orbital phase ¢ = 0.7, and equipartition of high-
energy particles and magnetic energy, we can evaluate (Pacholzyk 1970) the minimum
energy content Emin = 4.210% erg, and the magnetic equipartition field Beq = 0.7
G. In addition, assuming that the observed radio outburst started 4 days before
our observation and that both components expand away from a common center,
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we can estimate the projected expansion velocity to be 4.4107 c¢cm s~!. The values
derived from the data for the expansion velocity, magnetic field and energy content
are consistent with an adiabatic expansion model of a synchrotron emittig source
with prolonged injection of energetic particles (Paredes et al. 1991).

The estimated total size of the source, less than 2 mas, seems to indicate that
this radio star is a good candidate to be included in the final group of stars to be
used for the connection of the Hipparcos reference system to the VLBI extragalactic
reference system (Froeschlé & Kovalevsky 1982).
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their help during the data reduction. R. E. and J. M. P. acknowledge partial finantial
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Third epoch of the Pair of Quasars 10384528 A,B:
Preliminary results.
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Tnstituto de Astrofisica de Andalucia

2Universitat de Valencia

ABSTRACT

We have determined, from the third epoch VLBI observations on the
pair of quasars 1038-+528 A and B, their relative separation at A=3.6cm.
We have measured, at the pas level, a variation over the time domain of
the quasar 10384528 A with respect to 10384528 B. This preliminary
result entails a new constraint to any interpretation of their relative

kinematics.

L. Introduction

Astrometry is the branch of astronomy concerned with measurements of positions
of sources on the sky. These positions are routinely determined with milliarcsecond
precision (Ma et al. 1990) under several VLBI (Very Long Baseline Interferometry)
observation programs. This precision is a direct consequence of the contamination
of the purely geometric information in our observables with other contributions
and the imperfection in the modelling of the latter ones.

For a given interferometer the interferometric phase observable can be written as

a sum of several terms:
(I)lotal = Qgco + Qatr + @pm + Qinat + 27mn

where ®,., = 55/ c depends only on the relative position of the constant vector
towards the observed source (8) with respect to the baseline vector joining the two

telescopes (D); &4, is the contribution to the phase due to the extended structure

Proceedings of the 8th Working Meeting on European VLBI for Geodesy and Astrometry (page III-10 - III-16)



of the source; ®,,, reflects the effect caused by the propagation medium which a
given wavefront crosses before reaching the two ends of a baseline; ®;,,, accounts
for instrumentation effects (telescope or baseline based); and 27n reflects the in-

herent ambiguity of a phase.

Differential VLBI astrometry of pairs of radio sources with small angular separa-
tions bypass the majority of the latter limitations by using a differential observable
(obtained by subtraction of the observables estimated for each source at a given
time). The contaminating terms (®pm, Pinst) to the phase observable mostly cancel
out in the difference. The degree of cancellation improves as the angular separation
decreases. For close pairs of radio sources the differential astrometric technique
provides relative positions of radio sources with precisions well under a milliarc-
second.

The differential interferometric phase observable for two sources (namely A and
B) is defined as follows:

Aétoml = §ﬁ:tal—Qgtal = (Q:eo_QgB;o)'l'(Q;‘tr_Qﬁr)"'(Q:m—an)‘i‘(QA —Qg,t)+27r(n‘4—n3)

mnast

II. Observations

On 18-19 June 1990 we observed simultaneously the pair of quasars 10384528 A,
B at A=3.6/13cm with the Mark III VLBI system (Rogers et al. 1983). An array
of eight telescopes (Wettzell, Medicina, Effelsberg, DSS63, Haystack, Green Bank,
Pie Town, and Owens Valley) participated for about ten hours in the observations.
The recorded bandwidth was 28 MHz for each frequency at each telescope except
for Pie Town, where a VLBA data acquisition terminal limited the synthesized
band at A=3.6cm to 16 MHz and at A=13cm to 12 MHz. The recording was made

in right-circular polarization.

The recorded data were cross-correlated with the Mark III processor (Rogers et al.
1983) at the MPIfR, Bonn, to obtain the fringe amplitude, group delay, (ambigu-

ous) phase delay, and phase delay rate observables for each 11 minute observation.

Marcaide et al. (1985) and Elésegui (1991) have reported of similar observations
from epochs 1981.2 and 1983.4, respectively. The experimental conditions under
which the two prior observations were carried out were reproduced to a maximum

extent to allow reliable intercomparison among the results.
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III. 10384528 A, B
If two radio sources are sufficiently close in angular separation that they can even
be observed simultaneously because they lie within the main beam of each teles-
cope, antenna-time dependent effects affect nearly in the same way to the inter-
ferometric phase derived for both sources (%, ~ &2, 24, ~ 32.,). Then, the

differential interferometric phase observable, (A®:otar), reduces to:
A(I’total = A‘@geo + Aéur + ZTF(TLA - nB)

and contains only contributions from the relative geometry, the structures, which
can be estimated, and the differential number of ambiguities which can also be
resolved.

The pair of quasars 1038+528 A, B fulfills this condition. Given that their angular
separation is of about 33 arcsecond (Aa = 19", A§ ~ 27", 1038+ 528 B North-East
with respect to 1038+528 A) the uncancelled atmospheric contribution A®,,, at
A=3.6cm, should be no more than 0.1 pas (Elésegui, 1991). On the other hand, the
number of ambiguities to have the differential phases connected is easily estimated
once they were found for one epoch (Marcaide and Shapiro, 1983).

Given two sources with coordinates (a,§) and (a + Aa,§ + A$), and a baseline
ﬁ, the dependence of the geometric part of the differential phase delay observable
with respect to their coordinates is given by the following expression,

ATphgeo = ATphgeo(GST = t,D,a,6,Aa, Af)

D..cosé.cos(Dy + GST — @) D..cos(§ + Ab).cos(Dy + GST — (a + Aa))
ATph geo = c - ¢ +

+D,.sin6 D;.sin(6 + Aé)
c ¢

where GST (Greenwich Sidereal Time) stands for a measure of time, D =
(De, D., D)) refers to the baseline vector with components: projection on the
equatorial plane, projection onto the Earth rotation axis (both in units of length),
and angular distance to Greenwich meridian. The maximum sensitivities of the
geometric part of the delay observable to changes (or errors) in the source coordi-
nates (a,§, Aa, or Aé) are given by:

(a(Arg,,,)) _ D..cos(é + Af).cos(Aa) )
(Aa) "=t T c
(B(Arg,o)) _ _De.sin(6 + Aé).cos(Aa) D,.cos(5 + Aé) (2)
a(as) =t T c - c
3
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O(A1ye)

D..cosé  D..cos( + Aé).cos(Aa)
(_3*“_):::, = - +
a c c
3(A7se0) _ _De.sinéd  D..sin(é + Ab).cos(Aa) D,.cosé§ D,.cos(é + Ag)
o, e e : bl -

The maximum sensitivity to right ascension takes place at a time #, such that:
GST(ta) + Dy = a =90 deg, that is, when the source vector is perpendicular to the
baseline vector. The maximum sensitivity to declination takes place at a time #;
such that: GST(t5) + Dy = a, or GST(t5) + Dy = a + 180 deg.

For the particular case of 10384528 A, B, given their small angular separation, a
first order approximation of the formulas (1) to (4) is good enough. A representa-
tive baseline of our June 1990 observations can be D, = 5000 Km and D, = 600
Km (similar to the Effelsherg-Haystack baseline). An error of 20 pas in Aa (or
Aé) would cause an extra sinusoidal variation (or a constant offset due to the com-
ponent D, of the baseline plus a sinusoidal variation) with time on the differential
phase delay of an amplitude of about 1picosecond (ps). On the other hand, an
error of 1mas (1mas=>50 % 20pas) in « or § will cause an extra sinusoidal variation
with time of an amplitude of about 0.01 ps, which represents a systematic error

of about 0.2pas in the relative separation determination of 10384528 A and B.

IV. Data Analysis

The angular distance between the pair of quasars corresponds to the relative sepa-
ration between two well-defined reference positions within their structures (one in
each of the two sources). For each source, the contribution of the structure with
respect to the reference position is subtracted from the total phase delay.

In order to obtain the structures one needs to use the information contained in
®,,,. In VLBI is not possible to isolate this contribution from ®,,.,;, as mentioned
above, but there exist several ways to estimate &, subject to the phase-closure
condition (Rogers et al. 1974). The fine calibration of the visibility amplitudes was
carried out using a self-calibration method (Cornwell and Wilkinson, 1981) after
a standard calibration based on measured system temperatures and antenna sen-
sitivities. We performed the imaging using the Caltech software package (kindly
made available by T.J. Pearson). In Figure 1 we present the VLBI brightness dis-
tributions of the quasars 10384528 A and B at A=3.6cm. The sources 10384528 A
and B have not undergone any significant change in their structures compared to

the maps from the epoch 1983.4 (Elésegui, 1991) at the same wavelength.
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In order that the comparison of astrometric solutions from different epochs to
make sense, a common celestial reference system (J2000.0) and origin for the
time-dependent Earth-orientation parameters (UT1 and pole position) must be
used for every epoch, as well as common phase reference positions within the ex-
tended structure of each source. These reference positions must be properly chosen
(easily recognizable over time and frequency) to define (and permit comparison
from epoch to epoch) the relative separation of both sources.

The relative astrometric parameters have been estimated from the geometric con-
tribution to the phase delay A7, 4.0 using global weighted-least-squares adjust-
ment techniques. We have used the latest version of the program VLBI3 (Robert-
son, 1975), which also models other effects (e.g., propagation medium and instru-
mental effects) which leave a signature in the differential interferometric phase de-
lay observable, and the Goddard Space Flight Center (GSFC) CDP VLBI Global
Solution GLB718 Earth Orientation Parameters (EOP) values (Ma, private co-
mmunication). In Figure 2 we present the astrometric solutions, at A=3.6cm,
from the epochs 1981.2 and 1983.4, and the preliminary result from the epoch
1990.5.

V. Discussion

The position of the quasar 10384528 A, as appears in Figure 2, does not agree
with the scenarios proposed after the analysis of the first two epochs of this pair
of radio sources (Marcaide, Elésegui, and Shapiro, 1990). Subtle problems may
still be plaguing our preliminary results. The phase-connection we have based our
solution on appears good but tests to ascertain it are still underway. It appears

that some structure effects cannot be responsible of the present disagreement.
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Figure 1: Maps for the quasars 10384528 A and B at A = 3.6 cm for the epoch June 1990. The
contours correspond to -2,2,4,6,10,15,20,25, 30,35,40,45,50,60,80,95 % and -3,3,5,6,10,15,20,25,30,
40,50,60,80,95 % of the peak of brightness in their respective maps. A Gaussian beam of 0.8 * 0.6

mas in P.A. —2° has been used to restore the images.
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Figure 2: Estimates of the position of the quasar 10384528 A at A = 3.6 cm relative to

10384528 B at epochs 1981.2, 1983.4, and 1990.5 (with 1981.2 offsets subtracted).
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ABSTRACT

This paper describes our application of the Kalman
filtering technique to the analysis of VLBI data. We present
a brief description of the Kalman theory and its
implementation in the software that we use for the estimation
of parameters of geodetic interest. We have chosen stochastic
models for the stochastic parameters and we have studied
their influence on the final estimates.

1.- INTRODUCTION

From the analysis of VLBI observables (group delay and

phase delay rate), it 1is possible to estimate geodetic
parameters like station coordinates, source coordinates,
earth rotation parameters, Love numbers, nutation

coefficients, etc (deterministic parameters) as well as
stochastic parameters related to unmodeled effects in the
propagation trough the atmosphere, uncalibrated delays across
the interferometer and non-ideal behavior of the station
clocks.

In some software packages the method used for analyzing
individual VLBI experiments is based on a standard (not
sequential) least squares adjustment. In this case, the
stochastic parameters are modelled using several low-order
polynomials. Therefore, the set of parameters to be estimated
should be augmented by the corresponding coefficients.

The Kalman filtering technique is a recursive extension
of the standard least squares method, in which the stochastic
parameters are described in terms of stochastic models. In
each step we have a new estimate of the stochastic parameters
and an improved estimate of the deterministic parameters. In
this case, the matrices involved are smaller than the
corresponding ones in the standard mode, therefore many
experiments can be combined in a relatively small computer.

2.—- SUMMARY OF THE KALMAN THEORY
We will assume that the relation between the collected

data y, and the parameters X, at the epoch t, has been
linearized:
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Y, = G¥x, + e (1)

where e is the vector of measurement noise, with zero mean
and covariance matrix C, and G is the differential of the
model computed in an a suitable point. (See figure 1)

Some or all the elements in the parameters vector can be
time dependent, so we need a dynamic model for representing
this time variation:

X, = T*x, + U (2)

where x, represents the parameters for the instant t,, and T
is a transition matrix (dynamic model). The stochastic vector
u contains the unmodeled effects on the prediction and we
assume that has zero mean and covariance Q (stochastic
model). Of course, in the case of deterministic parameters
the corresponding elements of Q are set to zero.

(%1, C4] P = (t,[x,C)])
° *

update:
Y2I CDI G

o > 0

P, prediction: T, Q P,

I %

t, t, t

Figure 1: P, represents the estimate of the parameters x; and
their covariance C; at t;. P,P represents the predicted value
at t

2.

The Kalman filtering technique consists in the iteration of
the following two steps:

1) Prediction: given x, and its covariance C,, the equation

(2) allows to predict a priori values x,® at t, and, using
and the law of propagation of the covariances, C,*:
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2P = T*x,

G = T+Cy*TE + 0

(3)

This part does not depend on the data we have collected at
t,. Only depends on the dynamic and stochastic models we have
chosen.

2) Update: applying a least squares procedure to the model
given by equation (1) with a priori values x, and C,P,we get
the estimated values x, and C, at t, (Tarantola, 1987, see
also Herring et al 1990):

X, = X0 + C,*G CxCptx (v, - G*x,™")

apy -1 t -1 -1 (4)
G, = [(GF) ™ + GE+Cp *G]

In this step, the data gathered and their covariances take
part in the process. The measurement vy, is compared to its
predicted value G*x,?P and the "observatlon mlnus calculus" is
multiplied by the weight matrix K=C,*G'*C,™

The equations in (4) are recursive, so they could
provide the estimate of the parameter vector for the step n
based on all the measurements up to the step t _, without the
necessity of storing these data. This 1nformat10n is
contained in X,, and C_,.

3.~ APPLICATION OF THE KALMAN FILTERING TO THE ANALYSIS OF
VLBI EXPERIMENTS

We have included the capability of modeling
deterministic (i.e.: station coordinates, source
coordinates), white noise (i.e.: variation in the EOP between
experiments) and random walk (i.e.: clocks and troposphere)
processes.

For each parameter we have chosen the corresponding
components of T and Q according to the table 1, where PSD is
the power spectral density of the associate white noise and
dt is t,-t,.

In the present implementation we assume that the
covariance matrix of the data C; is a diagonal matrix and
each element of the diagonal is given by

Ci = (data noise)? + (experiment noise)? (5)

where "experiment noise" is a constant that we add, if
necessary, depending on the result of a statistical test that
we perform after the process of a complete experiment.
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Deterministic White noise Random walk

Q 0 PSD PSD*dt

Table 1. Dynamic and stochastic models implemented in the
software

We test if
_Xi ~ 1 6
p (6)
where
X2 = (G*X,-y,) S+Cpl# (Grx,-y,) + (X-x,) B0 1% (x,-x,)  (7)

and m is the number of observations.

Information on possible "clock breaks" at different stations,
the initial estimates of the different clock offsets as well
as estimates of the PSD are obtained with a previous run of
OCCAM (see Zarraoca et al,1989) and added to the input data
base. :

4 .- REPEATABILITY

In order to study the influence that the selection of
the PSD of the stochastic processes involved can have in the
estimation of the geodetic parameters, we have processed the
data of the 1990 EUROPE-1 experiment using different values
for the PSD of the stochastic parameters.

In figure 2, each box shows the repeatability of
baseline lengths in meters, with respect to the power
spectral density of the =zenith tropospheric correction
parameter. For each bar a factor of 1079, 1, 10?, 10* has been
applied to the PSD values derived from OCCAM estimations. We
can see that only the last factor has produced significative
changes in the lengths. Then, our PSD estimation could change
two orders of magnitude without noticeable influence in the
results.
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We have obtained the same repeatability when a similar
comparison has been done with respect to the PSD of the
clocks.
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Figure 3: Each box shows the variation in baseline lengths
(m) when the estimated PSD for the tropospheric path delay is
multiply by 107%,1,10%,10% B.- Medicina, M.- Matera, O.-
Onsala, W.- Wettzell, N.- Noto.

6 .~CONCLUSIONS

- There is a good flexibility in the choice of the
stochastic models for the stochastic parameters, in the sense
that the estimates of the geodetic parameters are not
affected if the PSD is changed in two orders of magnitude.

- The solution obtained with this method is in good
agreement with that obtained with a standard least squares
adjustment and does not require more computing time.

- The combination of several experiments is possible
with not special requirements on the computer resources.
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Variations in the Wet Path Delay
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Abstract. Water-Vapor Radiometer (WVR) data have been used to study wet path-
delay variations at four sites. Most of the data were from the Onsala Space Observatory
located on the Swedish west coast. As expected, the size of the variations is dependent
on season and site. We also find a good correlation between the largest variations and
passages of weather fronts at the Onsala site. We have found no corresponding correlation
at the other three sites.

1. Introduction

The error in the delay introduced by the “wet” atmosphere continues to be
an important source of error for geodetic very-long-baseline interferometry (VLBI).
We have used radiometer data obtained at (1) the Onsala Space Observatory on
the Swedish west coast, (2) Mojave at the Goldstone complex in the Mojave desert
in California, (3) Fort Davis in the semi-arid climate of Texas, and (4) Kokee Park
on the west side of the Kauai island of Hawaii in order to study and characterize
variations of the wet delay [Elgered et al., 1990].

Here we present statistical information on the measured equivalent zenith
wet delay and its variation with time for the different sites. In addition, the time
gradients with the largest absolute values estimated from one hour long data blocks
are studied in detail by searching for features in the meteorological conditions using
synoptic weather maps.

Instead of the rather expensive method of microwave radiometry one can use
Kalman filter techniques to estimate the wet delay from the VLBI data themselves
[Herring et al., 1990; Sardon, 1991 (these proceedings)]. The idea of using the delay
rate residuals obtained for the different baselines in each experiment to determine
the size of the wet delay variations at each site rely on the assumption that the delay
rate residuals are dominated by variations in the wet delay [Herring et al., 1990].
This assumption is tested by comparing the wet delay variations obtained from the
delay rate residuals with those inferred from microwave radiometer measurements
for the different months.

2. Site Descriptions and Water-Vapor Radiometer (WVR) Data

Onsala

The Onsala WVR site has the approximate coordinates 11.9°E and 57.4°N
and the height above sea level is only about 10 m. It is located on the Swedish west
coast in a temperate climate dominated by polar westerlies.

A description of the radiometer can be found in Elgered and Lundh [1983].
All the data used for the Onsala site were divided into 203 data sets, in total
approximately 11500 hours. Radiation from the sun and radiation due to rain
degrade the accuracy of the estimated wet delays. These effects can be significant
sources of error for studies of variations in the wet delay since they change quickly.
Therefore, the affected observations must be removed from the wet delay data sets.
All data taken closer than 20° from the sun were, therefore, deleted. The algorithm
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used to infer the wet delay from the WVR data assumes that the attenuation due
to liquid water is proportional to the square of the frequency. This is true when
the sizes of the liquid water drops are much smaller than the wavelength of the
attenuated signal (}Staelz'n, 1966] (i.e. <10 mm). Here we discard all wet delay
estimates made when the simultaneous estimate of the zenith liquid water content
is larger than 0.3 mm. This is a very conservative limit if all the observed liquid
water is in the atmospheref[Westwa,ter, 1978; Westwater and Guiraud, 1980). Liquid
water may, however, also form on the covers of the feed horns of the radiometer.
Experience has shown that when liquid water contents are inferred to be less than
0.3 mm there are no water drops on the feed system. A more detailed discussion
on this problem and references can be found in Elgered et al. [1990].

Mojave, California

The microwave radiometer (R07) was located at: longitude 243.1°E, latitude
35.2°N, and altitude 900 m. The site is in the Mojave desert in California. The local
climate is dry and it rarely rains at the site. The R-series radiometer is described
by Resch et al. [1985]. The wet delay data used were taken during geodetic very-
long-baseline interferometry (VLBI) experiments and have been used previously in
the analysis of such experiments [Kuehn et al., 1987].

We discarded all data sets with long gaps in the estimated time series of the

wet delays. Thereafter, we selected the two data sets per month containing the
most data points. The resulting data covers 792 hours.

Fort Davis, Tezas

The microwave radiometer (JR9) is located at: longitude 253.7°E, latitude
31.4°N, and altitude 1600 m. The site is in a semi-arid climate. The amount of
water vapor in the atmosphere above the site is further reduced by the high altitude
of the site. The JR9 radiometer is the same type of R-series instrument as is used
at Mojave. The main difference is that is was upgraded using the same type of data
acquisition electronics as is used in the J-series radiometers [Janssen et al., 1985).
Radiometer data were available from June, 1988, to January, 1989. Also these data
are taken during VLBI experiments and have already been carefully analyzed and
used in studies of these experiments [Kuekn et al., 1991]. We selected 24 data sets
distributed as evenly as possible over this period. The number of hours covered
were in total 964.

Kokee Park, Kauai, Hawaii

The microwave radiometer (R05) was located at: longitude 200.3°E, latitude
22.1°N, and altitude 1160 m. The site is in the Kokee State Park on the west side
of the island Kauai. The weather is dominated by the easterly trade winds and the
local weather is similar to that in a tropical rain forest with almost daily rainfall.
The climate on the Hawaii islands is very different compared to the three other sites.
For example the mean diurnal range of temperature variations is significantly larger
then is the mean annual range [Handbook of Geophysics and the Space Environment,
1985]. The amount of precipitation show large variations depending on the location
because of the high mountains.

The radiometer data were available for the whole year of 1989. However,
they have not been analyzed previously. Instrumental corrections are, however,
calculated “on-line” even if it is often necessary to perform a more advanced analysis
of the instrument stability afterwards. Since the time was limited for this study we
chose a different approach. The on-line instrumental corrections were studied for
the first 7 days of each month. Thereafter, we selected the approximately two best
days of these seven in terms of instrumental stability. The number of hours covered
were in total 722.
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3. Statistics of Wet Delay Variations

All of the microwave radiometer data have been used in order to estimate
time gradients in the equivalent zenith wet delay. We estimated linear gradients
for blocks of data. The time windows of the blocks used are %, 1, 2, and 4 hours.
(Due to lower resolution of the data sampling at the US sites 1, 2, and 4 hours were
used with these data.) Systematic variations in the size estimated time gradients
over the year was investigated. The RMS of the estimated linear gradients for each
month and the different sites are shown in Figures 1-4. The seasonal dependence
is clear at Onsala, Mojave, and Fort Davis. For these sites we also find a clear
correlation between the value of the zenith wet delay and the size of the estimated
linear gradient. The result for Kauai is more complicated. We know that the annual
variations in temperature are significantly smaller for this site. However, Figure 4
clearly indicate that there are some variations over the year but more data are
needed to justify a general conclusion.
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Figure 1. The RMS value of the estimated linear time gradients in the wet
delay for the different months at the Onsala site.
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Figure 4. The RMS value of the estimated linear time gradients in the wet
delay for the different months at the Kauai site.

The RMS values of the estimated linear gradients for all the sites are pre-
sented in Table 1. We conclude that the short time variations (over hours) do not
correlate well with the mean wet delay when different sites are compared. This is
contradictory to the result above, where the expected short time variation increased
with an increasing value of the wet delay itself for a specific site.

Table 1. Statistics of linear time gradients of the equivalent zenith wet delay
estimated using data blocks of different time length for the four sites.

Wet Delay Estimated Linear Gradient Over
Site Mean S.D.! % h 1h 2 h 4 h
cm cm cm/h cm/h cm/h cm/h
Mojave 5.7 3.0 - 0.40 0.32 0.26
Fort Davis 9.8 5.0 - 0.47 0.39 0.31
Kauai 9.0 3.3 - 0.63 0.46 0.34
Onsala 8.6 4.2 0.78 0.63 0.51 0.41

1 Standard Deviation
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The monthly RMS values obtained at the Onsala site for the 1 hour long data
blocks have been compared with the average values inferred from the delay rate
residuals in geodetic VLBI experiments from 1980 to 1987. The result is shown in
Figure 5 where we have assumed that the wet-delay variations are described by a
random walk process. Since the VLBI observations are typically obtained every 10-
15 minutes we have also included RMS values obtained from 15 minute data blocks
for some of the months during 1988 where we have radiometer data sampled with a
sufficient resolution. Note that the values inferred from the different time blocks of
WVR data should be the same if the wet delay variations are correctly characterized
as a random walk process. A seasonal dependence is clearly seen in the variances
obtained using the two different methods. Such seasonal dependence in the wet
delay variance estimated from the delay rate residuals has also been reported for
the Westford site [MacMillan and Ray, 1991]. In general the VLBI data show larger
variances indicating that the delay rate residuals includes contributions also from
other sources than the atmosphere. This is to some extent supported by the fact
that the average VLBI value for the month of July is based on two experiments in
1980 only. These were two of the first geodesy VLBI experiments using the Mark
III equipment at Onsala and for the example the hydrogen maser at Onsala were
not in a temperature stable environment at that time. The other monthly averages
are typically based on about 10 experiments spread over the time period 1980-1987.

Another possibility to explain the difference between VLBI and WVR data
(especially during the summer period) is that we have been ignoring WVR data
implying a zenith liquid content > 0.3 mm. Airplane measurements have shown
that cumulus clouds contain not only liquid water but also an excess amount of
water vapor (see e.g. Radke and Hobbs, [1991]). Large cumulus clouds (with a lot
of liquid water) are common during the Swedish summer. It is likely that large
variations in the wet delay are undetected when WVR data implying large liquid
water contents are discarded.
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Figure 5. Variances of wet delay variations obtained from WVR data and
VLBI rate residuals assuming that the variations are described by a random
walk process.
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4. On the Correlation Between Large Wet Delay Variations
and Weather Map Features

The existence of moving warm and cold air masses in the atmosphere is well
known. The often well defined border between different air masses is called a
weather front. Since the saturation vapor pressure increases rapidly with increasing
temperature a passing weather front may cause a significant change in the observed
wet delay. In this Section we investigate this possibility by using weather maps pro-
duced for forecasting purposes. A good general description on the different types
of weather fronts can be found in Hsu (1988).

The weather maps needed for the Onsala data were obtained from the Swedish
Meteorological and Hydrological Institute (SMHI). The Climate Analysis Center,
NOAA, Washington D.C., USA, supplied the weather maps for the US sites. The
location of the fronts, on the ground surface, has an uncertainty smaller than 10 km.
For each large change in the wet delay we studied these maps and tried to identify
features that could be evidence for rapid variations in the atmospheric water-vapor
content. For the Onsala site we found 105 linear time gradients estimated over one
hour periods which had absolute values greater than 2.4 cm/h, i.e. 1% of all the
data. In order to get similar data sets for the US sites we used the approximately 10
one hour periods with the greatest absolute value of the estimated time gradients.
We present the result for each site separately.

Onsala

We found that the passage of weather fronts is a very important factor in
order to explain the largest time variations in the wet delay. If the front passage
on the ground occurs within 6 hours of the time epoch of the detected large change
in the wet delay we assume that the front is the cause of the rapid change. A front
passage normally implies precipitation. If, however, an epoch is not an obvious
front passage we have searched for other possible reasons (such as different types of
precipitation) in order to explain the measured change in the wet delay.

We found that 83% of the gradients were associated with the passage of
weather fronts. One such an example is shown in Figure 6 (microwave radiometer
data) and Figure 7 (the corresponding wether maps). Another 13% of the epochs
were associated with thunder and/or showers and changes in cloud coverage. The
last 4% of all the epochs could not be explained using weather maps only. Two of
these epochs seem to involve a rapidly sinking inversion layer with cold and dry air
above (subsidence).

Mojave, California

We find 8 one hour periods with an absolute value of the time gradient greater
than 1.3 cm/h. Four of these occasions (all during the same day) seems to be
associated with the passage of a cold front. For the other four occasions the weather
maps show mainly that there are clouds and rain in the area.

Fort Davis, Tezas

We find 10 one hour periods when the estimated linear gradient is greater
than 1.5 cm/h. Two of these (one hour apart) occurs when a cold/warm front is
located some 300 km south of the site. During another three cases (two of them
one hour apart) there are indications on the weather map that a front is starting
to build up just north of Fort Davis. In one of these cases there are thunder in the
area. In three other cases there are cloud activity. For the last two cases there are
no evidence for large changes in the wet delay on the weather maps.

Kauvai, Hawaiz

We find eight cases when the estimated gradients over one hour periods are
larger than 1.8 cm/h. All cases seems to depend on local phenomena. The radiome-
ter site is on the west side of the mountain peak on the island Kauai. The area
is described as a “tropical rain forest” with rain showers almost every day. It is
therefore likely that the variations in the wet delay are local features.
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Figure 6. The equivalent zenith wet delay (left scale) measured with the microwave radiometer
is shown as a point (.). Also denoted with a point is the integrated amount of liquid water inferred
from the radiometer data (right scale in mm). However, the liquid water points will always appear
in the lower part of the plot since all measurements implying a liquid-water content larger than
0.3 mm are discarded from the data set. The gaps in the radiometer data on Dec. 8 indicates rain.
Also shown is the wet delay calculated from radiosonde launches made at Goéteborg-Landvetter
Airport at 11:20 and 23:20 UT every day. These wet delays have an error bar which shows the
expected one sigma of the combined measurement errors of the radiosonde and the radiometer
according to a simple error model presented by FElgered et al. [1990]. Finally, the wet delay
obtained from a ground based model [Saastamoinen, 1972] is plotted as a line.

Figure 7. Weather maps at 9 UT (a), and 18 UT (b), December 8, 1988 (see Figure 6). The
shaded area denotes rain and the triangles denotes showers. The warm front passage in the early
morning implies a large increase in the wet delay. The warm and cold fronts located in west
Norway in the morning arrives at Onsala around 18 UT. The cold front has now reached the warm
front and the warm air is lifted off the ground (occluded front). When the rain stopped the wet
delay show a large decrease.
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Conclusions

Variations in the wet delay are known to be site dependent. This is also clearly
shown in this paper. For a given site, larger values of the wet delay increases the
probability for larger variations in the wet delay. This is, however, not necessarily
true when different sites are compared. We have also seen that large variations in
the wet delay often are caused by passing weather fronts at the high latitude Onsala
siﬁt.e whereas the variations measured at the I{auai island seem to be driven by local
eftects.
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Abstract

Source _structure

enhanced

Data Analysis oftwar

Guenter Zeppenfeld
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Germany

A source structure analysis software has been developed as an enhancement of the MK III data
analysis software CALC/SOLVE in order to correct VLBI observations automatically for sour-
ce structure effects. A preliminary version is presently operational and first results are presen-
ted. The next step is to complete the mapping of all (except two or three) sources in the IRIS/

CDP schedule and to study the effects on a set of experiments. We also plan to expand the MK

I1I data flow in order to incl

Motivation

ude the structure data.

Today the philosophy in considering source structure effects in geodetic VLBI is to delete all

bad sources from the observed source catalogue, i.e. not to use those sources which tend to

show significant structure. This may be a good approximation to avoid large structure effects

in the actual observation schedule. But there are still some problems, if we go into details. First

of all we have to consider the fact that the ideal point source does not exist, i.e. that all known

sources show more or less extended structure on the scale of milliarcseconds. As an example,
the hybrid map of the source 4C39.25 from the E-ATL 5 experiment in 1988 (fig. 1) shows a
very compact brightness distribution at 8.4 GHz.
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figure 1:
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Usually we assume such a source to be a pointlike source. But if we compute delay corrections
due to structure effects (figure 2) we obtain results on the order of 50 [psec]. This is a level
which must be considered if we wish to improve the accuracy of VLBI.

MEDI-WEST 14 12 1988 Q. 4C39.25 8429.
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figure 2: group delay corrections due to source structure

A second effect which we cannot neglect is the variation of source structure with time. This
structure variation proceeds more or less rapidly and is different for each source. So it could
be possible that some sources which appear compact now will show significant structure in the
future and must then be deleted from the source catalogue. In this case we will not able to
achieve a standard observing source catalogue and a stable celestial reference frame. Structure
variation with time is also the reason why we must monitor and map sources continously to be
able to determine this effect for each source separately.

In VLBI we obtain the source and station coordinates together with other informations as a
result of a global solution. This means that about once a year a solution will be computed
which contains all VLBI observations carried out until that date, including all the observations
of "bad" sources. To obtain a homogeneous solution all bad observations should be corrected
for structure effects. As a consequence we need a suitable software system to compute such
effects routinely.

With the ongoing development, the VLBI technique becomes more and more sensitive. If we
don't want that the models become the limiting factor we must improve them by adding such

model components as source structure software modules.

Against the background of these arguments we believe that the better way to consider source
structure effects is to make the effort of creating the structure maps for each source and to

routinely correct the observations for these effects.
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A preliminary version of the source structure software developed in Bonn is presently opera-
tional and includes two new modules SOURCE MAPPING and STRUC. These modules run
parallel to CALC/SOLYVE to limit the runtime of the whole analysis system. The advantage of
separating the new modules from CALC/SOLVE is, that in this case we are able to run CALC/
SOLVE in the usual way and independently from SOURCE MAPPING and STRUC. So one
can map and calibrate sources parallel to the geodetic data analysis of the experiment. Only in
one of the last steps in SOLVE just before producing final results STRUC will be started to
compute source structure effects. These corrections can then be taken into account in SOLVE.

The SOURCE MAPPING algorithm (described by SCHALINSKI et. al., this report) uses B-
Tapes to load the observed data. Together with the information about system temperature and
antenna gain-curves (calibration data) mapping and calibration can be done. The most impor-
tant part of the results of the mapping algorithm are the DELTA-MAPS. These data are used
as an input to STRUC. Presently we are able to map sources only on the basis of B-Tapes. To
use the full advantage of the VLBI Data-Base archives and to make monitoring easier we
prefer to use DATA-BASES as mapping input.

FRNGE
Analysis

B-
Tapea DBFT
KBMSG

e s
DELTA
MAPS
CALC DATA
| I BASE
STRUC —

for esch observation

Souve— o>

Fig. 3: New modules in the VLBI data flow
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In addition to the structure information (delta-maps) STRUC needs information about the real
observation schedule from the DATA-BASE to compute source structure corrections. Real
observation schedule means that all available observations are stored in the DATA-BASE and
used by SOLVE. The structure corrections will then be saved in the DATA-BASE. With the
help of a new observation dependent SOLVE option all observations can be corrected for
source structure effects. Detailed descriptions of the theoretical background of STRUC have
been presented at the previous working meeting held in Madrid (ZEPPENFELD 1989).

Figure 3 shows the FINAL VERSION of our project enhancing the VLBI data analysis softwa-
re to include source structure corrections. On the condition that all necessary data have been
measured and are saved in the DATA-BASE the SOURCE MAPPING module can use the
DATA-BASE in the FINAL VERSION directly to obtain all the information needed (antenna
and observation information). The results of SOURCE MAPPING, the delta-maps, should also
be saved in the DATA-BASE to make source monitoring easier and to guarantee that all furt-
her computations use the same map. If the delta-maps are saved in the DATA-BASE, all in-

formation will be available to run STRUC without having to rely on any other data sources.

First results

For the first tests we have tried to correct the X-Band observations of source 4C39.25 of the
E-ATL 5 experiment (hybrid map see fig.1) for structure effects. Other sources will be dealt

with in the near future.
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The corrected residual plot (figure 5) for the .baseline Medicina - Westford shows the corre-
sponding changes. The postfit RMS delay decreases from 87 [psec] to 84 [psec]. As we can see
here the effect is very small. If we wish to get any degree of significance we must do more
testing with more sources on a larger set of VLBI-experiments.

Remaining Problem

There are two fundamental problems which have not yet been addressed in this paper. The
first problem concerns the definition of a reference point for each source. This point must
have a stable absolute position near or within the source, because brightness distribution varies
with time. This would then be the point to which the computed corrections refer. Due to the
fact, that our structure software STRUC uses delta maps, which describe the features of the
brightness distribution of a source in terms of relative coordinates, we are able to use any of
these features as reference point. This is another advantage of our software.

The second problem is related to the significance of the features represented in a given source
map. According to the fact, that maps can be produced with a limited accuracy we have to
assess the true structure and the noise level in a source image in order to separate "reality”
from artefacts produced by the mapping software due to the scarcity of the data. This problem
can be better explained with the help of the following example. If we compute source structu-
re effects for 4C39.25 with all structure data available (figure 1) for the baseline Medicina -
Westford we obtain unsmoothed delay corrections (figure 6) with a high noise level:
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figure 6: (raw data)

But if we neglect all the more distant features seen in f ig. 1 while assuming an accuracy (dy-
namic range) of 1:50 for the central part of the map (see SCHALINSKI et.al. this report) we
obtain a smoothed curve (fig. 7) for the source structure effects on the order of 50 [psec).
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figure 7: (smoothed data)

This curve is only produced by the structure of the source itself. With this rather brutal pro-
cedure we plan to study each source in detail in order to place improved constraints on the
structure effects. The fact that computation of group delay corrections involves the second
derivative of the intensity distribution requires a high degree of smoothing at the level of the
image data. This may still prove to be a critical stumbling block of the whole process.

Conclusions and Qutlook

Due to the fact that all data are saved in the Data-Base mapping and monitoring are available
for all sources and the computation of source structure effects for each source (pointlike or
extended) is possible. The new modules run parallel to CALC/SOLVE. So the extension of the
runtime of the whole data analysis system can be limited. The computation of source structure
corrections means an important step in creating a new radio reference system that is indepen-
dent from source structure variability and very close to an inertial reference frame.

As a next step we plan to complete the mapping of all (except two or three) sources in the
IRIS/CDP schedule to study the effect of source structure on a set of YLBI experiments. Fur-
thermore we want to determine the best strategy for creating a radio reference system inde-

pendent from source structure variability.
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AUTOSKED-Automatic creation of optimized VLBI
observing schedules

Heinz Steufmehl
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ABSTRACT: With the VLBI scheduling program Sked a skilled
operator needs a few days to schedule observations for a 24
hours experiment. He has to select the scans manually and
must take care of an optimized solution all the time. This
also requires a lot of experience.

The new software Autosked has been developed on the basis of
Sked and allows the creation of optimized schedules, which
need just a few minutes of preparation time. The scans are
no longer selected by the operator, but the automatic
selection is made to optimize any one or group of unknowns,
such as polar motion, station coordinates etc. Optionally,
the program takes care of a good distribution of observing
points over the sky or the minimization of telescope slewing
time or tape waste. The optimization is done on the basis of
the formal errors of the solve-for parameters. Comparisons
with "hand-made" schedules have shown Autosked to produce
similar or mostly better results as regards the optimization
intentions.

In this presentation the optimization process is explained
and examples of Autosked schedules for the IRIS-S network
are given. These are compared with an original Sked
schedule, made at the National Geodetic Survey in the USA.

1. THE OPTIMIZATION PROCESS

A more detailed description about what is going on in
Autosked can be given using figure 1 and 2. The first steps
(fig.1) are the same as in Sked. The operator has to
introduce the starting date and time of the planned experi-
ment. Then he has to select the participating stations and
a set of sources. These sources should be well distributed
over the sky. Then frequencies are selected and parameters
are set.

After this the optimization options are introduced. The
solve-for parameters for the subsequent analysis of the
experiment must be chosen first. These parameters can be for
example Earth orientation parameters, station or source
positions, atmospheric or clock polynomial coefficients or
any combination of them. The next step consists of the
selection of the parameters of major interest, in figure 1
for example Earth orientation parameters. Then the user can
select among other secondary optimization features. Besides
a best accuracy of the parameters of major interest, also a
good local sky coverage with observed sources may be aimed
at. Furtheron, it is also possible to minimize tape usage or
telescope slewing times.

Proceedings of the 8th Working Meeting on European VLBI for Geode and Astrometry (page IV-22 - IV-29)



When these preparations are done, the operator has to
introduce a first configuration manually, so that all
stations have observed at least once (fig.2). Configuration
here means for example one source observed by all stations
or two sources observed by different stations.

With the information of the ending date and time, the
optimization process can be started. The program will
compute a large number of possible configurations for the
next observing point of time. These configurations can be
regarded as basic components of the whole schedule. For one
point of time there can of course only be one configuration
selected from this pool of possibilities. For each
‘configuration the contribution matrix to the matrix of
normal equations 1is computed according to the chosen
parameterization. These contribution matrices are symbolized
by the flat boxes.

The actual optimization algorithm consists of four steps.
First, the configurations are tested, if they really can be
scheduled. If they pass this test, the contribution matrix
will be added to the already existing matrix of normal
equations and then the whole matrix will be inverted. The
diagonal elements of this matrix represent the formal errors
of the unkowns. Among those configurations, which give the
best decrement of the errors of the parameters, i.e. the one
which fulfills the other optimization features the best,
will be selected for scheduling. In figure 2, this confi-
guration is symbolized by the dark box.

When the ending date and time is reached, the optimization
process stops and the schedule is ready. If the operator
doesn't want an automatic scheduling, he can also have a
look at the best configurations and decide by himself, which
one to choose for scheduling. An overview gives him all
important informations, such as percentual decrease of the
errors, sKky coverage values or tape usage. At any time he
can also have a look at the simulated formal errors of the
solve-for parameters or their correlation matrix in order to
check the ongoing scheduling process.
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AUTOSKED
UNIX - Version, running on HP 9000 / series 330

Input of starting date and time
of the planned experiment
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Selecting stations
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figure 1 :

|

Selecting parameters for optimization

EOP

¢

Selecting other optimization features

local sky coverage

tape usage

[Slewing time|

The use of Autosked
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Input of ending date and time of the

optimization process (optional)

}

)

Manual selection of a first configuration

> Visibility of sources

config. 1 config. 2 config. 3 config. n
0727-1156 0J2sa7 0528+134 1803+784
J-M-R-E-V J-E-V J-M-R M-R-E-V
22 30 35 22 25 40 22 32 16 22 30 28
16114343 4C39.25
M-R E-V
22 28 30 22 30 35
: validity test
Matrix é ; o addition
of N.E. inversion
7z opt. criterion

Manual or automatic selection of

the best configuration

scheduling

b o = - -

!

0J287
J-E-¥
22 2% 40

16112343
M-R
22 28 30

Simulated formal errors and correlation matrix

figure 2

: The optimization algorithm
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2. Results :
In a test an original "hand-made" IRIS-S schedule of the

National Geodetic Survey (NGS) has been compared with two
different optimized solutions of Autosked.

Autosked worked with the same set of sources and the same
stations HartRAO, Mojave, Richmond, Westford and Wettzell as
the NGS schedule. ‘
IRIS-S experiments are performed to determine polar motion
and UT1. So, for the first run of Autosked (schedule Al),
there was no secondary option turned on, but the schedule
was done for the optimization of the X and Y pole component
and UT1l. For the second run of Autosked (schedule A2), the
optimization algorithm also selects for these three
parameters, but in addition the option "local sky coverage"
was turned on. So, the program also took into account the
sky distribution of observing points.

Figure 3 shows plots of the local sky coverage of schedule
Al, A2 and the original NGS schedule S. Table 1 presents the
standard deviations of the unknown parameters due to the
Autosked simulation. Schedule Al is more clumpy than the
others, but gives the best accuracy for the earth
orientation parameters. The standard deviations are about
10% better with respect to the manual schedule. In schedule
A2 they are only 4% better, but the sky coverage is more
uniform.

In correspondance to the decrease of the standard devia-
tions, there is also a decrease in the correlation coef-
ficients between Earth orientation parameters on the one
hand and atmosphere and clock parameters on the other hand.
The correlation coefficients between atmosphere and clock
parameters on the stations are however increasing as do
their standard deviations. The reason is the higher number
of low elevation observations in the NGS schedule. These ob-
servations allow a better separation of clock and atmo-
sphere, but they often show wider scatter in the residuals,
so that they must be excluded from the analysis.

It is obvious, that there is a compromise between sky
coverage and the optimization of the Earth orientation
parameters in schedule A2. With the help of data from real
experiments the question must be answered, whethér or not
the sources in Al are distributed well enough to avoid
systematic errors caused by fluctuations in tropospheric
wave propagation.
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schedule Al

HARTRAO (J 146 obs

schedule S

HARTRAO (137 . ..o 150 obs

B

.o

MOJAVE 12 (b ' ) 154 obs 167 obs

176 obs

152 obs 178 obs

RICHMOND < 181 obs

171 obs




number of observations

X pole comp. (asec)

Y pole comp. (asec)
UT1-TAI

Nut. offset in long. (asec)
Nut. offset in obl. (asec)

atm offset (m)

atm first rate (m/sec)
atm offset (m)

atm first rate (m/sec)
atm offset (m)

atm first rate (m/sec)
atm offset (m)

atm first rate (m/sec)
atm offset (m)

atm first rate (m/sec)
cl offset (sec)

cl first rate

cl second rate (/sec)
cl offset (sec)

cl first rate

cl second rate (/sec)
cl offset (sec)

cl first rate

cl second rate (/sec)
cl offset (sec)

cl first rate

cl second rate (/sec)

HEMDOORRIBAAOQOSSIEHEE DY R Ry

sched.
al

816

.1977°%
.11667%
.1255°%
.2656%3
.1181°%

.3620°%2
.7529°%
.4340°%
.8700°%7
.5681°02
.1053°%
.4050°02
.7142°%
.30367%2
.6416°%
.6046°10
.21567%
.2127°7
.6119710
.1986°1
.2005° "
.5533°10
.1813°%
.1918°%
.4801°1°
.1674°%
.1814°"

sched.
A2

856

.2069°%
.1221°03
.138270%
.2731°9
.1250°%

.3890°%
.72557%7
.4091°92
.9300°%
.5147°%
.9333°%7
.38547°02
.6756°%7
.3928°%
.7241°7
.6462°10
.2138°%
.2178° %
.6078°10
.2028"%
.2141°Y
.5212°10
.16557%
.1891°"
.4608°10
.1557°1
.1838°"

sched.

989

.2096°%3
.1314°9
.1411°%
.2857°%3
.1216°%

.3945°%2
.7133°97
.3258°%
.7172°%
.3683°%2
.7413°9
.27097%2
.5069°%7
.2247°%
.4708°%7
.5734°10
.2040°%
.2158°%
.5650°10
.18907%
.1932°"7
.4785°10
.16167%
.1764°V
.4134°10
.1487°%
.1651°"7

table 1 : standard deviations of the unknown parameters

from the Autosked simulation
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3. Conclusions

Autosked allows to create optimized schedules without great
effort. With this software a lot of simulations can be done
in order to evaluate networks or test geometric relations.
Furtheron, more than one schedule can be created for an
experiment and the best one can be selected for the actual
run. Although the program needs some hours of computation
time, it can run at night without disturbing other users of
the computer. Autosked schedules give as good as and often
better results than hand-made schedules, but a number of
experiments must be performed to decide, whether the clum-
piness in the sky coverage does not harm the determination
of parameters. A large number of optimization options allows
the user to create a schedule best suited for his needs. It
is planned to introduce still more optimization features
than the three mentioned in this paper.
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A PARAMETERIZED Sor1D EarTH T1DE MoDEL For VLBI:
QUALITY ASSESSMENT
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92 Uppsala, Sweden. E-Mail address: HGIGS@SEUDAC21.BITNET

Summary. A new solid earth tide model for applica-
tion in precise geodetic measurements has recently
been proposed. This contribution summarizes its main
features and concepts. Results from a comparison
with the currently used module of CALC/SOLV are
given.

The model uses recent parameters from tide theory
and reliable estimates inferred from observations
together with an expansion of the tide generating
potential which includes third degree spherical
harmonics. It incorporates dynamic effects of the
earth mantle and core in closed form and keeps a
clear distinction between properties related to the
space or the time domain, respectively.

Assuming submillimetre precision and internal
consistency of the new model the improvement with
respect to tide displacements computed by current
software is on the order of five millimeters.

Introduction

A solid earth tide model for precise geodetic methods has
recently been presented (Scherneck, 1991). Emphasis has been put
on increased accuracy and parameter estimability. Some of its
features are described below as a supplement to the report, and a
comparison is made to the previous tide model.

The basis of the parameterised solid earth tide model (PSETM) is
a decomposition of the tide generating potential in terms of
harmonic base functions. This concerns the space domain, where
Associated Legendre Polynomials are the set of base functions, as
well as the frequency domain, where we have a spectrum of sines
and cosines. Recent harmonic tide potential developments have been
published by e.g. Buellesfeld, 1985 (Julian date reference 1950),
Tamura (1987) and Xi (1987) (both using the J2000.0 system).

Tidal displacements of a site in an instantaneously corotating
reference frame depend on the viscoelastic response of the earth
and perturbations induced by the liquid core. The transfer
function between the signal input into the earth (the tide genera-
ting potential) and the output (the observed displacements)
connects the two pairs of domains: space and spherical harmonic
(SH) degree; time and frequency.

To a good degree of approximation the {iide potential is a
stationary process, which is the essential basis of harmonic
expansion. Explicit time-dependence of earth properties relating
to tides does not occur at Lhe present technical level of
sensitivity, and transient components in the external tide
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potential are negligible.

The response of the earth Lo tides depends primarily on the
"wavelength" (SH-degree) of the external potential. The flattening
of the earth (and its rotation) is a perturbation from ideal
spherical symmetry. As a consequence, the transfer functions
depend slightly also on SH-order (which is indicative of orienta-
tion). The flattening causes also a coupling of SH as it
inflicts on the orthogonality of the base functions.

The earth reacts differently to excitation with different
frequencies, resonant and delaying response characteristics being
responsible. Hence, the transfer functions are appropriately
described by complex valued admittance spectra for single input
(SH-degree and order) and multiple output (SH-coupling).

Concepts of the parameterisation
Results from the literature have been adopted for the PSETM as
shown in Tab. 1. The term ’parametlerised’ refers to the way these
results are incorporated: Instead of using tables (where frequency
would be the entry), frequency-dependent features are described
by functions dependent on a minimum of parameters. Forms with
a close relation to the underlying physics are preferred. The
resonance effects of the liquid core e.g., which occurs when
excitation has the near-diurnal [frequency ®Wnpr, are parameterised
using the resonance characteristic
Cnpr(®) = %JQLQL = Cnpr(®; @NDR)

~WNDR
The Lkey parameter carrying geophysical significance 1is ®WNDR,
together with an amplitude coefficient that represents the
strength of the resonance. A slightly complex value can be
substituted for wnpr right away, referring to finite quality of
the resonance.

An empirical function, however, is more convenient to character-
ize the viscoelastic admittance spectrum. The reason 1is that
viscoelastic models cover a wide range of frequencies, whereas
geodetic methods operate in the narrow slice of daily to yearly
periodicities. Much of the structural information about thermally
excited relaxation in the earth’s mantle is therefore hidden. An
asymptotically correct description of the relaxation spectra,
tailored for the frequency domain in question, can be given with a
few comprehensive key parameters.

The phase spectrum of displacement component t of the response
as computed by Wang (1986) follows roughly

(1)
)
lwlP 2r/(10 y) £ 0 £ ®

(
¢ ' (w) = -sgn(w) o
The attenuation (= log amplitude) spectrum compatible with this
phase spectrum is reconstructed using Hilbert transformation,

n(‘)(w) = %p»a{¢(‘)(w)} + const.

() ) ) () (1)
V ' (0) =expin (@) + i (@)} =V (0; & ,p )

referring to the causality of the earth as responding medium. The
transform can be obtained analyvtically (Scherneck, 1991) and
contains one parameter in addition to ¢y and p, representing the
amplitude of the elastic response. The viscoelastic relaxation
spectrum is negligible in the case of SH-degree greater than two.

(V]
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Table 1 Literature references to parameters and submodels. For
numeric values and suggested formulas cf Scherneck, 1991.

Parameter Reference

(INDR Herring et al, 1986; Neuberg et al., 1987.
QNDR Neuberg et al., 1987.

SNpr, solid earth Wahr, 1981; Wahr & Bergen, 1986.

..+, OCeanic Wahr & Sasao, 1981.

®o, p (anelasticity) Wang, 1986.

Hy, Lv, Bn) Bnmvu Wahr, 1981; Dehant, 1987; Farrell, 1972,

Relation to tide theory.
In short-hand notation, the input-output relation along
the lines of the results of Wahr (1981) can be written

X(rsat) = Re Z E S vunm((ﬁk) Xnm(wk:R) Vvu(ﬁs) exp{iwkt}
k vunm

where the Xnm's are the development coefficients of the external
tide potential evaluated at conventional radius R and include
phase (astronomical argument at epoch t=0, Xnm€C€); y are the tide
components at the position rs on the earth surface; ss is the
projected position on the unit sphere; and ¥nn is a set of sphero-
idal and toroidal base functions (vector SH’s); L is an array of
generalized Love number spectra, including the coupling coeffi-
cients between different degrees and orders due to earth ellipti-
city. Diagonal matrix s provides dimensional scaling in order to
get dimensionless Lave parameters ([X] = m?s~2). Convenient (and
in line with Wahr, 1981) for the case of displacements is s=1/ge
and R=Re, i.e. gravity for scaling and radius at the equator for
tide potential reference, respectively.
The displacement at time t can be written

Ur ("nm)r
u = |ug| = Re Y, Lvunm(@x) [ (Zam)s| Xnm(wk) exp{iwkt}
uj knm ('Vnm)a

in a coordinate system r=radial, #=south, A=east.

The last step is to devise a factorisation scheme for the
elements of the L-array to individually represent SH coupling
(earth flattening effects), liquid core resonance and viscoelastic
mantle relaxation. The result is

GO0O
Lvpnm(®w) = |0 G s|, (G = great, s = small term)
0s @G
(h) (h) _(h) (h)
Hy[1+Bvunmt{ SNDR+021n1)CNDR(®}Sv20,1) 1Vy (@) 0 0
=10 (1 (1)
0 Lv[]+ﬁvunm+(ISNDR+”21n1)CNDR(w)5v25p1)]Vv ®)

() () .. . .
where Bv;nm and 02;n1 are the coefficients for ellipsoidal pertur-
bation and their nearly-diurnal resonance strengths, respectively,



Cxpr(®) = Cnpr(w; wnpr) = Clw, QOnpr(1+iQnpr)) € C

is the nearly-diurnal resonance characteristic,

() ()

(), ()
Vv (w) = Vy !

(w; p 90 ') €C

the viscoelastic relaxation spectrum,

() () () _
SNDR = Ssg + SoL = const. € C

are the solid earth (SE) and ocean loading tide interaction terms
describing the strength of the near diurnal resonance, and

Hy = const. € R, Ly = const. € R

are so-called basic Love numbers. Since tides at degree v>2 are
small, one can factor out Hz and scale the others using v = Hy/Hz
(and equivalently for Ly). The parameters Hz and Lz are then
primary candidates for estimation from observations.

It is pointed out that the form above differs from the actual
equation used in Scherneck (1991), the one above being somewhat
clearer for the purpose of demonstration, but less convenient to
actually program. (Spherical harmonic coupling can be formulated
even simpler. Then, many of the coupling coefficients turn out to
be zero or negligibly small.)

It is now straight forward to compute time series of station
displacements and partial derivatives with respect to any of the
model parameters. Since the influence of Qnpr, Qnpr, ®0o and p is
nonlinear, we depend on a good estimate to start from; the
respective parameter partial can then safely be derived using a
first order divided difference.

The scheme offers access to model parameters and their
refinement at the data analysis stage. It should be obvious that
their physical basis and relevance is more significant than in the
case of the model employed in programs like CALC/SOLV and GEODYNE.
Table 2 ©points out the difference between the previous
CALC/SOLV model and the proposed one.

It is also pointed out that the use of SH coupling coefficients
is conceptually clearer than an alternative scheme often
encountered in analysis of tide gravity measurements, which
consists of the use of latitudinally dependent Love numbers and
gravity admittance factors with respect to the 1local tLide
potential.

Parameter use and interrelations
A number of PSETM parameters can be used by other VLBI program
modules. For instance, the rheological model can be extended to
the secondary potential by means of the spectrum of Love number
kz. The sources of the secondary potential at SH degree two
perturb the moments of inertia and thus are relevant for the tidal
part of the AUT!1 model. Next, the load Love number kz can be
included which conveys the solid earth part of the polar motion
perturbations due to oceanic tides. Finally, the NDR parameters
influence the amplitudes of the nutation series.

Further, the following parameters interrelate within global
geodynamics: The Chandlerian motion, which is not forward-modelled
in CALC, occurs at a frequency affected by the relaxation of Love
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number kz. The parameters Spor relate to ocean tide perturbations
of satellite orbits. The NDR frequency is a translation of the
free core nutation frequency into the rotating system.

In summary, PSETM attempts to work with a comprehensive set of
key parameters, of which several have general importance, be it
within the forward models of a VLBI analyzing software package or
in terms of interpretation of results.

Accuracy evaluation and discussion

In order to evaluate the level of significance of the proposed
model, synthetic tides are computed and compared to a set derived
on the basis of the CALC formulation. CALC’s solid earth tide
model follows largely the GEODYNE code prior to an update by
Christodoulidis et al. (1988) and is outlined in the IERS Stan-
dards (McCarthy, 1989). Some minor modifications exist, however.

In order to avoid error propagation due to the possible
difference between actual lunar-solar ephemeris in CALC and the
tide potential used for the test (Buellesfeld, 1985), only the
CALC formulas - or, alteratively, the formulas in the IERS
Standards - that follow after this stage are considered, assuming
that the external potential of tides with degree two is exactly
the same in each case.

CALC neglects tides with degree three and four. They turn out to
be the major reason for the discrepancy found, which amounts to
four millimetres at maximum in my test (cf Fig. 1). This is within
the accuracy claimed in IERS Standards. A modified formalism
actually used in CALC results in a sightly smaller error (cf Fig.
2). The modification is that CALC evaluates the ellipsoidal
gravity formula at the latitude of the site to scale the tide
potential, whereas IERS Standards propose a scaling factor

GMtrbrg/(MeR%rb) (trb = tide raising body, e = earth, s = site).
The presently used value of Love number hz in CALC differs also
slightly from the one documented in IERS Standards, which is iden-
tical to Wahr’s result if SH coupling is set to zero. However,
setting the coupling coefficients to zero does not provide a
correct average of an effective hz over all latitudes, something
which the CALC designers/users might have realized.

PSETM uses the scaling constant ge as given by Wahr (1981) and
thus avoids confusion between earth flattening perturbed tide
response and latitudinally dependent scaling factors. PSETM’s
latitudinal dependence is uniquely conveyed through the SH
coupling coefficients.

CALC’s and GEODYNE’s use of ephemeris for the position of earth,
moon and sun might seem an advantage at a first glance, expecting
higher accuracy for the tide potential computed at the time of
observation. However, modern harmonic developments are accurate at
a level of one part per ten thousand (Wenzel and Ziirn, 1990),
translating to 0.03 mm in the vertical component. The disadvantage
of ephemeris based processing is, however, that subsequent compu-
tation stages remain in the time domain. There, delay properties
of the earth are cumbersome to carry out consistently. They
require convolution integrals over time, the integral domains
being much wider than the time window for an experiment.

CALC utilizes questionable short-cuts to obtain approximations
of the effects of NDR and viscoelasticity: A correction is applied
on hz for the most susceptible partial tide, Ki. The effect on the
other diurnal tides and on the horizontal displacements is neglec-
ted. The viscoelastic lag of the deformation field (the so-called



tidal bulge, which in reality is time-delayed) is conceived as if
the field were rotated in space. CALC/SOLV’s lag angle parameter
specifies the amount of rotational shift of the positions of the
tide raising bodies around the ecliptic pole and is one of the
solve-for parameters. The formulation has unfortunate consequen-
ces: The zonal, long-period tide phases are hardly affected at
all, whereas the effect on semidiurnal terms becomes two times
that of the diurnal species. The effect of relaxation on the
amplitudes cannot be represented. All displacement components are
affected equally; instead, the lag angle becomes dependent on site
latitude. Physical reality is rather the contrary: The displace-
ment delay increases towards longer periods and is in the horizon-
tal component six times greater than in the vertical. The
admittance amplitude increases towards lower frequencies.

It is more difficult to mimic CALC’s treatment of the tide bulge
lag without using ephemeris. In order to obtain an approximation,
the site position vector in the ecliplic frame is rotated in a
clockwise sense, i.e.

s, lag(t) = R3(-Qt+h)R1(1)R3(L£)R1(-1)R3(Qt-h) rs
Aﬁlag(t) = Ls,lag(t) - Is

with £ as the lag angle; 1n denotes the obliquity of the ecliptic,
and h is the argument of the solar longitude. Partial derivatives
of displacement time series with respect to eastward and southward
shifts of the station, Arg and Ars, are computed by divided diffe-
rences. Then, the CALC simulated displacements result from

u(re+dre,t)-u(rs,t)

Hlag(t) = H(Esyt) + |APF|& Aﬁs,lag(t)'AEE +
u(rs+Ars,t)-ulrs,t)
+ < iAggld 2 AEs,lag(t)’AKS

The discrepancy between ujag and a time series computed by PSETM
is shown in Fig. 3 and 4. The lag angle £ is adjusted such that
the phase of the Mz tide agrees al the start of both time series.
For Fig. 3 Love number values according to CALC are used; adjusted
values are used in Fig. 4 in order to match the viscoelastic
relaxation of the Mz tide introduced by PSETM. This Love number
adjustment is seen to remove a large part of the semidiurnal
variations. The remaining diurnal signatures, however, are due
only partly to additional viscoelastic relaxation at these lower
frequencies; a second source of discrepancy stems from CALC’s
rough NDR model.

For Fig. 5 the viscoelastic relaxation spectrum is applied on
tides from the elastic part of the CALC-simulation and the dis-
placement series is compared with the bulge rotation simulation.
This suppresses effects from the NDR model. Long-period tides are
now clearly seen and indicate that the bulge rotation method does
not treat these species properly.

Conclusions

The proposed model appears more consistent for the part of its
formulation and is expected to provide tide predictions at a
submillimeter accuracy level. A set of solve-for parameters is
offered, of which four represent sensitive gross earth properties:

6

- Iv-35 -



Basic Love numbers and their relaxation due to mantle rheology. It
is computationally more voluminous but is independent of supply
with planetary ephemerides.
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Figure 3 Time series of tidal displacements for a site at 30°
colatitude computed with the new model from which the CALC
simulated time series have been subtracted. The CALC simulation
includes approximation for the viscoelastic delay of the tidal
bulge by a small, rigid rotation of the displacment field.
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Figure 4 Equivalent Fig.3. Love numbers in the CALC simulation
were adjusted in order to yield an exact fit of the two models for
the partial tide M, however. .
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Figure 5 The inconsistency of the bulge rigid rotation concept of
CALC is demonstrated by applying the viscoelastic relaxation
spectrum of the new model on CALC tides for an elastic earth and
comparing the resulting time seriers with those using CALC's bulge
rotation method. The difference between the two pairs of time
series contains an enhanced fraction of long-period tides.
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Figure 1 Discrepancy between the old and the proposed tide models
as a function of colatitude. The formula as documented in IERS
Standards has been employed for the relation between external tide
potential and site displacements. Time series with 8000 hourly
samples have been used in the analysis.
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FREE NETWORK ADJUSTMENT IN VLBI DATA ANALYSIS
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ABSTRACT: Free network adjustment as a more general way of computing VLBI solutions is introduced.
The matrix of constraints which is necessary to compute a pseudoinverse or symmetrical reflexive
generalized inverse has been derived analytically. On this basis a software package for VLBI free network
adjustment has been developed. Numerical tests confirm the soundness of approach.

1. INTRODUCTION

The datum choice in VLBI solutions usually is made by keeping a sufficient number of parameters fixed

so that there is no rank deficiency in the normal equation matrix. For instance, at least one triplet of
station coordinates (x,y,z) has to be kept fixed if the station positions or the baseline lengths, respectively,
should be solved for. For solutions of single experiments, i. e. VLBI sessions between a few hours and two
days usually not only the minimum number of parameters is kept fixed but many more depending on
the set of parameters which are to be solved for, e. g. if the analyst is interested in the Earth rotation
parameters most of the station coordinates and most of the radio source positions will be kept fixed. A
more general approach for the datum choice is the free network adjustment. Here, no parameters are kept
fixed but the datum is selected via matrices of constraints keeping the changes of those parameters
minimal which are considered decisive for datum definition. In this paper the analytical derivation of
such a matrix of constraints is given.

As in the adjustment of classical geodetic networks the fixing of one or a few of the station positions
influences the form of the error ellipsoids of the others. For instance, on transatlantic baselines usually the
coordinates of WESTFORD, Massachusetts, U.S.A., are kept fixed. This yields relatively big variances of
the coordinates of the European stations with respect to the American stations. A free network adjustment
on the other hand puts constraints on all participating stations and gives WESTFORD also a variance
while those of the European stations are reduced. Thus, the variance/covariance matrix becomes more
plausible. Another example is the estimation of radio source positions in a global solution of many VLBI-
sessions. Until the end of the last decade, usually the right ascension of one radio source was kept fixed.
This makes the coordinate system dependent on that radio source, i. e. any motion of the center of the
source, for instance due to source structure effects, will appear as a systematic rotation of the whole
system. The application of free network adjustment allows more than one radio source up to all radio
sources to be employed for the definition of the datum as successfully applied in recent global VLBI
solutions, for instance by Ma et al. (1990).

It has to be kept in mind that free network adjustment does not result in a better accuracy of the network.
The application of a datum transformation (Koch, 1988) as a post-processing step after a conventional
solution can yield the same results as the free network adjustment. Nevertheless, a datum transformation
also depends on the matrix of constraints which will be derived in this paper.

A case where free network adjustment should be applied is the evaluation of the quality of a network
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design. Most of the methods in use, as for instance DOP (Dilution of Precision) factors (Plietker and
Schuh, 1991, this issue), are based on the inverse of the normal equation matrix. The appearance of the
normal equation matrix depends strongly on the datum used. Free network adjustment then delivers a
minimum norm solution, i. e. the trace of the variance/covariance matrix becomes a minimal one for the
parameters chosen to contribute to the datum.

2. MODEL USED
Usually a Gauss Markov Model with full rank is used for VLBI adjustment while for the free network
adjustment the rank of the design matrix is assumed to be smaller or equal to the number of unknown

parameters.

As a functional model of the geodetic application of VLBI the equation for the pure geometric time delay
is chosen:

A= -5k 1)
[
with
k = k(e,8), b = b(T Ax Ay, Az)
and

T = T(Ay,Ae,DUTLx,y,)

For the derivation of the matrix of constraints we assume that the velocity of light c, i. e. the scale factor,
is a parameter to be estimated as are the station coordinates ( x, y, z ) and radio source positions ( «, & ),
respectively, and the transformation parameters T. The latter ones connect the two systems in which the
station positions and radio source coordinates are defined. They include the nutation parameters Ay, 4e,
the variation of Earth rotation DUTI, and polar motion x,, y,. All parameters are thought to undergo no
changes with time.

3. DATUM PROBLEM

The datum problem is founded in the noninvertibility of the normal equation matrix because of a rank
deficiency of the design matrix. The reason for this can be either a critical configuration of the observation
network which will not be treated here or a poor definition of the coordinate system. As mentioned above
the latter case is normally dealt with by fixing specific parameters to make the normal equation matrix
regular. In this paper the computation of a minimum or partial minimum norm solution is proposed.
Therefore the pseudo inverse, also called Moore-Penrose inverse, or a symmetrical reflexive generalized
inverse ,respectively, is needed.

As seen in the equation for the pseudo inverse

X'%)* = (X'X+E'E)" - EEE'EEN'E )

and in the equation of the symmetrical reflexive generalized inverse

X'X)" = (X'X+B'B)" - EEB'BE)'E @)
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the matrices of constraints E and B are required. Those can be determined either by a numerical or an
analytical approach. The former has the disadvantage of a much higher numerical effort than the latter
since the normal equation matrix has to be reduced twice, once for the derivation of the matrix of
constraints and then again for the real inversion. Furthermore, the analytical derivation of the matrix of
constraints provides a more general idea how the choice of the datum influences the error distribution.
Thus, the analytical approach was chosen and will be described in this paper.

4. ANALYTICAL APPROACH

The approach which is applied is based on the properties of the matrix of constraints E. As one of the
main attributes of E the columns of E’ are the base of the Null space of the design matrix X, i. e.

XE' =0 4)

Because of (4) the next formula can be given:

j=XB,=Xp+XET (5)

with ¥ as the vector of the observables, f as the vector of the unknown parameters and { as the vector
of the transformation parameters. Thus, in E’ all the changes of the unknown parameters are contained
which do not alter the observables.

This yields the general approach:
At =f(f)=h(B1), 1=0 (6)

Because (6) is usually a non-linear formula of the unknown parameters a linearization has to be carried
out, which leads to

dav=Lag - hap, ap )
ap, ap ot
After substituting if—_. = ﬂl; = ¥ and a—’i = a—h_‘ a_e = ¥/-A’ formula (7) can be rewritten:
ap ar af ot
dAt = 5dp, = #'df + F'A'dr ®)

The vector & contains the derivatives of the observable At for the unknown parameters and, hence, is

the respective column of the design matrix. A’ is the matrix of the derivatives of the unknown parameters
for the transformation parameters. Thus, due to the identical structure of equations (5) and (8) from A’
the matrix of constraints E’ can be derived.

Since an infinitesimal transformation is assumed the following expression can be obtained from equation
(8) by comparison of the coefficients:

df, =df + A'dr 9)

which forms a basic set of equations.
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As a special approach for k(f,{) a concatenated infinitesimal similarity transformation is chosen.

However, this causes a problem: #'A’ # § because 4’ does not contain the null space of the design matrix
which was the main property of the matrix of constraints E’. This problem can be solved by splitting the

matrix into two submatrices A’ = 4; + 4, with #/A] = #'4,. By definition of two other matricesE] := A!

and E, := -4, respectively, which are put together again Ej := E{ + E, the fulfillment of &' E, = 0 can
be achieved. This shows that the approach which was chosen was appropriate for the derivation of the
matrix of constraints we are looking for.

By the application of (6) and (8) to the basic equation (1) via (9) the matrix A’ is obtained. From A’ the
matrix of constraints E, is derived as described above. By this procedure, 10 linear independent columns
of E’, are obtained. It should be noticed that E’, has some additional columns which are linear dependent.
This means that 10 constraints are necessary to solve the rank deficiency in this particular model with the
unknown parameters of equation (1). This has been confirmed by the authors by an independent
numerical method using ‘Googe-numbers’ (Schwarz, 1978). The final matrix of constraints E’ which can
be used in the free network adjustment is obtained by selecting 10 columns out of E’, which have to be

linear independent. One possible choice is the following one:

m a b c d e f u v ow

c 0 0 0{0 O 0 0 0 o0 c
0 : -tandcosa  -tandsina 1 i 0 O 0 0 0 o0 o
0 sina -cosa 0:0 0 0 0 0 o0 )
0 -1 0 0:0 O 0 0 0 o0 Ae
0 0 1/sine 0:0 o0 0 0 0 o0 Ay

E=10 0 0 0:0 0 -1/wi:O 0 O DUT1 (10)

0 ¢ 0 0 0:0 1 0 0 0 o0 X,
0 0 0 0:i1 0 0 0 O 0... Yp
X 0 0 -yi 0 z -y 1 0 0 X
y 0 0 -z 0 X 0 1 o0 y
z 0 0 0ty -x 0 0 0 1

The scale factor m, six rotations a, .., f and three translations u, v, and w are necessary as transformation
parameters. If fewer parameters are to be solved for a different matrix of constraints is obtained. If, for
instance, the nutation parameters shall not be estimated the respective rows - i. e. the fourth and fifth in
matrix E’ in (10) - and the columns beneath the rotation parameters a and b - i. e. the second and third
in the same place - have to be eliminated and the matrix of constraints fits to the problem. Thus, in this
case, the matrix of constraints of the new problem is a submatrix of E’ in (10).

5. EXAMPLES

A PC-based software package for free network VLBI solutions has been developed at Geodetic Institute,
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Bonn and comprehensive tests have been carried out (Plietker, 1990). The software which allows the use
of real observing schedules as well as of simulated observing schedules, is based on the geometric VLBI
equation (1). It has been shown indeed that by the application of the E” matrix (10) a “total’ free network
solution can be performed successfully, i. e. it is not necessary any more to keep some of the parameters
fixed as in the ‘standard’ least squares solution. As already mentioned, this will not generally reduce the
rms values of the parameters but it will yield a more equal distribution of the error ellipses of the radio
sources and of the error ellipsoids of the VLBI stations. A major application of free network adjustment
can be seen in the a priori quality judgement of observation schedules for VLBIL. Thus, the following
examples show the influence of free network adjustment on DOP factors as criteria for the quality of an
VLBI observation schedule. For a more detailed explanation of the schedules which have been used as for
the different DOP factors see Plietker and Schuh (1991, this issue).

solution of IRIS-A 1 2 | 3
free network no yes " yes
observations 1022
unknowns 45 47 47
redundancy 977 976 976
STADOP |WESTFORD 0.04 0.04 0.04
WETTZELL 1.28 1.34 1.34
HRAS_085 1.04 106 || 1.06
| RICHMOND 1.09 1.11 1.11
. ONSALA 1.23 1.28 1.28
SSTDOP 233 241 241
QDOP 0106+013 228 || F230 || T234
0212+735 1.73 F 159 T 1.74
0229+131 1.80 F 1.84 T187
0420-014 221 || F226 T 2.29
0528+134 160 || F1.66 T 1.68
0552+398 - F 0.80 F0.76
0]287 127 || F130 T1.31
4C39.25 088 || F091 F0.85
1055+018 2.25 F 227 T 2.30
0Q208 1.02 || F1.02 F 0.99
1633+38 097 || F095 F 0.90
1741-038 2.30 F 2.31 T 2.34
1803+784 2.59 F 224 T 2.59
2121+053 236 || F235 T 240
VR422201 087 || FO0.87 F 0.82
QQDOP 6.83 6.78 6.98
GDOP 7.22 7.19 7.39

Table 1: Effects of free network adjustment on the DOP factors of the radio source positions determined
in an IRIS-A experiment. In the columns of the free network solution (marked by ‘yes’) the radio
sources which are involved in the matrix of constraints are marked with an ‘F’. Those which are
totally free are marked with a 'T".
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In the first example an IRIS-A schedule has been analyzed three times with a different choice of the
datum to demonstrate the effect of free network adjustment on the determination of the radio source
positions. In the least squares fit the radio source positions and the clock and atmosphere parameters have
been solved for. The WESTFORD clock has been kept fixed as a reference. All station positions have been
kept fixed, too. In the first column of table 1 the results of a conventional solution are given where the
position of one radio source (0552+398) has been kept fixed. In the second column the results of a free
network solution are shown. All radio sources contribute to the matrix of constraints which means that
the average of the corrections to the a priori right ascensions is zero. The sum of the variances of the right
ascensions becomes minimal. The last column again shows the results of a free network solution.
However, the right ascensions of only five radio sources were considered to contribute to the constraint.
As already mentioned in paragraph 1, this procedure corresponds most to the current practice in global
VLBI solutions. The radio sources which are supposed to be stable and already well determined are used
for the matrix of constraints whereas those which are ‘new’ or unstable are completely free. This yields
an equal distribution of the errors of the source positions and guarantees not to be dependent on only one
radio source which might be influenced by systematic effects.

The second example deals with the effects of free network adjustment on the DOP factors.of the station
coordinates. The DOP factors obtained by two VLBI observation schedules, SWEAT2 and WESK1 which
are also described in Plietker and Schuh (1991, this issue), have been analyzed. For each schedule first a
conventional solution has been carried out with the station coordinates of WETTZELL kept fixed and than
a free network adjustment has been computed. The results of the different solutions can be seen in table
2.

For both schedules the typical effect of free network adjustment can be observed, i. e. a more equal
distribution of the errors of the station positions. The DOP factors which are related to the station
positions (HDOP - horizontal DOP, VDOP - vertical DOP, PDOP - position DOP) are reduced by the factor
2 to 4 from the conventional to the free network solution. Furthermore, the free network adjustment has
also a minimizing effect on the DOP factors of the auxiliary parameters which describe the behaviour of
the station clocks (TDOP) and the tropospheric refraction in zenith direction (ATMDOP). Thus, the global
DOP (GDOP) is considerably reduced in the free network solutions in both examples as can be seen in
the bottom line of table 2. '

- IV-84 -



" experiment SWEAT1 WESK1

|| free network no yes no yes
I observations 43 43 223 223
redundancy 30 30 208 208
SHANGHAI | HDOP 7.10 1.51 1.74 0.33
VDOP 3.27 1.95 1.48 0.28

PDOP 7.82 2.47 2.29 0.43

TDOP 11.74 7.49 7.54 7.04

ATMDOP 0.59 0.57 0.42 0.31
STADOP 14.12 7.90 7.89 7.06

HARTRAO HDOP 6.68 1.48 - -
VDOP 6.37 1.88 - -
PDOP 9.24 2.39 - -
TDOP 12.86 6.49 - -

ATMDOP 1.85 1.07 - -
STADOP 15.94 7.00 - -

KASHIMA HDOP - - 1.79 0.40
VDOP - - 1.57 0.32
PDOP - - 2.38 0.51
TDOP - - 8.49 7.89
ATMDOP - - 0.47 0.32
STADOP - - 8.83 791

WETTZELL | HDOP - 1.16 - 0.61
VDOP - 1.34 - 0.52
PDOP - 1.77 - 0.81
TDOP

ATMDOP 2.15 1.03 0.54 0.34
STADOP 2.15 2.05 0.54 0.87

GDOP 21.41 10.75 11.85 10.64

Table 2: Effects of the free network adjustment on the DOP factors of the station positions

6. CONCLUSION

The matrix of constraints E’ which is necessary to carry out a free network adjustment of VLBI
measurements has been derived analytically and test solutions have been run successfully. This allows
for instance a general a priori quality judgement of a VLBI observing schedule.

Based on the free network approach, the concept of the VLBI global soulutions with hundreds to
thousands of VLBI sessions and hundred thousands of observables from many stations around the world
during several years could be reconsidered. Depending on the goal of the global solution such as plate
tectonics, determination of global terrestrial and extragalactic reference systems, the free network
adjustment will have several advantages compared to current procedures. For instance the concept of the
determination of an optimal datum as used in deformation analysis can be transferred to VLBL
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DEFINITION OF DOP FACTORS FOR VLBI SOLUTIONS

Berthold Plietker
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and
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ABSTRACT: DOP (Dilution of Precision) factors which already play an important role in GPS scheduling
are used for the estimation of the quality of VLBI networks and observing schedules. After an explanation
of the objectives and the definition of the DOP factors for VLBI their application is shown by two
examples.

1. INTRODUCTION

If a schedule for VLBI observations has to be drawn up it should be known how well the design will
correspond to the expectations before starting time consuming and expensive measurement, i. e. criteria
are needed on which the quality of the considered network design can be judged. Such criteria should
meet various requirements. Besides giving hints about the general quality of the network they also should
allow the comparison of individual parameters even if these have got different units. The a priori
computability of such quality factors is also presumed.

For navigation and positioning with the Global Positioning System (GPS) DOP factors (Dilution of
Precision) have proved to be very efficient for the estimation of the quality of an observing configuration
(Wells et. al., 1986). This concept is transferred to VLBI.

2. DEFINITION OF DOP FACTORS

The quality of a network design is tightly connected with the precision of the different parameters solved
for. Hence, the factors which determine the quality should be derivated from the variance covariance

matrix D(f) = o? (X’X)- which represents the inner precision of the network. However, referring to the
requirements given in paragraph 1. i. e. the criteria should be a priori computable and should be
comparable for the different parameters, the variances of the parameters have to be normalized by the
division by o i. e. only the inverse of the normal equation matrix is taken into account. The exclusion
of the variance of unit weight is justified because it only depends on the quality of the observations.
However, relative factors are sufficient if we want to learn about the quality of the network design and
its effects on the individual parameters. Thus the a priori computability of the quality factors is given by
the normalization. The requirement of the comparability quoted above can be achieved by multiplying
the different variances with corresponding multipliers f so that we get all factors with the same unit (in
this case dimensionless: [ - ]). Then combinations and also comparisons of the quality of the different
parameters which are solved for in the VLBI least squares solution are possible.

Thus, the following general formula for the DOP factors is obtained:
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where D(f) is the variance covariance matrix and F, = diag( f,, ..., f, -, f,) is the matrix of the
corresponding multipliers f which all are equal zero besides those which are needed to determine the
respective DOP factor. The corresponding multipliers f of the different parameters are given in the
following table:

| unit of parameter multiplier f

time: [s]) 1
length: [ m ] (1/c)?
I angle: [°] (2R/cp

Table 1: Corresponding multipliers f of the different parameters

In Table 1 c stands for the velocity of light and R for the mean radius of the Earth, i. e. angles are
referred to arcs on the Earth via the basic formula of geodesy.

Below, we introduce some of the DOP factors which can be defined. We distinguish between two groups.
The first one contains DOP factors of parameters which are usually estimated in a VLBI solution. That
means, the DOP factors can be computed immediately from the inverse normal equation matrix, for
instance:

'Position DOP of a station’

'Clock parameter DOP’

'Atmosphere parameter DOP’

‘Polar motion DO

POLDOP - iJ By (02 + o
o c »

»
0

The second group contains DOP factors which can be derived by error propagation. E. g., on each VLBI
station a horizontal coordinate system (xy, yy, yy) is defined so that we can compute:
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"Horizontal component DOP”

1 1 2 2
HDOP-?O\I = (0;, + 0y,)
"Vertical component DOP’
voop = L[ &
O, "

Similarly a "baseline system’ or ‘arc system’ respectively can be defined in which a DOP factor of the
baseline length and DOP factors of the components orthogonal to the direction of the length can be
computed.

3. EXAMPLES

Two examples will illustrate how DOP factors can be used and how the results can be interpreted. The
examples are not to be considered as a thorough investigation of the quality of different VLBI networks
but merely as an illustration of the application of DOP factors.

From the first example (tab. 2) follows that factors the results of different experiments are a priori
comparable by using DOP. There is not only the possibility of comparing single parameters but also whole
parameter groups. In this example all station positions and radio source coordinates and the clock of one
reference station are kept fixed in the least squares solutions of different experiments with different
duration. The clock parameters of the other stations, the atmosphere parameters and the Earth rotation
parameters are to be estimated. The choice of the same set of solve-for parameters allows the
comparability of the estimation of the Earth rotation parameters in different experiments. There are two
experiments on the SWEAT network as it is called (Wettzell Geodetic Fundamental Station, FRG
(WETTZELL) - Hartebeesthoek Radio Astronomy Observatory, RSA (HARTRAO) - Shanghai Astronomical
Observatory, PRCh (SHANGHALI)) and one on the IRIS-A network (Westford Observatory, Mass., USA
(WESTFORD) - WETTZELL - Fort Davis, Tex., USA (HRAS_085) - Richmond Station, Fla., USA
(RICHMOND) - Onsala Space Observatory, Sweden (ONSALA)). For our analysis, the latter schedule has
been divided into 3-hour subintervals. At first, each of the new 3-hour-schedules was analyzed separately.
Then, the chronologically first and second were merged to form a 6-hour schedule which was analyzed
next. Consecutively all the other intervals also were appended chronologically forming each time a 3 hours
longer schedule for which the DOP factors of two parameter groups were computed.
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exper. dur. observables SSTDOP ERPDOP
min. | avg. . max.

max avg. min. | avg.
SWEATI1 I] - 36 - " 367.76 || - 2.09 - " 367.77
3h

6h
" 9h

" 12h

" 15h

" 18h

" 21h

" 24h
SSTDOP ‘Combination of station parameter DOPs’
ERPDOP "Earth rotation parameter DOP’
GDOP ‘Global DOP as a combination of SSTDOP and ERPDOP
min. minimal value of the eight 3-hour-schedules on IRIS-A network
avg. average ~
max. maximal ~

Table 2: Dependency of DOP factors of different experiments on the duration

The high values of SSTDOP - here as a combination of TDOP and ATMDOP - in the short-time
experiments are caused by the weak determination of the drift rate of the clocks. The magnitude of
ATMDOTP is only about 0.1 ... 0.5.

Regarding the determination of the Earth rotation parameters it can be seen that the SWEAT experiments
which are especially designed for Earth rotation parameter estimation provide a similar quality of
determination as the 24-hour IRIS-A experiment although the SWEAT sessions are carried out within only
3 and 4 hours by fewer observing stations than IRIS-A. Indeed, 9 hours of observations in IRIS-A are
needed to get the quality of the 4-hour SWEAT1 schedule (ERPDOP = 2.09). The difference in accuracy
between both SWEAT experiments shows that there has to be put much care in selecting the radio sources
and choosing the sequence of observations because SWEAT1 determines the Earth rotation parameters
with the same ground network with even fewer observations better than SWEAT2. However, the
combination of the station parameter DOPs are smaller with the SWEAT2 schedule than with the SWEAT1
schedule because of the higher number of observations within a shorter time.

The second example (tab. 3) deals with the dependency of the DOP factors on the geometry of the
network. Here we use again the SWEAT2 schedule lasting 3 hours and the WESK1 schedule as it is called
lasting 10 hours. Both of them are triangular networks with one baseline (WETTZELL - SHANGHAI) in
common. The third station of SWEAT2 is HARTRAO with a long north-south baseline while the third
station of WESK1 is KASHIMA in Japan, giving the network a long west-east but a poor north-south
extension. Thus, the WESK1 experiment is expected to be useful for determination of the phase of Earth
rotation or rather DUT1 while SWEAT2 should additionally be usable for a good estimation of polar
motion.

Again the station and radio source coordinates and the clock of one reference station (WETTZELL) are

kept fixed. In the SWEAT2 solution also the drift rates of the other clocks are kept fixed. By this the
magnitude of TDOP (clock parameter DOP) is kept on the same level as in the WESK1 solution where the
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higher number of observations keeps TDOP low.

experiment SWEAT2 | WESK1
observations 43 223
redundancy 33 211
SHANGHAI | TDOP 7.00 7.16
: ATMDOP 0.22 0.17
STADOP 7.00 7.16 -
HARTRAO | TDOP 6.45 -
ATMDOP 0.45 -
STADOP 6.48 -
KASHIMA TDOP - 791
ATMDOP - 0.18
STADOP - 7.91
WETTZELL | ATMDOP 0.44 0.21
SSTDOP 9.55 10.67
POLDOP 2.86 2.99
UTDOP 2.63 0.86
ERPDOP 3.88 3.11
GDOP 10.31 11.12

Table 3: Effects of the network geometry on the Earth rotation parameters

Concerning network geometry the results (table 3) confirm the expectations expressed above. By the
WESKI1 configuration the polar motion is three times weaker determined than the changes of Earth
rotation (2.99 to 0.86). Against that SWEAT?2 yields merely very small differences between POLDOP and
UTDOP (2.86 to 2.63). Comparing both experiments the precision of the polar motion parameters
approximately will be the same (2.99 to 2.86) though SWEAT2 just needs a third of the observing time and
a fifth of the observations which WESK1 needs. On the other hand, the phase of Earth rotation (UT1) can
be determined better by WESK1 (0.86 to 2.63) firstly having a lot more of observations and secondly
possessing a longer east-west component of the baselines.

Both examples show that by DOP factors the quality of a VLBI configuration (station network and
schedule) for the determination of different parameters can directly be compared. It is obvious, however,
that inaccuracies of the models which have to be applied to the observables, i. e. the model for
tropospheric refraction or the model for tidal variations of UT1, are not covered by the DOP factors which
purely depend on the geometry.

4. CONCLUSION

DOP factors are introduced as well suited values to determine a priori the quality of a schedule of VLBI
measurements. The advantage of DOP factors against the usually used factors of the normal equation
matrix is given by the fact that DOP factors allow the direct comparison of parameters with different units,
as Earth rotation parameters, station coordinates and clock parameters, and also the combination of
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different parameters.
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Design of an Expert System for VLBI Data Analysis
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ABSTRACT. Due to the increasing number of VLBI experiments and due to the necessity
of a shorter turn around time from the VLBI session until the availability of the final
results, the procedure of data analysis has to be accelerated considerably. Faster and
more powerful computers can only marginally improve the duration of data processing
because the flow of data analysis and the tasks of the analyst are very complex. The
concept of an expert system for the MarkIll Data Analysis System is presented which will
support and guide the analysts to make the data analysis faster even by less experienced
analysts. The name of the expert system to be developed is VLBIXPS.

1. INTRODUCTION

In the past two decades the field of artificial intelligence has shown to be one of the most
fascinating subjects of computer sciences. In particular the applications of expert
systems (XPS) have proved to be useful for various fields such as medical diagnosis or
production process planning. It will be shown in this paper that an expert system for
scientific data analysis such as VLBI data processing will also bring many benefits.

2. GENERAL REMARKS ABOUT EXPERT SYSTEMS (XPS)

This paragraph contains a definition and typical applications of expert systems (XPS) and
a short description of the usual structure of an XPS.

A definition similar to the following one was found in Schnupp et al. (1989): An expert
system (XPS) is a computer system which can administer specific expert knowledge, store
and evaluate it in such a manner that it can provide targeted information to users, or can
be used to dispatch certain tasks. It is an intelligent and active system, which contains
logic and knowledge representation by rules, facts etc.. Usually it can also be called know-

ledge-based software.

M@L@pp&l&n_ 8 of expert systems are:
medical diagnosis,

- planning and control of industrial enterprises (production
process planning, information management),

- configuration of computer systems,

- maintenance and repair of technical devices (cars, machines, ...),

- control (air traffic control, control of power plants, ...),

- computer-aided instructions,

- data analysis, image processing.
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Fig. 1.: Typical structure of an expert system

A usual structure of an XPS is shown on fig. 1. Programming can be done by:
- ‘classical’ procedural languages (Fortran, Pascal, C, ...),
- AI-lang;,tages with facts, rules, objects, symbols, etc. (Prolog,
Lisp, ...),
- knowledge-based tools (KEE, OPSS5, ...),
- XPS-shells (Emyecin, Xi plus, Nexpert Object, ...).

3. EXPERT SYSTEM FOR VLBI DATA ANALYSIS
3.1 REASONS

In the past years a steady increase of the number of radio telescopes around the world
and of the number of sessions (‘experiments’) which take place by using these radio
telescopes could be observed. Already now this large amount of observing sessions leads
to the necessity of a faster and even semiautomated data flow during the data analysis
in particular with respect to the wish to a shorter turn-around time between the date of
the observing session and the delivery of final results. However, this can only marginally
be achieved by faster computers, because it is well known that the data analysis is very
complex and the analyst’s (expert’s) decisions are often needed which is indeed the time-
limiting factor. Already today there is a shortage of qualified éxperts and the analysts’
training takes a long time, Moreover, even by an experienced analyst errors can be made,
which then are at least time consuming. Wrong results could even lead to a misinterpre-
tation and to incorrect conclusions. Thus, the goal should be to make the VLBI data
analysis faster and safer because of less failures and less errors even by less experien-
ced analysts.

3.2 AN XPS FOR THE MKIII DATA ANALYSIS SYSTEM (‘CALC/SOLVE’)
3.2.1 GOALS OF THE PROJECT

In the research project described in this article an XP5 for the Mark Il Data Analysis
System (Ryan et al., 1980) will be developed as a knowl«:dge-based assistant for support
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and guidance of an analyst who has already a good basic knowledge. The XPS will guide
and control the operations done by the analyst and will do all necessary checks if possible
automatically. It will give detailed explanations to the analyst (decision support system)
in particular when he/her has to chose between different options or has to select specific
models or parameters. When failures or problems in the process of data analysis have
occured it should advise the analyst how to overcome the problem (diagnostic system).
The system will contain a flexible and extensible knowledge-base. In the future an
extended version of the expert system shall be developed as instruction system for
newcomers and the system can also be extended to cover other aspects of the VLBI
process, like scheduling of observing sessions and the correlation of the raw data. The
expert system shall be implemented either parallel on a separate computer (PC or
workstation) or as a kind of shell with all other (existing) programmes integrated. In the
first case the XPS is independent but its use is more elaborate because there is no direct
data flow between the existing programmes and the knowledge-based software. In the
latter case the direct data flow exists, but the additional software parts are not completely
independent of the individual programmes which could cause problems in particular in
the case of failures and interrupts. From the very beginning the new knowledge-based
software should be designed to be transferable to other VLBI software packages like
OCCAM (developed at the Universities of Bonn and Madrid) or MASTERFIT/MODEST
(developed at Jet Propulsion Laboratory, Pasadena,CA) because the procedure of data
analysis is very similar in all VLBI analysis programmes.

3.2.2 TASKS OF THE XPS FOR VLBI

By looking at the work which is usually done by the analyst during the course of data
analysis by the MKIII Data Analysis System, we found that almost all tasks of the analyst
can be supported by an XPS. This is shown by the additional blocks in the flow chart of
the standard MKIII Data Analysis System in fig. 2. Below, some of the steps will be
explained in more detail. It is obvious that not all of those tasks really need an expert
system like software. Some of them can be achieved by a comfortable user interface as
well or by additional algorithms or crosschecks programmed within the existing software.
Some other tasks could be achieved by using ‘classical’ programming methods but the
use of Al languages will accelerate and fascilitate the realization.

Additional knowledge-based software ammendments are proposed for the following
steps:

* Check of completeness
- Are all data and all information available (type 50 and type 52
files on B-tapes, log-files of stations, ...)?

* Start DBFT

- explanations of data entry

- fault diagnosis from error messages (diagnostic system), by
giving not only general computer-relevant explanations but VLBI-
specific reasons (will be treated in more detail below).

* Check of #BLOKQ, UT1PM and EPHEM

- all data in #BLOKQ? (if not — enter data and start
SKULL/SKELETON),

- all data in UT1PM? (if not — enter UT1-, polar motion data
and/or leap seconds),

- EPHEM files available? (if not — add files).

* Start KBMSG

- explanations of data entry,
- fault diagnosis (diagnostic system).
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* Start CALC (SETUP) (X- and S-band databases)
- explanations of data entry,
- selection of flags (selection system),
i.e. - ocean loading corrections on/off (cross check with #BLOKQ)?
- which relativity model to be used?

* START SOLVE (A) (S,-X-band)

- explanations of data entry, guidance through the menues
(connection to CALC),

- parameter selection system using rule-based knowledge representation,

- ambiguity elimination by a planning system with algorithms
(computation of ambiguity spacing) and constraints (the sum of
the ambiguity levels within each triangle should be zero);
if fully automatic — decision system,

- fault diagnosis (diagnostic system) by giving not only computer-
relevant explanations but VLBI-specific reasons as shown by the
example in 3.2.3.

* Start DELOG and DBCAL

- system for data analysis of MET-, CAB-, and WVR-files (outliers,
breaks; ...),

- enter meteorological data and cable calibration data into the
database.

* Start SOLVE (P)
parameter estimation (station coordinates, Earth rotation
parameters, source positions, ...) supported by:
- system for parameter selection,
- system for data analysis,
* searching for outliers
* analyzing the residuals: - station-dependent variation of residuals,
- variation of residuals with respect to
variation of meteorological data,
- source-dependent variation of residuals,
- system for choosing a priori sigmas (planning system).

* Analysis of results

- check of plausibility: are solved-for parameters reasonable, too
big, ...? (consultation system),

- hints, what to check,

- in case of problems, reference where to enter again into the
programme flow.

* Comparison and interpretation of results

- comparison of the baseline evolutions with existing plate-
tectonic models,

- comparison of ERP series with results of other observing
techniques,

- use of the baseline results to derive regional deformations and
global plate motions,

- investigation of the interactions between the ERPs and other
geophysical and atmospheric phenomena.
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Fig. 2: Flow chart of the standard Markill Data Analysis System and all tasks
which could be supported by expert system type software amendments.

3.2.3 EXPERT SYSTEM FOR FAULT DIAGNOSIS IN SOLVE

This system must have an explanatory component to tell the user why the problem/
failure/ error message has occured and how it can be solved.

For each error message (i.e. goal) several layers of reasons can be defined by rules. Usually
layer 1 is a computer-specific layer whereas the layers 2,3.4, ... are 'VLBI-specific’ layers.
If those are programmed as rules in Prolog the interpreter finds the goal by backward

chaining.

As shown on the fictitious example in fig. 3 the computer gives only a computer-specific
error message (error #33). The explanation by the manual would be ‘CPU overflow’ or ‘disk
is full’. But the real reason for the CPU overflow must be tracked downwards since it is
due to a rank deficiency (layer 2) which could be caused because the number of
observations nis less than the number of parameters u or because of the specific selection
of the parameters to be solved for (layer 3). For instance there is a rank deficiency if the
analyst has solved for all station parameters or for all source parameters or for all clock

parameters (layer 4).
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Fig. 3: Example for the structure of rules in an XPS for fault diagnosis in SOLVE

3.2.4 STATUS AND GOAL OF THE PROJECT

In the past months first steps for the development of an XPS for the MarkIIl Data Analysis
System (‘CALC/SOLVE’) have been made.

In the first phase, the concept and design for such a knowledge-based assistant shall be
completed by the knowledge acquisition, the formalization of knowledge and the
knowledge representation by rules, facts, etc.. In the next phase exemplary PC-based pro-
totypes of specific parts shall be realized using Prolog (and/or Lisp) to represent rule-
based knowledge. The use of Fortran 77/88 is also possible in particular if connection
to existing software is desired. The first version of the system will be designed to support
the current version of the MarkIIl Data Analysis System as presently implemented at the
Geodetic Institute of the University of Bonn (GIUB). If the concept and a prototype of the
XPS have been designed once, the flexible knowledge-base will allow an easy transition
to any new version of the MKIII Data Analysis System. The implementation of such new
version of the VLBI-software on a new HP workstation at GIUB is planned for 1992/93.

The name of the expert system (knowledge-based assistant) to be developed is VLBIXPS.
In the future the full integration into the HP environment is planned. The development
and implementation of the complete expert system will take several person years. The
transfer to other VLBI software packages shall be supported as well as the extension of
the system to other tasks within the VLBI process. There are several other programmes
which also need the expertise of high-qualified researchers and engineers. These are for
instance scheduling of observing sessions and the correlation process of the raw data. The
processing of GPS-observations in the stationary mode, i.e. for geodetic application, has
considerable similarities with geodetic VLBI. Thus, many of the ideas which are behind
VLBIXPS will be tranferable to GPS data processing, too.
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ABSTRACT

In this paper we will summarize the models that are presently
available in the software package OCCAM (release version 2.0) for
the geodetic analysis of VLBI experiments. The models will be
briefly explained and we will include the references in which they
can be found in detail.

The availability of the program for interested users will be
presented, as well as the plans for future improvements.

1. INTRODUCTION

OCCAM V2.0 is a research and development package for the analysis
of geodetic VLBI experiments. Some references describing the Bonn
VLBI Software System (BVSS), antecedent of OCCAM, and previous
implementations of the program, can be found in Schuh (1987) [31]
and Zarraoa et al. (1990) [39].

Recent comparisons with CALC V7.0 (Rius et al. 1991 [28]), have
shown discrepancies below three picoseconds in the models, in
baselines up to 3000 Km.

Some characteristics of this package are:

- It is written in FORTRAN 77

- The package runs on IBM AT compatible computers under MS-DOS

- End to end process

- Up to date IERS standard models for the computation of VLBI
theoretical delays are implemented and checked (see IERS
Technical Note 3 [17]). Other models are also available.

- Single or multibaseline processing methods

- Interactive menu system to operate the program

The software is provided freely to any group interested in data
processing and/or software upgrading. Contributions to improve and
upgrade the program by every member of the informal "user group"
are welcome. From the valuable modifications a next standard
version of OCCAM will be released and will be distributed by the
OCCAM coordinator.
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For more information on the availability of the software, contact
the OCCAM coordinator:

Néstor Zarraoa

Instituto de Astronomia y Geodesia
Facultad de Ciencias Matemdticas
28040 MADRID

Spain
Phone 34 - 1 - 394 45 78 Fax 34 - 1 - 543 94 89
Telex 41802 UCMAT E E-mail WO57@EMDUCM11.BITNET

2. OCCAM STRUCTURE
The OCCAM software contains several FORTRAN programs and a set of
MS-DOS batch files that allow the use of interactive menus to
operate the systen.

The user must provide input data files containing:

A VLBI data file with delays, delay rates and their formal
errors, surface meteorological data, ionospheric or cable
calibration corrections (if available), etc.

Catalogues with coordinates of stations and sources

A file with tables of the EOP and of the ephemeris for Sun,

Earth and Moon for several dates around the experiment.

Ocean loading amplitudes and phases for the stations.

An "options file" for the data process.

This information is stored by the package in the "OCCAM Standard
Data Files" that are used by all the programs to read or add
information from or to those files.

The program is divided in two main parts. The first computes all
the models and the partial derivatives. The seconds performs the
least squares adjustment of the parameters. Several utilities have
been added to the software for printing, backing up or adding
external information.

The partial derivatives are computed based on a simplified model of
the geometric delay, which is expected to be good up to one part in
10%. If the a-priori values of the parameters are very unaccurate,
an iterative estimation process might be needed.

In table 1 there is a list of all the effects that are currently
modeled and those that should be added in the near future, along
with the reference describing the models available or suggested for
each effect.
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Effect Inmplemented Default model Alternative /

Suggested Model
e —— e ———————

Ionospheric No [30]
Correction
Sun-Earth-Moon Yes [2] [35]
Ephemeris
Precession Yes [21]
Nutation Yes [32] [37]
Earth Tides Yes (23] [5]
Ocean Loading Yes (13] [25]
[(17]
Atmospheric Partially [26]
Loading
Antenna No [27]
Deformation
Pole Tide Yes [(33]
Short Period Yes [38]
UT1 Variations
Oceanic Tide Yes (3]
UT1 Variations
Antenna axis Yes [33]
offset
Tropospheric Yes [22]
Zenith Delay
Tropospheric Yes [(19] (8] [9] [22]
Mapping Func.
Plate Motions No [10] [24]
Geometric Yes [40] [11]
Model
Clock Breaks Yes [29]
Table 1

3. MODEL COMPUTATION

This part of the program performs the computation of all the
geometrical, geophysical and relativistic models of the VLBI
observables. The IERS standard models [17] are available as well as
other alternative models for several items.
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The task is done in four steps. First, the input data provided by
the user is reallocated and indexed in the OCCAM Standard Data
Files in order to be easily handled by the rest of the programs.
Second, the models that depend only on the observation time and/or
the observed radiosource are computed. They cover items 1like
precession and nutation, EOP and ephemeris interpolation, etc.
Third, all the models depending on time and station are computed.
These include several gdeophysical models (Earth tides, ocean
loading, etc.), the computation of partial derivatives with respect
to station and source coordinates, etc. Finally, the relativistic
geometrical models are computed to get the theoretical delays and
delay rates.

The a-priori positions of the VLBI stations and the radio sources
observed should be good enough if we want to get an accurate
modeling of the VLBI observables. There are several catalogs of
sites and sources that are frequently used in geodetic VLBI
experiments. The most standard are those compiled by the Goddard
Space Flight Center (GSFC), or those included in the IERS Celestial
and Terrestrial Reference Network (ICRF and ITRF). See Caprette et
al. (1990) [6] and IERS Annual Report (1991) [18].

A. Models depending on radiosource and time

This option performs the transformation between the J2000.0 Celes-
tial Reference Frame for the quasars to their apparent positions in
the observation time.

The ephemeris of Earth, Sun and Moon can be obtained from the
Massachussets Institute of Technology (MIT) PEP ephemeris or the
Jet Propulsion Laboratory DE200/LE200 ephemeris. The latter are
published in the Astronomical Almanac (or equivalent) [2] every
year, with a format compatible with that expected by OCCAM. EOP
information can be obtained from the Bulletin B of the Interna-
tional Earth Rotation Service (IERS) [16], that is released
monthly.

EOP and Ephemeris data for Sun, Earth and Moon are interpolated to
each observation time. The Aitken-Lagrange interpolation method is
presently used in the program. For reference see Hildebrand (1956)
pp 49-50 [15].

If there is no ephemeris information available, the program inclu-
des an analytical method to obtain the heliocentric and barycentric
- earth positions that is described in Stumpff (1980) [35].

The relation between the Greenwich Mean Sidereal Time and the
Universal Time is given by Aoki et al. (1982) [1].

The precession and nutation theory implemented in OCCAM is
described in the IERS Technical Note 3 (1989) [17]. The rotation
angles for the precession matrix are obtained from Lieske et al.
(1977) [21] and the nutation theory is the IAU 1980 standard, Wahr
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(1981) [37] and Seidelmann (1982) [32].

Corrections to the IAU nutation model derived from VLBI experi-
ments, have been published by Carter and Herring (1987) [7] but
they have not been implemented in the software yet.

To get the apparent position of the sources in order to compute
their local azimuth-elevation coordinates, a correction term for
the annual aberration is included based on Stumpff (1979) [34].

B. Models depending on station and time

Several geophysical effects on the station positions are modeled,
like Earth tides, ocean loading, pole tide, atmospheric loading,
short UT1 variation or the effect of ocean tides on Earth's
rotation.

The effect of Earth tides in the station coordinates is computed
using two alternative models. The standard model uses the ephemeris
positions of Sun and Moon to compute the tidal potential. This is
transformed into station displacements by using the Love numbers.
This approach can be found in Melchior (1978) [23]. The nominal
Love numbers used by the program are described in the IERS
Standards [17] p. 27.

The alternative model is based on the harmonic development of the
tidal potential ETMB 85. Its application to the program is
described in Bullesfeld & Schuh, 1986 [5], and includes the 95
major constituents from the complete model.

The model used to compute the radial and horizontal displacements
of the station positions due to ocean loading has been described by
different authors (Goad, 1980 [13] or Pagiatakis, 1984 [25]). The
amplitude and phase coefficients for each station have been
obtained from the IERS Technical Note 3 [17] and from Scherneck
(1989, private communication). The computation of the angular
arguments for the tide components is done using a FORTRAN routine
that can be found in the IERS Technical Note 3 [17].

The atmospheric loading model derived by Rabbel and Schuh (1987)
[26] is implemented in the software. However, the correction is not
presently applied to the position of the stations.

The antenna deformation due to the gravitational force and other
mechanical and thermal influences could be modeled using a method
described in Rius et al. (1987) ([27]. However, the practical
application of this model is not presently implemented in the
software.

The model for the displacement induced by the pole tide is from
Yoder and it is described in Sovers & Fanselow (1987) p. 15 [33].

- Iv-63 -



The UT1 is affected by high frequency tidal effects that must be
accounted for. Yoder et al (1981) [38], describe a model for the
short period fluctuations on UT1l. In addition, the ocean tides may
induce periodic fluctuations of the UT1l. The model implemented in
OCCAM for this effect can be found in Baader et al. (1983) [3]. The
implementation of a new model given by Brosche and co-workers is
planned for the near future. This model has allowed to detect the
very small influence of the ocean tides in the UT1 results of
dedicated VLBI experiments (See Brosche et al. (1991) [4])

The antenna mounting geometry can induce several systematic effects
on the observables. Some of them are indistinguishable from clock
offsets, but other effects must be corrected because their effect
is variable as the Earth and the antenna move. In particular, the
effect of non-crossing axes of the antenna has to be accurately
modeled. A detailed explanation of the problem and how to model it
can be found in Sovers and Fanselow (1987) [33].

The observed VLBI delays are strongly affected by the delay induced
on the signal as it passes through the Earth's atmosphere. In this
effect, the contributions of the ionosphere and of the troposphere
are of different nature and they are calibrated with completely
diffe-rent models.

The ionospheric contribution to the delays is dispersive, e.q.
depends on the frequency observed. Therefore, the use of dual
frequency observations permits the calibration of this contribu-
tion. See Scheid (1985) [30].

The calibration of the ionospheric effect in the VLBI data is not
performed by OCCAM. Hence, the input data should have been already
calibrated or the correction terms should be present in the input
data file. One of the future extensions of the program will be the
implementation of the dual frequency (S and X band) calibration of
the ionospheric effect. We are studying the application of ionos-
pheric information derived from dual frequency GPS measurements to
model its contribution when only single frequency VLBI data is
available.

The tropospheric contribution is (basically) independent of the
observed frequency. The models for this contribution are based on
the estimation of an a-priori value of the tropospheric delay in
the zenith direction and the use of a mapping function to relate
this wvalue to the delay induced at different elevations. 1In
addition, a correction term for the zenith contribution ca be
determined as a parameter in the OCCAM estimation process.

There are several models for the mapping function. The available
models in OCCAM can be found in Chao (1974) [8], Marini (1972)
[22], Davis et al. (1985) [9] and Lanyi (1984) [19]. The model used
to estimate the zenith delay induced by the troposphere as a
function of surface meteorological data can be found in Marini
(1972) [22].
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Presently there is no model of global plate motions implemented in
the program. Since the current models like RM2 (Minster & Jordan,
1978 [24]) or NUVEL-1 (De Mets et al. 1990 [10]) predict velocities
of up to several centimeters per year between different plates,
this effect should be modeled in future versions of the program.

C. Models depending on baseline and time

This part of the package computes the theoretical delays and delay
rates for each observable, according to several relativistic models
implemented in OCCAM.

The available models are those from Finkelstein et al. (1985) [11],
Zhu & Groten (1988) [40] and a modified version of the latter.

The default model is from Zhu and Groten [40], which is included in
the 1989 IERS Standards [17]. The modified version is equivalent
to the original at the picosecond level and incorporates some
modifications that assimilates the model to that of Shapiro &
Herring, 1989 as described in the IERS Standards [17]. The refe-
rence system in which the theoretical delay is computed is the
Terrestrial Reference Frame.

The model from Finkelstein et al. [11] differs from that of Zhu &
Groten in the lack of an additional term comprising the potential
at the Earth's geocenter, which appears as a relativistic effect on
the spatial coordinate transformation. Hence, this model should be
less accurate than the Zhu & Groten model.

4. PARAMETER ESTIMATION

The program can estimate in the single baseline mode up to 31
parameters using a least squares approach. The parameters include
baseline cylindrical coordinates, source coordinates (up to all
sources but one right ascension fixed), clock model (second order
polynomial for each station except one reference), atmospheric
zenith correction term (one offset for each station), and polar
motion (wobble and UT1-UTC).

In addition there is an automatic system to detect clock breaks and
adjust additional clock parameters if necessary. The algorithm is
described in Sardén et al. (1990) [29].

In the multiexperiment mode the station coordinates, clock offsets
and atmospheric correction term can be solved for each station
except one reference station for coordinates and clocks. 1In
addition the Earth Orientation Parameters and a deformation matrix
can be adjusted. This step uses the single baseline results as
input for the least squares estimation.
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The least squares method description can be found in many books. In
Lawson & Hanson (1974) [20] there is a complete treatment of the
method, with examples and FORTRAN programs to solve least squares
problems. Our least squares application makes use of a pseudo-
inverse routine for the inversion of matrices (it is equivalent to
a standard inversion for regular matrices) and it can include a
non-diagonal weighting matrix and linear equality constraints. See
also Golub & Reinsch (1970) [14].

A global multistation-multiexperiment processing algorithm is now
implemented in an experimental version, which is not ready for
release yet. The inversion is based on sequential Kalman Filtering
of the observables. This technique is described in Genin (1980)
[12] or Tarantola (1989) [36]. Our application of the filter can be
found in Sarddén et al. (this volume) or in Rius et al. (1991) [28].

Before the experimental version described above can be implemented
into the standard OCCAM, some work on the user-friendliness of the
program must be done. In addition some new capabilities must be
added to deal with the estimation of other parameters than those
included now.
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