VLBI in the service of geodesy 1968–2000:

An Onsala perspective

By G U N N A R E L G E R E D AND R Ü D I G E R H A A S

Department of Radio and Space Science, Onsala Space Observatory, Chalmers University of Technology, SE–439 92 Onsala, Sweden

Very-Long-Baseline Interferometry (VLBI) has been used at the Onsala Space Observatory since 1968. In this paper we summarize the geodetic application of VLBI in terms of the observations so far obtained and the main geodetic results. Estimated time series of intercontinental as well as European baseline lengths are presented. The present facilities include the 20 m radome enclosed radio telescope, several continuously operating GPS receivers, a 21/31 GHz microwave radiometer for studies of the atmospheric excess propagation path due to water vapour, and a gravimetry foundation anchored in the solid granite rock in a laboratory environment. Geodetic VLBI continues to play an important role for the maintenance of the International Terrestrial Reference Frame (ITRF). The international CORE programme has the goal to continuously measure the earth rotation parameters. Over long time scales nutation and UT1 are not possible to estimate reliably from techniques using satellites in orbits around the earth.

1. Introduction

In the sixties and seventies first models for contemporary plate motion were developed, based on geological records of over 10^6 years (Minster & Jordan, 1978). In parallel space geodetic techniques were developed to measure the actual contemporary plate motion directly. Among these techniques were laser ranging to artificial satellites and the moon and the geodetic use of VLBI. Besides the formulation of the primary goal of global geodetic measurements, further goals like the measurement of earth rotation parameters and tidal phenomena were formulated already in the beginning of the development of the space geodetic techniques.

2. The Mark–I period

The first VLBI experiment at Onsala was performed in April 1968 as a combined geodesy/astronomy session. In the following ten years Mark–I data were acquired in many experiments. The observed reproducibility of Mark–I estimates of baseline lengths was of the order of a few tens of centimetres and the estimates of the earth orientation parameters were consistent with the models available at the time (Ryan et al., 1986). The main drawback of the Mark–I system was its sensitivity to the radio wave delay caused by the ionosphere. This was soon realized and the development of the dual-frequency Mark–III system at Haystack Observatory and at NASA, GSFC, in the US was going on in parallel with the Mark–I observations during the seventies.

3. The beginning of Mark–III and detection of plate motion The Mark–III recording system was installed at Onsala in late 1979 when a first experiment was performed. However, the first successful experiment was carried out in July 1980, followed by two week of continuous VLBI in September and October the same year during the so called MERIT short campaign. The accuracy of baseline estimates 209 improved dramatically by the transition from Mark–I to Mark–III. The MARK–III system was described by Clark et al. (1985) and the first evidence for contemporary plate motion between North America and Europe was presented by Herring et al. (1986a). The nutation model was found to be in disagreement with the VLBI results (Herring et al., 1986b) and has thereafter been revisited several times, see, e.g. Herring et al. (1991).

4. Mobile VLBI and GPS applications Mobile VLBI terminals were developed in the US for densification of VLBI networks in areas such as Alaska and California. Two mobile VLBI campaigns were carried out in Europe in 1989 and 1992. The measurements including Tromsø have been published by Zarraoa et al. (1995). The mobile VLBI technique was however rather costly and later when the GPS satellite constellation provided full coverage during 1993 mobile VLBI experiments were no longer regarded to be worth the cost. For example, approximately three years of continuous GPS data from the Swedish GPS network (SWEPOS) was enough in order to detect the post-glacial uplift signal (BIFROST Project, 1996).

Figure 1. The repeatability of the estimated baseline lengths for different elevation cut-off angles using either the VLBI data themselves or external WVR data for the atmospheric correction in the analysis (from Elgered & Davis, 1993).

5. The atmosphere — the main error source?

During the eighties a large effort was made to use water-vapour radiometers (WVRs) to supply corrections for the propagation delay caused by atmospheric water vapour (Elgered et al., 1991). The method of elevation cut-off tests was used to show the difficulty of designing the optimum schedule for geodetic VLBI (see Figure 1).

The basic problem is that if external WVR data are to be used no observations shall be

Table 1. Geodetic “Milestones” at the Onsala Space Observatory

Year Event

1968 First geodetic VLBI experiment across the Atlantic Ocean (Mark-I) 1979 First VLBI Mark-III experiment 1980 Water Vapour Radiometer (WVR) installed 1982 7 more video-converters installed implying a total of 14 1985 Contemporary plate motion detected with VLBI 1986 First GPS experiment with receiver at Onsala (the Iceland campaign) 1986 Cooled FET amplifiers in the VLBI X-band receiver 1987 Both S- and X-band in the 20 m telescope, S-band also uses cooled FET 1987 Start of permanent tracking GPS receiver 1988 First GPS measured local “footprint” around the VLBI antenna 1990 High density Mark-III VLBI recording installed 1992 Drive system of 20 m VLBI antenna upgraded 1992 WVR upgraded, faster slewing, more stable hot loads 1993 First absolute gravimetry measurement 1993 Start of the continuously operating GPS network in Sweden (SWEPOS) 1996 Detection of land uplift in Fennoscandia using GPS 1996 Monitoring system for vertical motions of the VLBI concrete foundation installed 1997 First Mark-IV VLBI experiment 1999 European COST Action starts using GPS data in climate and meteorology 2000 International CORE project with Onsala participation

acquired say below 20 degrees. On the other hand, if no external data are available low elevation observations are needed in order to be able to use the VLBI data themselves to estimate the effect. Later results using antennas with fast slewing and including a relatively large amount of low elevation observations gave comparable results in terms of reproducibility of estimated baseline lengths whether WVR or GPS data were used as an external calibration or not (Emardson et al., 1999). Present research concerning the atmospheric effects is further discussed in Section 8.

6. Establishment of footprints and studies of antenna foundation stability When GPS became useful for geodetic positioning we established footprints around the 20 m antenna (Johansson, 1992). This work has continued and the latest work has involved the mounting of GPS antennas on the radio telescope itself (Bergstrand et al., 2000). In order to study the vertical motions of the concrete foundation a height monitoring system based on an invar rod has been installed (Elgered & Haas, 1999).

7. Onsala milestones and statistics

Before we summarize the present status and future possibilities it may be interesting to look back at the events and to present some statics of the geodetic VLBI activities at Onsala. Table 1 lists geodetic milestones and major events related to the space geodesy research involving both VLBI and the Global Positioning System (GPS) activities at the observatory. The number of experiments per year has been rather constant if we exclude the years of 1989 and 1992 when mobile VLBI campaigns were carried out in Europe and the year of 1994 which included the two week long CONT–94 experiment, see Figure 2. The number of observed sources per experiment has significantly increased over the years. A typical number was 100–200 for the early Mark-III experiments whereas it is 313 in the CORE 3002 experiment in August 2000. Measurements of one transatlantic and one European baseline are shown in Figure 3. Results from geodetic VLBI in Europe are summarized by Haas et al. (2000) and shown in Figure 4.

Figure 2. Number of geodetic VLBI experiments per year at Onsala.

Figure 3. Baseline evolution Onsala–Westford (left) and Onsala–Wettzell (right). The best fit linear rates are 17.1±0.2 and −0.4±0.1 mm/yr, and the weighted RMS values, about the best fit straight line, are 8.3 and 3.3 mm, respectively. The uncertainties are one sigma values. Note that the vertical scales differ by a factor of ten (NASA–GSFC 2000).

Figure 4. Horizontal motions with respect to Wettzell (left) and vertical motions with respect to Wettzell (right): geodetic VLBI observations (vectors with error ellipses or error bars) and predictions due to a post-glacial rebound model (vectors without error ellipses or error bars) (from Haas et al., 2000).

8. Present and future tasks for geodetic VLBI Geodetic VLBI continues to play an important role for the maintenance of the International Terrestrial Reference Frame (ITRF) (Drewes, 2000). The backbone of the ITRF are permanently operating space geodetic techniques like geodetic VLBI, GPS, SLR, LLR and others. Among those techniques geodetic VLBI uses the most stable instruments which are rather immovable and therefore provide a superior stability and reliability. For example a GPS receiver can easily be removed while this is much more difficult and unlikely for a VLBI telescope. Furthermore geodetic VLBI provides results for station positions and velocities that are independent of satellite orbit errors due to mismodeling of the gravity field. Variations of the geo-centre due to mass changes do not influence the results from geodetic VLBI, especially not the vertical component.

While geodetic VLBI is one of a couple of contributing techniques for the ITRF, although a major one, it is unique to determine and maintain the International Celestial Reference Frame (ICRF). VLBI observation of extragalactic radio sources which are stationary points with todays observational accuracy define the quasi-inertial reference frame which is realized by the ICRF. Todays accuracy of the position of the defining sources of the ICRF is 0.25 milliarcseconds (Ma, 2000).

The transformation between the two reference frames, the ITRF and the ICRF, is expressed using the so-called earth rotation parameters (ERP). The motion of the earth’s rotation axis with respect to the earth’s crust is described by the polar motion (PM), the actual rotation angle of the earth by UT1, and the motion of the earth’s rotation axis with respect to the inertial frame by the nutations. Geodetic VLBI is the only space geodetic technique that can provide reliable measurements of UT1 and nutations over long periods.

Today the formal uncertainties of UT1 and PM determinations with geodetic VLBI are about 30-40 microarcseconds. These formal uncertainties have to be scaled by a factor of about 2–4 to give the actual uncertainties of todays measurements. Comparison of simultaneous observations in different VLBI networks show that there are systematic differences on the order of 100–150 microarcseconds (MacMillan, 2000). Similar results have been obtained from the analysis of simultaneous GPS subnets corresponding to the VLBI networks. Therefore more investigations are needed to understand the reasons for these differences and to separate the different geophysical effects on the integrated response of the earth that is being monitored with geodetic VLBI by observing ERP.

Thus an international project has been started with the goal to perform Continuous Observations of the Rotation of the earth (CORE) with geodetic VLBI (Vandenberg et al., 2000). Starting during the year 2000 with the transition from the Mark III to the Mark IV technique, the installation of the Mark IV correlators and 2.5 observation days per week, the goal is to reach 6 observation days per week in 2003 utilising different geodetic VLBI networks. The expected uncertainties for PM and UT1 are on the level of 25 milliarcseconds. On the way to this goal a couple of geophysical signals have to be investigated and the geodetic VLBI analysis software has to be completed and extended.

Geodetic VLBI is a useful tool to study solid earth tides since it is purely sensitive to the tidal displacement of the observing stations and is not influenced by tidal variations of the gravity field via satellite orbits. It has been shown by Haas & Schuh (1996) that it is possible to study the resonance effect of the earth’s free core. The free core resonance also influences the nutations which are uniquely observed over long periods by geodetic VLBI. Nutation results from geodetic VLBI form the constraints of modern advanced nutation models (Mathews et al., 2000) and the basis of modern advanced solid earth tide models (Mathews, 2000).

Crustal loading effects due to ocean tides and atmospheric pressure variations are another topic that has been and is going to be studied extensively with geodetic VLBI. This includes the primary loading effect by ocean tides (Scherneck et al., 2000), by the atmosphere (VanDam & Herring, 1994), (MacMillan & Gipson 1994), (Haas et al., 1997) and also the secondary effect of crustal loading on the earth’s rotation (Scherneck & Haas, 1999).

Besides the deformation effects due to the solid earth tides and the loading by ocean and atmosphere, there are also local effects at the VLBI stations themselves that have to be investigated. VLBI telescopes are large constructions of steel and/or steel reinforced concrete that are deformed by variations in temperature. This effect has to be studied and accounted for in the analysis of geodetic VLBI data. Also possible local site displacements due to ground water variations have to be investigated. These local site effects are of special importance for the maintenance of the ITRF.

Another major signal to be investigated with geodetic VLBI is the atmospheric propagation delay. Starting with relatively simple mapping functions and the assumption of an azimuth independent atmosphere, more advanced mapping functions have been introduced by Niell (1996) and Niell (2000) and more advanced models for the azimuth dependence have been developed by Davis et al. (1993) and introduced into the VLBI analysis software by MacMillan (1995). Comparison of tropospheric parameters derived from different independent space geodetic and remote sensing techniques (Gradinarsky et al., 2000) and also comparisons to numerical weather models (Behrend et al., 2000) confirm the importance of geodetic VLBI to study the atmospheric propagation delay.

9. Conclusions We have tried to summarize the geodetic VLBI activities at the Onsala Space Observatory during the last 30 years. The observed baseline length reproducibilities have improved from the sub-metre range down to a few millimetres for baseline lengths of

G. Elgered and R. Haas: VLBI in the service of geodesy 215

global scale. We believe that geodetic VLBI will continue to be the fundamental, most accurate technique to observe and realize the earth rotation parameters and the large scale terrestrial reference frame.

Acknowledgments We acknowledge the fruitful cooperation and support from all the VLBI groups which have been involved in the activities described. The space geodesy work at Onsala has mainly been supported by the Swedish Natural Science Research Council. During the last eight years the European geodetic VLBI has been supported by two EC projects in the Science and the TMR programme, respectively.

REFERENCES

Behrend, D., Cucurull L., Vila, J. & Haas, R. 2000 An inter-comparison study to estimate zenith wet delays using VLBI, GPS, and NWP models. Earth Planets Space, in press.

Bergstrand, S., Haas, R. & Johansson, J. 2000 A New GPS–VLBI Tie at the Onsala Space Observatory. IVS 2000 General Meeting Proc. (eds. N. R. Vandenberg & K. D. Baver) NASA/CP-2000-209893, 128–132.

BIFROST Project (Bennett, R. A., Carlsson, T. R., Carlsson, T. M. et al.) 1996 GPS Measurements to Constrain Geodynamic Processes in Fennoscandia. Eos Trans. AGU, 77(35), 337–341.

Clark, T. A., Corey, B. E., Davis, J. L. et al. 1985 Precision Geodesy Using the Mark-III Very-Long-Baseline Interferometer System. IEEE Trans. Geoscience and Remote Sensing, GE-23, 438–449.

Davis, J. L., Elgered, G., Niell, A. E. & Kuehn, C. E. 1993 Ground-based measurements of gradients in the “wet” radio refractivity of air. Radio Science 28(6), 1003–1018.

Drewes, H. 2000 The role of VLBI among the geodetic space techniques within CSTG. IVS 2000 General Meeting Proc. (eds. N. R. Vandenberg & K. D. Baver) NASA/CP-2000- 209893, 35–41.

Elgered, G., Davis, J. L., Herring, T. A. & Shapiro, I. I. 1991 Geodesy by Radio Interferometry: Water Vapor Radiometry for Estimation of the Wet Delay. J. Geophys. Res. 96, 6541–6555.

Elgered, G. & Davis, J. L. 1993 Microwave Radiometry for Correction of Atmospheric Path- Length Variations in VLBI: Recent Results. Proc. of the 9th Working Meeting on European VLBI for Geodesy and Astrometry (eds. J. Campbell & A. Nothnagel), 98–108.

Elgered, G. & R. Haas, R. 1999 Geodetic Very-Long-Baseline Interferometry at the Onsala Space Observatory 1997–1998 Proc. of the 13th Working Meeting on European VLBI for Geodesy and Astrometry, Viechtach, February 12–13, edited by W. Schlüter and H. Hase, Bundesamt für Kartographie und Geodäsie, Wettzell, 60–64.

Emardson, R. T., Elgered, G. & Johansson, J. M. 1999 External atmospheric corrections in geodetic very long baseline interferometry. J. Geodesy 73, 375–383.

Gradinarsky, L. P., Haas, R., Elgered, G. & Johansson, J. M. 2000 Wet path delay and delay gradients inferred form microwave radiometer, GPS and VLBI observations. Earth Planets Space in press.

Haas, R.& Schuh, H. 1996 Determination of frequency dependent Love and Shida numbers from VLBI data. Geophys. Res. Lett. 23(12), 1509-1512.

Haas, R., Scherneck, H.-G. & Schuh, H. 1997 Atmospheric laoding corrections in geodetic VLBI and determination of atmospheric loading effects. Proc. of the 12th Working Meeting on European VLBI for Geodesy and Astrometry (ed. B. R. Pettersen), 122–132.

Haas, R., Gueguen, E., Scherneck, H.-G., Nothnagel, A., & Campbell, J. 2000 Crustal motion results derived from observations in the European geodetic VLBI network. Earth Planets Space, 52, in press.

216 G. Elgered and R. Haas: VLBI in the service of geodesy

Herring, T. A., Shapiro, I. I., Clark, T. A. et al. 1986 Geodesy by Radio Interferometry:

Evidence for Contemporary Plate Motion. J. Geophys. Res. 91, 8341–8347. Herring, T. A., Gwinn, C. R. & Shapiro, I. I. 1986 Geodesy by Radio Interferometry:

Studies of the Forced Nutations of the Earth 1. Data Analysis. J. Geophys. Res. 91(5), 4745–4754.

Herring, T. A., Buffet, B. A., Mathews, P.M., & Shapiro, I. I. 1991 Forced Nutations of the Earth: Influence of Inner Core Dynamics 3. Very Long Interferometry Data Analysis. J. Geophys. Res. 96(5), 8259–8273.

Johansson, J.M. 1992 Positioning from Space: A Study of Precise Position Measurements Using Satellite Navigation Systems and Very Long Baseline Interferometry., Tech. Rep. 229, School of Electrical and Computer Engineering, Chalmers Univ. of Technology.

Ma, C. 2000 The International Celestial Reference Frame (ICRF) and the relationship between the frames. IVS 2000 General Meeting Proc. (eds. N. R. Vandenberg & K. D. Baver) NASA/CP-2000-209893, 52–56.

MacMillan, D. S. & Gipson, J. 1994 Atmospheric pressure loading parameters from very long baseline interferometry observations. J. Geophys. Res. 99(B9), 18081–18087.

MacMillan, D. S. 1995 Atmospheric gradients from very long baseline interferometry observations. Geophys. Res. Lett. 22(9), 1041–1044.

MacMillan, D. & Ma, C. 2000 Improvement of VLBI EOP accuracy and precision. IVS 2000 General Meeting Proc. (eds. N. R. Vandenberg & K. D. Baver) NASA/CP-2000-209893, 247–252.

Mathews, P. M., Herring, T. & Buffet, B. 2000 Modeling of nutation-precession: new nutation series for nonrigid earth and insights into the earth’s interior. J. Geophys. Res., submitted.

Mathews, P. M. 2000 Consistent modeling of effects of the tidal potential. Proc. of the 14th International Symposium on Earth tides, in preparation.

Minster, J. B. & Jordan, T. H. 1978 Present-day plate motion. J. Geophys. Res. 83, 5331– 5354.

NASA Goddard Space Flight Center VLBI Group 2000 NASA Goddard Space Flight Center’s VLBI terrestrial reference frame solution number 1130. Data products available electronically at http://lupus.gsfc.nasa.gov/global .

Niell, A. 1996 Global mapping functions for the atmosphere delay at radio wavelength. J.

Geophys. Res. 101(B2), 3227–3246.

Niell, A. 2000 Improved mapping functions for GPS and VLBI. IVS 2000 General Meeting Proceedings (eds. N. R. Vandenberg & K. D. Baver) NASA/CP-2000-209893, 263–266.

Ryan, J. W., Clark, T. A., Coates, R. J. et al. 1986 Geodesy by Radio Interferometry:

Determinations of Baseline Vector, Earth Rotation, and Solid Earth Tide Parameters With the Mark I Very Long Baseline Radio Interferometry System. J. Geophys. Res. 91(B2), 1935–1946.

Scherneck, H.-G. & Haas, R. 1999 Effect of horizontal displacements due to ocean tide loading on the determination of polar motion and UT1. Geophys. Res. Lett. 26(4), 501– 504.

Scherneck, H.-G., Haas, R. & Laudati, A. 2000 Ocean loading tides for, in, and from VLBI.

IVS 2000 General Meeting Proc. (eds. N. R. Vandenberg & K. D. Baver) NASA/CP- 2000-209893, 257–262.

Vandenberg, N. R., Thomas, C. C., Bosworth, J. M. et al. 2000 CORE: Continuous, high accuracy Earth orientation measurements for the new millenium. Proc. of IAG Symp. 121: Geodesy Beyond 2000 – The Challenges of the First Decade, 20–21.

VanDam, T. & Herring, T. A. 1994 Detection of atmospheric pressure loading using very long baseline interferometry measurements. J. Geophys. Res. 99(B3), 4505–4517.