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A series of experiments has been conducted at the Jet Propulsion Laboratory during
the last decade to develop a radio interferometric system capable of measuring crustal and
rotational motions of the earth, as well as source positions for a reference frame based on
compact extragalactic radio sources. With the exception of one session between Big Pine,
Calif., and Westford, Mass., the observing stations were those of NASA’s Deep Space Net-
work in California, Spain, and Australia,

Approximately 2400 observations of extragalactic radio sources were made between
August 1971 and February 1980 during 48 separate sessions. These consisted of 259
delay rate observations at 2.3 GHz (S-band), 796 delay and delay rate observations at
either S-band or 8.3 GHz (X-band) and 1325 delay and delay rate observations recorded
simultaneously at both S- and X-band. A single multiparameter fit has been applied to the
observed values of delay and delay rate to extract astrometric and geophysical parameters
from this decade-long sequence. The fit produced estimates of 784 parameters, including
station locations, radio source positions, polar motion, Universal Time, the precession
constant, and solid earth tides. The a priori model included gravitational bending, the
1980 IAU nutation series, the 1976 IAU expressions for Greenwich mean sidereal time
and precession, BIH estimates of Universal Time and polar motion, and monthly mean
values for zenith troposphere delay.

The rms residuals were 0.52 nsec for delay and 0,30 psec/sec for delay rate. Intercon-
tinental baseline lengths have been determined with formal uncertainties of 5 to 10 cm.
Univeérsal Time and polar motion were measured at 49 epochs, with formal uncertainties
{for the more recent data) of 0.5 msec for UTI and 6 and 2 mas, respectively, for the X
and Y components of polar motion. Our 1971-80 data produced a formal estimate of
the luni-solar precession constant that was smaller than the 1976 IAU value by —-3.8 *
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0.9 mas/year. However, due to the relatively short span of data and the inaccuracy of the
earlier data, the precession effect could not be separated from the effect of the 18.6-year
nutation term. Further, the less reliable data in the earlier years may have biased our
precession result by an amount considerably larger than the formal ervor of 0.9 mas/year.
The result for the gamma factor of the parameterized post-Newtonian formalism was
0.997 £ 0.041, which agrees very well with general relativity. The vertical and horizontal
Love numbers have been determined with 5% and 30% uncertainties, respectively, while
the earth tide phase lag was found to be zero within its error estimate. These earth-tide
results agree with the commonly accepted values. In addition to these geophysical results,
the positions of 104 sources have been obtained with formal uncertainties of approxi-

mately 5 milliarcseconds.

. Introduction

Over the last few years, considerable progress (Refs. 1-5)
has been made toward realizing the potential of radio inter-
ferometry for measuring local crustal and global rotational
motions of the earth with accuracies at the centimeter level.
Toward this goal, a series of experiments, primarily with
NASA’s Deep Space Network (DSN) antennas, has been con-
ducted over the last decade to develop two generations of
very long baseline interferometric (VLBI) systems. In all, 48
interferometric sessions were carried out between eight differ-
ent antennas on three continents. Delay and/or delay rate
observables were measured on two local baselines (at Gold-
stone, California, and at Madrid, Spain), on a transcontinental
baseline (Big Pine, California to Westford, Massachusetts) and
two intercontinental baselines (Goldstone, California to
Madrid, Spain, and Goldstone, California to Tidbinbilla,
Australia). A single multiparameter fit has been applied to this
decade-long sequence of observations to extract significant
astrometric and geophysical parameters. The adjusted param-
eters included station locations, source positions, polar motion,
Universal Time, the precession constant, solid earth tides, and
the gamma factor of relativity theory. This report outlines the
techniques, analyses and results of these experiments.

ll. Interferometry Technique

In interferometry measurements, the random broadband
emission of an extragalactic radio source is simultaneously
recorded at two widely separated radio antennas. Cross corre-
lation of the recorded data at a central site leads to a determi-
nation of the difference in arrival times of the radio wavefront
at the two antennas. Since this difference (delay) depends on
the direction of the source and the vector separation of the
antennas, it contains information concerning the rotational
and crustal motions of the earth. To extract this information,
it is necessary to measure the delay for many different sources,
preferably on several baselines, and to pass the resulting delays
through a multiparameter fitting program that solves for astro-
metric and geophysical quantities.

In the present experiments, two separate interferometry
systems have been used to measure delay and delay rate. Since
the instrumentation and data processing techniques have been
described elsewhere (Refs. 6, 7), we will only summarize the
most salient features of the two systems. The prototype sys-
tem used in the early measurements recorded a single, narrow-
band (24-kHz) channel at S-band (2.3 GHz) and therefore
could measure only delay rate accurately. Since the delay rate
observable is independent of the polar component of the base-
line vector and is less powerful in parameter estimation than
delay, another system was developed to measure both delay
and delay rate. This system records several time-multiplexed
frequency channels so that delay can be obtained by means
of bandwidth synthesis, a technique pioneered by Rogers
(Ref. 8). The bandwidth of the individual channels was also
increased to 2 MHz to improve flux sensitivity and signal-to-
noise ratio. Bandwidth limitations at the first stage of amplifi-
cation in the Deep Space Network receiver systems limited the
maximum bandwidth spanned by the outer channels in a given
radio frequency (RF) band to about 40 MHz, With this band-
width synthesis system, delay could be measured with a pre-
cision (i.e., system noise error) of approximately 100 psec,
given a typical source strength of 0.5 Jy, an integration time
of 3 min, and two 64-m DSN antennas with system tempera-
tures of 35 K. By cycling through two sets of channels pro-
perly placed at RF, the second system was capable of “simul-
taneously” measuring delay at S-band and X-band (8.4 GHz).

lll. Geometric Delay Model

The delay (or delay rate) observable measured by radio
interferometry is a sum of the differential delays (or rates)
due to geometric, instrumental, jonospheric, and tropospheric
effects. This section summarizes a mathematical model for the
geometric delay that was developed by Fanselow (Ref. 9).

The geometric delay, which is by far the largest (up to 30

msec) of the delay terms, is of primary interest in the current
measurements since it depends on the direction of the incom-
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ing wave and on the time-varying baseline vector between
antennas. Consequently, a calculation of the geometric delay
must include, in addition to the radio source location, all
significant factors describing the rotational, crustal, and
orbital motions of the earth,

Models of the geometric delay usually place the origin of
coordinates at either of two points: the center of mass of the
earth (geocentric approach) or the center of mass of the solar
system (solar-system-barycentric approach). Even though the
approximate delay model generated by the geocentric approach
is mathematically simpler in its final form, the solar-system-
barycentric (SSB) approach is inherently more adaptable to
refinements in the geometric delay model, particularly for
relativistic effects. Consequently, even though such refine-
ments are not justified by the limited accuracy of the present
data, the SSB approach has been adopted in anticipation of
model improvements that will be demanded by future, more
accurate data. In other applications, the SSB approach would
facilitate generalization to accommodate sources (such as
spacecraft) within the solar system.

A geometric delay model that adequately describes the
present data can be based on the following theoretical assump-
tions. Given a set of SSB coordinates defined in terms of the
mean equator of J2000.0, suppose that a wavefront with prop-
agation direction k is received by two earth-fixed antennas
whose time-varying positions in SSB coordinates are given
by x,(t) and x,(¢) at TDB (barycentric dynamical) time .
In terms of these quantities, the geometric delay between
antennas will be given approximately by

ke« [x,() - x, ()]
kv, M

4

Tg(l) =
1+

where the dot product involving v, (the velocity of antenna 2)
accounts for motion of antenna 2 during the wave transit.
Since the measured delay is obtained by earth-fixed observers,
the theoretical delay in Eq. (1) must be relativistically trans-
formed to earth-fixed coordinates. For the present data, this
transformation is adequately applied with a special relativistic
(Lorentz) transformation that introduces, as its largest effect,
the equivalent of the well-known “earth-centered” aberration
correction to the source location, General relativistic effects,
except for gravitational bending of radio waves, are neglected.
A correction term is applied to the SSB model delay to account
for such gravitational bending prior to transforming back to an
earth-centered coordinate system.

To obtain the SSB antenna “irajectories” x,(¢) used in the

above delay calculation, a mode] for the rotational and orbital
motions of the earth must be adopted. Our present rotational
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model for the earth is the model summarized by Kaplan
(Ref. 10), including the earth’s spin axis direction from the
IAU 1976 precession (Ref. 11) and the IAU 1980 expressions
for nutation (Refs. 12, 13) and Greenwich mean sidereal time
(Ref. 14). Orientation about the spin axis, parameterized
as Universal Time (UT1), is treated as a solve-for parameter, as
is polar motion (the position of the ephemeris pole with respect
to the earth’s crust). Station locations are defined relative to
an earth-fixed frame with its Z axis along the mean spin axis of
1903.0 and X axis along the Greenwich meridian. Within this
frame, generally referred to as the CIO (Conventional Inter-
national Origin) frame, the station locations are expressed in
terms of cylindrical coordinates, Axis orientation for the
earth-fixed CIO frame is experimentally determined through
the use of Universal Time and polar motion (UT/PM) values
measured by the Bureau International de I'Heure (BIH), as
explained in Sec. VII. Since all these conventional earth
orientation parameters are defined relative to geocentric
coordinates, the final step in the calculation of the SSB
antenna positions x,(¢) involves a special relativistic transfor-
mation of the positions from geocentric coordinates to SSB
coordinates. The earth’s orbital motion is obtained from
numerically integrated ephemerides developed at the Jet
Propulsion Laboratory (Ref. 15).

IV. Propagation Media Calibrations

The total measured delay is corrupted by differential delays
due to the propagation media traversed by the radio waves.
This section outlines the calibration techniques used to correct
for the delays introduced by the troposphere and charged
particles.

Due mainly to changes in slant range, the delay produced
by the troposphere varies as a function of antenna elevation
angle. At a 10-deg elevation angle, the tropospheric delay is
approximately 40 nsec (12 m) while, in the local vertical
(zenith) direction, it is approximately 7 nsec (2 m). For the
present data, a priori corrections for these atmospheric delays
were derived from a monthly-mean troposphere model devel-
oped at JPL (Chao, Ref, 16) to calibrate radiometric data for
spacecraft navigation. For each month of the year, Chao
obtained from regional meteorological data mean values for
the zenith delays due to the wet and dry components of the
troposphere. The tropospheric delay for a given antenna
pointing direction can be calculated by mapping the appropri-
ate monthly-mean total zenith delay (dry plus wet) according
to an elevation-dependent mapping equation derived from a
ray-trace analysis (Ref. 16). Chao estimates the accuracy (10)
of this calibration technique to be about 3% of the applied
correction, or about 40 cm in the worst case. Since the overall
uncertainties (10) in the delays measured in the later experi-
ments were approximately 15-30 cm, a priori errors in the




tropospheric delays were about the same as the sum of the
combined effects of the other observable errors. For this
reason, zenith tropospheric delays were also estimated in the
multiparameter fit (Sec. VII), but were constrained to the
Chao model at the 3% level by means of an additive covariance
constraint matrix.

The ionospheric contribution to the observed delays falls
approximately in the range 4-50 cm at X-band, depending
on antenna elevation and the electron content of the ionosphere.
Ionosphere calibrations were handled in two different ways.
In later experiments, both S-band and X-band delays were
generally measured so that dual-band calibrations were pos-
sible. In principle, the ionospheric effect and any other space
plasma effect were thereby reduced to a level below other
errors in the delay observables in those particular sessions.
Tonospheric delays in the single-band sessions were corrected
through the use of satellite-Faraday-rotation data, The correc-
tions were obtained by mapping a reference 24-hour zenith
delay signature to the time, longitude and, direction of each
observation. The reference signature was obtained by averag-
ing the daily Faraday-rotation measurements gathered over a
period of 3 months (July-Sept.) in 1971 at Sagamore Hill,
Mass. (Ref. 17). It is estimated that this calibration procedure
reduces the ionospheric effect by approximately 65%, so that
the worst-case observable error due to the ionosphere is
roughly 20 cm at X-band. This mean-signature approach to
ionosphere calibration was adopted for the single-band experi-
ments due to the unavailability of reliable Faraday-rotation
data at the desired times and locations.

V. Observing Strategy

In order to measure both polar motion and Universal Time
at a given epoch, concurrent or nearly concurrent measure-
ments on two nonparallel baselines, ideally orthogonal, are
required. This requirement is a consequence of the fact that
the delay and delay rate observables for a given baseline are
insensitive to earth rotations about that baseline vector. In
the present experiments, the California/Spain baseline, which
is essentially east-west, is sensitive to UT1 and to the X com-
ponent of polar motion but is relatively insensitive to the Y
component of polar motion. In contrast, the California/
Australia baseline is sensitive to UT1 and to the Y compo-
nent of polar motion but is much less sensitive to the X com-
ponent. Thus, the combination of nearly concurrent observa-
tions on both these baselines can yield accurate measurements
of all three rotational parameters.

The sources observed on a given day were chosen to cover
the full range of directions allowed by the mutual visibility of
the two stations. A wide range of source directions is desirable
to “separate” sensitivity partial derivatives in the multiparame-

ter fit and thereby to reduce errors in estimated parameters, as
well as correlations among the errors. During each observing
session, an attempt was made to observe each source at least
three times in such a way that the observations completely
spanned the interval of mutual visibility between stations for
each source. The cycling sequence through the allowed observ-
ing directions also was made as random as possible in order to
reduce correlations with possible periodic errors in -the
observables.

To strengthen the overall solution, the source lists for
separate sessions were often made identical, particularly when
additional measurements could still significantly improve the
errors in given source locations. Repetitive observations of
the same sources alsn provide an opportunity for consistency
checks, namely whether different subsets of the data yield the
same location for a given source or for a given antenna within
experimental error. Another requirement affecting source
selection was that both intercontinental baselines (California/
Spain and California/Australia) observe largely the same
sources between -10 and +40 deg declination, the region
of the celestial sphere that is mutually visible. The presence of
a wide range of sources common to both baselines greatly
reduces correlations between parameters, such as the strong
correlations found in single-baseline solutions for the Cali-
fornia/Australia baseline with its limited mutual visibility.
Such a strategy can also remove the near-singularity in declina-
tion associated with zero-declination sources in single-baseline
solutions with the nearly east-west California/Spain baseline.

VI. Summary of Experiments

Over the last ten years, 48 interferometry sessions have
been carried out with eight observing antennas, The diameter
and approximate efficiency and zenith system temperature for
each of these antennas are presented in Table 1. The first five
antennas are DSN facilities; the antenna at Big Pine, Calif., is
at the Caltech Owens Valley Radio Observatory, and the
Westford, Mass., antenna is at the Haystack Observatory. For
each session, Table 2 gives the date, antenna pair, session
length, number of sources, number of observations, observable
type (delay and/or delay rate), observing frequency, and types
of station frequency standard. All together, there were 2382
observations of 117 sources taken during 23 S-band sessions, 5
X-band sessions and 20 dual-band sessions. Depending on the
session, the station frequency standards were rubidium, cesium
or hydrogen masers.

For each source, Table 3 gives the number of sessions in
which that source was observed, the average epoch of observa-
tion, and the number of observations of delay and. delay rate.
Three fourths of the 117 sources are observed at least 20 times,
with a high of 161 observations for 4C 39.25. Average observa-
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tion epochs (calculated by weighting all observations equally)
range from 1976.36 for NRAO 190 to 1980.15 for GC
1128+38. '

VII. Fitting Technique

After the observations had been reduced to delay and/or
delay rate, the resulting observables were passed to a multi-
parameter weighted-least-squares program that simultaneously
fit all of the delay and delay rate data to obtain estimates of
geophysical and astrometric parameters (Ref. 9). Solve-for
parameters in the fit could be grouped into two categories.
The first category involved parameters specific to a given
observing session and included clock rate and epoch, polar
motion, Universal Time (UT1) and troposphere parameters for
each station. The second category involved “global” parame-
ters common to more than one session and included station
locations, two position angles per source, solid-earth-tide
parameters, the gamma factor of general relativity and the
precession constant, When necessary for any given parameter,
the data were organized into segments, over each of which an
independent value could be estimated for that parameter in
the grand fit to all of the data. For example, this capability
was employed for clock parameters, for which it was quite
often necessary to divide a session into a number of parts, in
each of which a linear or quadratic function of time was
applied. To parameterize the troposphere model, the longer
sessions were divided into 12-hour portions at each station,
each with an independent zenith troposphere delay. Finally,
in special tests for repeatability of source-position and station-
location parameters, similar divisions were made.

In an ideal measurement of UT/PM with DSN stations, con-
current sessions would be carried out on the California/Spain
and California/Australia baselines. Since concurrent sessions
are not possible due to constraints of mutual visibility, nearly
concurrent sessions on adjacent days were scheduled whenever
possible, In this imperfect approach, UT1, which is fairly
rapidly varying, was modeled as an independent parameter in
each session. On the other hand, more slowly varying polar
motion was modeled as a single pole position for the two
adjacent sessions. Thus when UT/PM results are presented for
adjacent sessions, only a UT1 value will be listed for each ses-
sion, while PM values will be listed for a fictitious session at
the mean time of the two sessions.

The observables in the fit were weighted in inverse propor-
tion to the square of a total error computed as the root-sum-
square of the estimated errors from known error sources. The
two estimated delay errors were system noise (100 to 545 psec)
and ionosphere error for single-band data (35% of ionosphere
delay, which equalled 2 to 18 cm for X-band). An explicit
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troposphere error was not included in the observable weight-
ing since the troposphere was accounted for (to first approxi-
mation) through the covariance matrix in the form of a solve-
for parameter. In addition to these individually estimated
errors, an adjustable session-specific error was root-sum-
squared with the other errors in order to account for unesti-
mated or underestimated errors in the data. To estimate the
adjustable error, several preliminary fits were made in which
this error was adjusted until the normalized chi-square com-
puted separately for the delay and delay rate observables was
approximately equal to 1.0 for each session and for the overall
fit. Although this treatment of observable noise is far from
perfect, it does provide, to a first approximation, an estimate
of total observable noise that is based both on a priori infor-
mation and on the fit residuals.

Two problems encountered in VLBI multiparameter fits
are specification of the origin of right ascension and the estab-
lishment of an earth-fixed coordinate frame. In this work we
have adopted for the right ascension of 3C 273B the value
127 29m 636997 in order to match the definition currently
used by many VLBI observing groups. We view this approach
as a temporary convenience until it is possible to align our
reference frame with the celestial reference frame defined by
the JPL planetary ephemeris. To obtain that alignment, the
Astronomical Measurements Group at JPL is currently analyz-
ing data from a number of radio interferometry experiments
designed to measure the difference in the delay obtained for
a spacecraft in orbit about a planet and the delay obtained for
a nearby extragalactic source.

For alignment of the axes of the earth-fixed frame with the
CIO frame, a two-step procedure based on an a priori covari-
ance matrix is more accurate than the usual approach of
relying on BIH values for UT/PM on a single selected reference
day. The first step is a fit in which all UT/PM parameters are
allowed to vary within the constraints imposed by the BIH
values and their errors. This step implicitly minimizes, over the
span of the observations, the rms deviation of interferometri-
cally measured UT1 and polar motion from BIH a priori
values. In subsequent fits, the UT/PM solve-for values obtained
in the first step for two strong adjacent sessions (reference
days) are assigned as exactly known quantities. With this
approach, subsequent UT/PM values and the axes of the
earth-fixed frame are aligned on average with the conventional
definitions in the best way provided by the data in hand. For
the present data, we estimate that the resulting alignment with
BIH conventions is accurate to 2-5 mas for the polar axis
and to 0.4-1.0 msec for longitude.

Since interferometry observables for extragalactic sources
are insensitive to the origin of the earth-fixed frame, data
content by itself does not require the consideration of that




origin. However, for computational reasons, it is desirable to
use station locations as the solve-for parameters rather than
baseline vectors. With this approach, at least one station (the
reference station) must be assigned an a priori position to
establish the origin of the earth-fixed frame and thereby pre-
vent singularity in the least-squares solution. Thus, in addition
to the axis orientation error mentioned above, the adjusted
locations of the other stations are subject to errors that are
a consequence of errors in the a priori location of the refer-
ence station.

For the present data, the choice of a reference station is
relatively simple. Of the eight stations at which the observa-
tions were made (see Table 1), all but two are linked to the
deep space station (DSS 14) at Goldstone, Calif., either by
direct two-station observations or through a common third
station. The two exceptions are the Owens Valley (OVRO)
and Westford, Mass. (HAYST) antennas, for which a disjoint
48-hour session comprises the only data. To avoid defining a
second reference station, the location of OVRO was linked
to DSS 13 at Goldstone by employing DSS 13-OVRO baseline
measurements made by the ARIES project (Ref. 18). In our
fits, each component of this baseline was constrained to equal
the ARIES result on the basis of the ARIES formal uncertain-
ties (~9 cm). The only other sessions not involving station
DSS 14 (DSS 11-DSS 43 on 77/2/1 and DSS 62—DSS 63 on
79/11/15) have both stations participating in direct observa-
tions with DSS 14 on other dates. Thus, with the addition of
this constraint on the DSS 13-OVRO baseline, all seven
station locations could be referenced to an assigned value for
the DSS 14 location. For this assigned value, we chose the
coordinates from station location set LS111A derived from
spacecraft tracking (Ref. 19). Moyer estimates the DSS 14
location error to be ~1 m in spin radius, ~2-5 m in longitude,
and ~10 m in Z-height. As mentioned above, these reference
station errors will lead to a systematic bias in all station posi-
tions. On the other hand, the relative locations of the stations
have uncertainties that are determined by the quality of the
VLBI observations, the accuracy of the delay model, and the
size of the alignment errors for the earth-fixed axes.

VIIl. Results

The majority of the results presented in this section were
derived from a single “standard” fit to the 1971-80 delay and
delay-rate observables in which parameters were adjusted for
source positions, station locations and clocks, UT/PM, tropo-
spheric delays, gravitational bending and solid earth tides. In
addition to the features discussed in Sec. VII, astronomical
constants, time scales and the fundamental reference frame
were in accord with the IAU resolutions to be implemented to
1984 (as summarized by Kaplan (Ref. 10)).

For an overall view of the goodness of fit, Table 4 shows
for each session the rms residual delay and delay rate obtained
with the standard fit. While the overall averages are 0.52 nsec
and 0.30 psec/sec, variation among sessions is considerable,
with the best sessions giving substantially smaller residuals.

To assess the contribution of the delay rate observables to
the adjusted parameters and their estimated uncertainties,
another fit was performed. This was identical to the standard
fit, except that only the delay observables were used, and thus
only sessions after 77/1/12 were included (see Table 2). The
resulting parameter values were consistent with those from the
standard fit. Typically, formal uncertainties from the standard
fit were smaller than those from the delay-only fit by 30% for
station coordinates, 20% for source positions, and 15% for-
Universal Time and polar motion. Numerous fits were neces-'
sary to determine the magnitudes of the adjustable observable
errors (see Sec. VII) that correspondéd to chi-square values of
1.0. These fits indicated that all solve-for parameters were
fairly insensitive to the values of the adjustable errors. For
example, any given solve-for parameter varied by a small
fraction of its formal uncertainty when the adjustable errors
were varied over a range corresponding to chi-square between
0.9 and 1.1. Additional special fits to the data have been
performed for specific purposes such as source-position and
baseline repeatability tests and adjustment of nutation and
precession, as discussed below.

A. Source Positions

The last columns of Table 3 give, in terms of right ascen-
sion and declination, the J2000.0 positions of 117 sources
resulting from the standard fit to the 1971-80 VLBI data.
Of these, seven (3C 48, 3C 119, 3C 138, 3C 309.1, 3C 395,
3C 418 and DA 611) were observed only on short baselines,
and thus have formal position errors exceeding 071. One
source (4C 55.16) was observed only once on an interconti-
nental baseline and its position must therefore be used with
caution. Another, low-declination source (P 1130 + 009) was
not observed on the California/Australia baseline and therefore
has a large declination error. Other sources for which there are
fewer than 5 delay observations may also lack adequate redun-
dancy. All listed errors are 1o formal uncertainties obtained
from the covariance matrix of the standard fit and thus do not
properly account for errors due to mismodeling of precession
and nutation.

The statistics of our source catalog are more clearly demon-
strated in Figs. 1-3. Figure 1 presents the source distribution
in terms of right ascension and declination, with error bars
indicating formal uncertainties. (Note the different scales for
position and uncertainty.) In Figs. 2 and 3, histograms of the
arc length errors for RA and declination indicate that the
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mean position error is approximately 5 mas for both coor-
dinates.

In order to determine the repeatability of source positions
over a long period of time, and to test the validity of the for-
mal error estimates, the data were divided into two segments:
observations made before January 1979 and observations
made after May 1979. The average measurement epochs in
these two segments were approximately 1977.5 and 1979.9.
All sources with more than 10 (delay + delay rate) observa-
tions in each segment were assigned independent position
parameters in the two segments. A fit was performed in which
all other parameters were solved for as in the standard fit. In
Table 5, columns 4 and 5 show the RA and declination differ-
ences for the two position estimates, columns 6 and 7 give the
root-sum-squared errors, and the last two columns give the
differences normalized by the rss errors, The rms differences
for right ascension and declination (2.9 and 4.0 mas) are some-
what smaller than the average formal uncertainties for the
catalog of Table 3. Figure 4 shows a plot of the position
differences in columns 4 and 5 of Table 5. Since Table 5
shows that no normalized difference exceeds 1.60, the posi-
tions produced by the two segments of data are in very good
agreement at the level of the formal uncertainties. Overall,
the results indicate that our formal source position errors
are close to or perhaps slightly larger than the true random
errors. Preliminary comparison with the source catalog of
another VLBI group (Refs. 20, 21) resulted in fair agreement
but indjcated that about a 50% increase in formal uncertain-
ties might be needed.

B. Station Locations and Baselines

Table 6 presents the station locations obtained from the
standard fit to the entire data span. As discussed in Sec. VII,
station DSS 14 at Goldstone is the reference station, and the
other seven locations are adjusted. The value 299792.458 km/
sec was used for the velocity of light. Formal error estimates
of the station coordinates range from ~2 cm for DSS 13 to
~56 ¢m for the poorly determined equatorial component of
DSS 11. The formal uncertainties for the station locations are
relative errors and do not account for the uncertainties from
orienting the axes of the earth-fixed frame or from the assign-
ment of the DSS 14 location.

Rather than present all 28 baselines between the eight sta-
tions, we focus attention on the six typical station pairs given
in Table 7, which include two intercontinental (DSS 14 to
DSS 43 and DSS 63), one transcontinental (OVRO to HAYST),
and three local (DSS 14 to DSS 11 and DSS 13, DSS 62 to
DSS 63) baselines. Anomalously high formal errors for the
DSS 14-DSS 11 baseline are due to the fact that no direct
DSS 14-DSS 11 observations were included in the fit. Since
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baseline errors, uniike baseline vectors, cannot be computed
accurately from Table 7, formal uncertainties of components
and lengths of all 28 baselines are listed in Table 8. These
formal uncertainties do not account for the errors in orienting
the axes of the earth-fixed frame,

Two comparisons of baseline lengths with results of inde-
pendent investigations are possible. For the OVRO-HAYST
baseline, the east coast VLBI group (Ref. 22) obtained a
length of 3928881.59 * 0.02m based on data extending
from July to October 1980. This result is in excellent agree-
ment with our length measurement. A 1975 ground survey of
the DSS 62-DSS 63 baseline (Ref. 23) gives a length of
10452.61 m, also in excellent agreement with our result.

To test for baseline length repeatability, another special fit
to all the data was performed in which independent station
location parameters were assigned to DSS 43 and DSS 63 for
each relevant post-1976 intercontinental session of Table 2.
This led to 20 estimated values for the Australian station
(DSS 43) and 12 for the Spanish station (DSS 63), with both
spanning a 3-year period. The Goldstone station (DSS 14) was
assigned the same common reference location (see Table 6).
To avoid a singular solution, the UT/PM parameters were held
fixed at the results of the standard fit. All other parameters
were treated as in the standard fit. The baseline length results
from this fit, which are shown in Figs. 5 and 6 along with 1o
formal uncertainties, exhibit several interesting features. First,
we note the general decrease of the error estimates with time,
which indicates continuing improvement in system perfor-
mance. Second, comparison of X-band and S/X results with
S-band results indicates that the S-band baselines were cor-
rupted by as much as 100 cm by ionospheric effects for both
baselines. Third, even though there may be a suggestion of
change, there is no convincing evidence of relative motion
between stations., To quantitatively assess possible changes
in baseline lengths over the years, however, a linear function
of time has been separately fit to the length results for each
of these two intercontinental baselines. Due to ionospheric
corruption, only the X-band and dual-band results were
included in these fits, which led to slopes of -5 * 5 and
+7 % 10 cm/yr for the baselines to Australia and Spain,
respectively. It is of interest to note that, even though these
results are consistent with no motion over the 3-year period,
both slopes are closer to the length changes inferred (Ref. 24)
from a global model (Ref. 25) of plate motion over geological
time scales than they are to the assumption of no motion.
Morabito’s application of the Minster-Jordan model indicates
length changes of approximately —4 and +2.5 cm/yr for the
baselines to Australia and Spain, respectively. Doppler satel-
lite tracking (Ref. 26) has recently produced measurements of
plate motion which appear to be consistent with our baseline
results.




C. Polar Motion and UT1

Table 9 presents all the UT/PM values obtained from the
standard fit, while Figs. 7 and 8 compare our X and Y polar
motion results for 1977-80 with BIH Circular D (Ref. 27).
Our UT/PM uncertainties are relative errors and do not include
errors resulting from orienting the axes of the earth-fixed
frame. If the BIH PM values are assigned an uncertainty of
approximately 001, there are no outstanding discrepancies
between the two techniques. For the UT1 results similarly
plotted in Fig. 9, short-period tidal fluctuations have been
removed from the VLBI data in order to permit comparison
with the heavily smoothed BIH values. The solid curve repre-
sents lunar laser ranging (LLR) data as smoothed over a 10-
day interval by Fliegel et al. (Ref. 28) with the same tidal
dependence removed. These lunar data originally consisted of
several hundred points in the range of the plot. The LLR curve
has been displaced vertically in order to remove a 1.0-msec
bias between VLBI and LLR values. The figure shows that the
UT1 values measured by VLBI, LLR, and BIH generally
agree with one another if the BIH values are assigned errors
of approximately 2 msec, and the LLR values errors of 1 msec
or less. Both the VLBI and LLR results suggest the same
oscillation of ~2 msec amplitude about the BIH values,
Recent work by Capitaine and Feissel (Ref. 29) indicates that
introduction of the 1980 IAU nutation model into the BIH
solution results in corrections to UT1-UTC as large as 2 msec.
We plan to investigate the impact of such a correction on the
above comparison of UT1 results. Two of the three points of
large discrepancy (~2 to 30) between VLBI and LLR (in
February 1980) occurred at the center of a 20-day gap in the
LLR data. Thus these differences may represent a real short-
period excursion that was not sampled in the LLR measure-
ments, The third point of large discrepancy in February 1977
remains unexplained.

D. Global Parameters

In addition to the source positions and station locations
discussed above, global parameters include the precession con-
stant, earth-tide parameters, and the gamma factor of general
relativity, The long time span of the data provided an opportu-
nity to solve for the precession constant. Specifically, if we
solve for a residual precession rate of the earth, we find that
the best fit to our data does not occur for the 1976 IAU pre-
cession constant, but for a value smaller than that value by
3.8 * 0.9 mas/yr (for luni-solar precession). However, this
result must be qualified by the observation that the first 6.5
years of our 8.5-yr data span consisted of less reliable data
(S-band delay rate only and S-band delay and delay rate data)
which may have biased our solution. Since our data cover a
time interval small compared to the 18.6-year nutation period,
there is a high degree of correlation between the precession
constant and the nutation amplitude with that period. Thus

our present data cannot accurately separate these two effects.
Such a separation will become possible, however, as the span
of data approaches a significant fraction of the 18.6-year
period. Similar explorations of modified nutation and preces-
sion by the JPL group analyzing lunar laser ranging (Ref. 30)
have yielded estimates of 8 * 8 mas/yr for the 18.6-yr nuta-
tion term correction, and -2 * 4 mas/yr for the precession
correction.

Since the data were inadequate for determination of inde-
pendent earth-tide parameters at each station, a universal set
of parameters was specified for all stations. This model allowed
adjustment of three parameters: the vertical and horizontal
Love numbers and the tide phase lag. The standard fit yielded
values of 0.63 + 0.03 and 0.058 * 0.016 for the vertical and
horizontal Love numbers, and 0.0 deg * 1.5 deg for the tide
phase lag. These results are in good agreement with the com-
monly accepted values of 0.603-0.611, 0.0832-0.0842 and
0 deg (Refs. 31, 32).

Since gravitational deflection of the incoming signal by the
sun is a relatively large effect for these long baselines even at
large sun-earth-source angles, it is possible to solve for the
gamma factor of the parameterized post-Newtonian formal-
ism. The result of 0.997 * 0.041 is in good agreement with
general relativity (Ref, 33).

E. Troposphere Parameters

The dry troposphere parameters obtained from the standard
fit are presented in Table 10 along with 1o formal error esti-
mates. As discussed in Sec, IV, the tropospheric delays for the
DSN stations were constrained to the Chao model on the basis
of the estimated error (3%) in that model. For sessions involv-
ing delay observations (1977-80), the formal uncertainties
from our fit are considerably better than the Chao a priori
errors. In addition to the standard fit, which was based on 12-
hour subdivisions of tropospheric delays, another fit was made
in which new troposphere parameters were introduced at each
station at 6 a.m. and 6 p.m. local time, in order to investigate
the effect of dividing tropospheric delays into day and night
portions. No significant effects on any of the adjusted parame-
ters were observed in this fit. The possibility of mismodeling
the tropospheric delays at low elevation angles was also con-
sidered. A fit that omitted any observation with an elevation
angle less than 10 deg at either station produced parameters
that differed from those given by the standard fit by no more
than the formal uncertainties. Attempts to find correlations
between the delays in Table 10 and local atmospheric measure-
ments (when available) were unsuccessful.

F. Clock Parameters

As shown in Table 11, 170 station clock parameters were
adjusted in the standard fit to describe clock epoch and rate
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offsets and nonlinearities in the delay data. The reference
clock is that at DSS 14, with three exceptions. In the two
three-station experiments in February 1977, it was necessary
to use one of the other station clocks (DSS 11 or DSS 43) as a
reference, because of missing data at DSS 14. For the OVRO-
HAYST observations in February 1978, the Haystack clock
served as a reference. A quadratic clock model was used in
only three sessions, while piecewise linear fits were required
in 23 of the 48 sessions. For the best sessions, the offsets
between station clocks were measured with formal uncer-
tainties of the order of 0.01 psec/sec for clock rate and 0.5
nsec for clock epoch. Since instrumental phase calibration
was not employed, the “solve-for” clock parameters are not
purely clock offsets, but also-include instrumental terms.
Thus these accuracies are merely indicative of the capability
of this technique once proper instrument calibration is per-
formed. The 73 clock parameters adjusted for the delay rate
observables are not reported here.

IX. Discussion and Conclusions

The development of two radio interferometry systems at
JPL during the past decade has led to a number of significant
astrometric and geophysical results. With the present system,
we have measured the lengths of two DSN baselines (California/
Australia and California/Spain) with formal uncertainties of
10 cm and 4 cm, respectively. When the baselines were adjusted

independently for each observing session, no convincing evi-
dence of change in the length of either baseline was detected.
We are continuing to improve the system and accumulate data.
If actual rates of tectonic displacement are of the order of
5 em/yr, we expect to detect them within a few years.

A radio source reference frame has been established which
contains 104 sources with positional uncertainties of approxi-
mately 5 mas. Our estimates for parameters describing earth
tides and gravitational bending agree with commonly accepted
values. Further, formal uncertainties in adjusted “clock”
parameters indicate a potential for synchronizing station
clocks at the nanosecond level.

Our measurements of polar motion and UT1-UTC with
formal uncertainties of 5 to 20 cm agreed fairly well with
results obtained by the BIH and lunar laser ranging. A fit to
our current data produced an estimate for the luni-solar
precession constant which is smaller than the IAU value by
3.8 * 0.9 mas/yr. Because our earlier data are less reliable,
more observations are required to verify this result. Since the
discrepancy of 3.8 mas/yr is substantially larger than the esti-
mated uncertainty in the AU value (1 or 2 mas/yr), there is
strong motivation to improve the reliability of this result
through more measurements.

The results of these observations underscore the importance
of improving the scope and accuracy of radio interferometry
measurements in a number of areas.
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Table 1. Characteristics of antennas used in 1971—-1980 VLBI observations

Antenna Location Diameter Efficiency Zenith system
(m) temperature (K)
S X S X
DSsl1l Goldstone, Calif. 26 0.55 - 35 -
DSs13 Goldstone, Calif, 26 0.58 0.45 35 35
DSslé4 Goldstone, Calif. 64 0.56 0.43 25 25
DSS43 Tidbinbilla, 64 0.56 0.43 25 25
Australia
D§S62 Madrid, Spain 26 0.58 - 35 -
D5S63 Madrid, Spain 64 0.56 0.43 25 25
OVRO Big Pine, Calif. 40 - 0.45 - 200
HAYST Westford, Mass. 37 - 0.40 - 75
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Table 2. Summary of 19711980 VLBI observing sessions

Session No. of No. of Observable Freq. Freq.
Date Antennas length  distinct obs. type bands standard
(hr) sources * *k
71/ 8/28 14-62 15 17 43 DR S H,H
71/ 9/ 1 14-62 15 13 24 DR s H,H
71/ 9/ 6  14-62 17.5 15 45 DR S H,H
71/ 9/10 14-62 15 15 45 DR S H,H
73/ 4/30 14-62 8 12 21 DR s H,Rb
73/ 9/ 8 1l4-62 8 7 17 DR S H,Rb
74/ 2/15 14-62 6.5 8 20 DR s H,Rb
74/ 4/21 1462 8 10 20 DR S H,Rb
74/ 6/21  14-62 6 10 17 DR s H,Rb
74/ 8/ 6 14-62 5 3 7 DR S H,Rb
77/ /12 11-43 2 9 12 D+DR ] Rb,H
77/ 1/21 11-14-43 4.5 20 43 D+DR s Rb,H,H
77/ 1/31  14-63 6 15 26 D+DR s H,Rb
77/ 2/ 1 11-43 5.5 16 23 D+DR s Rb,H
77/ 2/13 11-14-43 10 24 68 D+DR s Rb,H,H
77/ 2/z8 11-14-43 10 25 64 D+DR & X Rb,H,H
77/ 4/13 14-63 7.5 19 44 D+DR S H,Rb
78/ 1/14  14-43 14 24 50 D+DR X H,H
78/ 1/24  14-43 6 19 36 D+DR X H,Rb
78/ 2/12  14-43 8 18 44 D+DR X H,H
78/ 2/24  OV-HY 48 8 123 D+DR X H,H
78/ 5/15  14-43 10 23 58 D+DR X Cs,H
78/ 7/30 14-63 9 25 47 D+DR S H,H
78/ 9/ 3 14-43 5 19 29 D+DR s$/X  H,Rb
78/ 9/ 4 14-63 9 13 25 D+DR s H,H
78/10/27 14-43 18.5 45 97 D+DR s/X H,H
78/10/30 14-63 8 22 32 D+DR s/X H,Cs
78/11/) 4  14~43 3.5 15 23 D+DR S/X H,H
78/11/ 5 14-63 23 30 60 D+DR S/x H,Cs
78/12/31  14-43 22.5 48 117 D+DR S/X H,H
79/ 6/ 6 13-14 3.5 13 15 D+DR S H,H
79/ 7/21 13-14 4.5 23 30 D+DR S H,H
79/ 8/26 13-14 6 24 31 D+DR S H,H
79/ 9/18 13-14 5 22 35 D+DR s H,H
79/11/15 62-63 4.5 16 25 D+DR s Rb,H
79/11/23  14-43 9 21 39 D+DR s/x H,H
79/11/25 14~63 20.5 46 113 D+DR S/X H,H
79/12/20  14~43 23 60 137 D+DR S/X H,H
79/12/21  14-63 10 16 33 D+DR 8/X H,H
79/12/2/  14-63 23 30 66 D+DR 8/X H,H
79/12/29  14-43 8.5 21 45 D+DR S/X H,H
80/ 1/12  14-43 20 52 110 D+DR s/x H,H
80/ 1/25 14~63 20.5 26 47 D+DR s/x H,H
80/ 1/27 14-43 8.5 22 42 D+DR S/X H,H
80/ 2/13 14-63 23 52 137 D+DR s/x H,H
80/ 2/14 1443 8.5 25 50 D+DR 8/X H,H
80/ 2/23  14~43 20.5 54 99 D+DR 8/x H,H
80/ 2/z24  14-63 8.5 24 48 D+DR s/x H,H
Total 117 2382

* D = delay, DR = delay rate.
%% Rb = rubidium, Cs = cesium, H = hydrogen maser.
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Table 4. Root-mean-square residuals for 1971—1980 observing sessions
in the standard fit

RMS residuals
Date Antennas Delay Delay rate
(ns) (psec/sec)
71/ 8/28 l4-62 - 0.27
71/ 9/ 1 14-62 - 0.16
71/ 9/ 6 14-62 - 0.26
71/ 9/10  14-62 - 0.33
73/ 4/30 14-62 - 0.26
73/ 9/ 8 14-62 - 0.45
74/ 2/15 14-62 - 0.26
74/ 4721 14-62 - 0.33
74/ 6/21 14-62 - 0.43
74/ 8/ 6 14-62 - 0.28
77/ 1712 11-43 0.52 0.74
77/ 1/21 11-14~43 0.62 0.36
77/ 1/31  14-63 0.87 0.34
77/ 2/ 1 11-43 0.75 0.56
77/ 2/13 11-14-43 0.84 0.33
77/ 2/28 11-14-43 0.77 0.32
77/ 4/13  14-63 0.97 0.34
78/ 1/14  14-43 0.29 0.17
78/ 1/24  l4-43 0.35 0.37
78/ 2/12  14-43 0.18 0.63
78/ 2/24  oOV-HY 0.29 0.05
78/ 5/15  1l4-43 0.48 0.66
78/ 7/30 14~63 0.64 0.45
78/ 9/ 3 14-43 0.44 0.50
78/ 9/ 4 14-63 1.03 0.41
78/10/27  14-43 0.46 0.14
78/10/30 14-63 0.49 0.83
78/11) 4  14-43 0.25 0.10
78/11/ 5 14-63 0.73 0.85
78/12/31 14-43 0.34 0.14
79/ 6/ 6 13-14 0.22 0.16
79/ 7/21  13-14 0.17 0.11
79/ 8/26 13-14 0.10 0.09
79/ 9/18 13~14 0.14 0.06
79/11/15 62~63 0.09 0.19
79/11/23 14-43 0.53 0.20
79/11/25 14-63 0.57 0.13
79/12/20 14-43 0.50 0.14
79/12/21 14-63 0.56 0.11
79/12/27  14-63 0.46 0.13
79/12/29  14-43 0.49 0.11
80/ 1/12  14-43 0.44 0.21
80/ 1/25 14-63 0.48 0.08
80/ 1/27 14-43 0.43 0.15
80/ 2/13  14-63 0.50 0.10
80/ 2714  14~43 0.32 0.12
80/ 2/23 14~43 0.42 0.14
80/ 2/24 14-63 0.40 0.11
Average 0.52 0.30
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Table 5. Source position repeatability results

Source Average epoch * Difference RSS errors Dif£/RSS
(mas) (mas)
Part 1 Part 2 RA Dec RA Dec RA Dec

P 0104-408 78.74 80.06 -1.6 2,2 4.8 5,5 -0.33 0.40
P 0106+01 77.24 79.93 1.8 -0.,4 4,7 5.4 0.38 -0.07
DA 55 77.74 79.92 3.2 3.7 3.9 3.0 0.83 1.23
DW 0224467 76.34 79.84 0.6 -1.2 3.6 4.1 0.18 -0.29
NRAO 140 75,86 79.94 -1.8 3.9 4.4 3,7 -0.40 1.05
DW 0742+10 77.73 80.00 5.6 ~6.,7 4.0 4.3 1.40 -1.55
4C 39.25 77.85 80,02 2.2 0.3 2.6 2.3 0.84 0.13
P 1127-14 77.98 80,01 1.7 0.4 4,6 5.7 0.37 0.07
P 1144-379 78.12 80.00 0.0 -0.2 4.5 5.2 0.00 -0.04
OR 103 77.95 80.00 1.8 1.4 7.3 7.6 0.24 0.18
NRAO 512 77.83 80,04 ~4.2 2,7 5.2 5.0 -0.80 0.54
3C 345 76.06 80,01 -1.5 0,8 3.3 3.5 ~0.46 0.23
NRAO 530 78.31 79.95 -1.9 12.1 7.1 7.9 -0.27 1.54
3C 371 77.09 79.98 -6.6 2,2 4,9 4,1 -1.34 0.54
P 2145+06 76.62 80,03 0.9 2.4 4,8 5.3 -0.19 0.45
VRO 42,22,01 76,82 79,92 -0.6 3.9 3.4 3.0 -0.16 1.31
0Y-172.6 78.64 80.02 3.5 ~4.0 5.0 6.0 0.71 -0.66

RMS = 2.9 4.0 XIN = 0.43 0.63
* Difference : 1971-78 position minus 1979-80 position.
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Table 6. Station locations from 1971-1980 VLBI data

Station CI0 cylindrical coordinates
Equatorial {m) Longitude (degrees) Polar (m)
DSSll  5206339.890x0.562  243.1505770:£0.0000055  3673763,464:0,322
DSS13  5215483.938 0.022  243,2051172 0.0000001  3660956.516 0.019
* DSS14  5203996.766 - 243,1104671 - 3677052, -

DSS43  5205251.060 0.087  148,9812611 0,0000010 -3674749.217 0.141
DSs62  4860817.898 0.162 355.6321691 0.0000028 4116905.731 0.250
DSS63  4862451.030 0.158  355.7519856 0,0000028 4115108.644 0.249
OVRO 5085449 .442 0.093  241,7172850 0.0000010 3838603.826 0.092
HAYST  4700479.623 0.109  288.5118354 0.0000012 4296882.190 0.115

#* Reference station.

Table 7. Selected baselines from 1971-—-1980 VLBI data

Baseline

X

CIO rectangular coordinates (m)
y z

Length (m)

DEG14-DEEA3
DE814--DBEL3
OVRO-HAYST

DE814-DE511
DEGLA~-DEE13

DESELZ-DEBL3

-2107273.
202713,
IF0R005.
2191.
2472,

2392.

0660, 117 7323703, 098:0. 042 -7351801,
569 0. 141 4281160, 656 0. 248 4380586
520 0. 0d7 21082, 342 0. 064 458278
480 0. &28 ~3737. 042 0. 412 -3288,
103 0. 014 -14135. 491 0. 020 ~160935.
199 0. 034 10015, 216 0. 013 -1797.

217:0. 141
644 0. 249
364 0. 069
537 0. 322
484 0.019
0oB8 0. o023

10588764, 33120,
8390429, 843 0.
4928881, 596 0.
D438, 983 0.
21565, 883 0.

10452, 593 0.

101
043
025
301
013

016
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Table 8. Baseline formal uncertainties* from fit to 1971—-1980 VLBI data

Baseline Formal uncertainty (cm)

b:d y z Length

DSS11-DSS13 62.8 41.2 32.3 32.2
DSS1l4 62.8 41.2 32,2 30.1

DSS43 63.9 41,2 34.9 38.0

DSS62 64.4 48,2 40,8 66.8

DSS63 64.3 48,1 40,7 66.7

OVRO 63.5 42,2 33.5 30.7

HAYST 63.5 42,7 34,2 63.9
DSS13-DSSl4 1.4 2,0 1.9 1.3
DSS43 11.8 4.7 14,2 10.3
DSS62 14.5 24.9 25.1 5.6

DSS63 14.1 24.9 25.0 4.7

OVRO 9.0 9.0 9.0 9.0
HAYST 9.4 11.1 11.3 9.3
DSS14~-DSS43 11.7 4,2 14,1 10.1
DSS62 14,5 24.8 25,0 5.3

DSS63 14.1 24.8 24.9 4.3

OVRO 9.1 9.2 9.2 9.1
BAYST 9.5 11,2 11.5 9.4
DSS843~-DSS62 16.4 25.6 3l.4 32.1
DSS63 16.1 25.6 31.3 31.9

OVRO 14.9 10.1 16.8 13.8
HAYST 14.9 12.5 19.8 15.4
DSS862-~DSS63 3.4 1.3 2.3 1.6
OVRO 17.1 26 .5 26.7 10.6
HAYST 17.2 26.0 26.0 15.5
DSS63-0VRO 16.8 26.4 26.6 10.2
HAYST 16.9 26,0 25,9 15.4
OVRO-HAYST 2.7 6.4 6.9 2,5

% In CIO rectangular coordinates.




Table 9. Polar motion and UT1 values* from 1971—-1980 VLBI data

Date Mean Julian Polar motion, mas UT1-UTC, msec
date x y

1971/ 8/29  41192,17 -76.7+1.,3
1971/ 9/ 2 41196.19 -76.0 1.4
1971/ 9/ 7 41201.14 -82,1 1.2
1971/ 9/11 41205.08 ~82.6 1.6
1973/ 4/30  41802.87 405.0 2.0
1973/ 9/ 8 41933.85 54,2 3.1
1974/ 2/16  42094.06 577.6 1.9
1974/ 4/21  42158,.83 383.4 2.4
1974/ 6/21  42219.58 215.7 3.6
1974/ 8/ 6  42265.87 113.2 4.1
1977/ 1712 43155.59 100.7 + 8.8 632.3 2.4
1977/ 1721  43164.43 122.8 6.5 605.6 1.4
1977/ 1/31  43174.34 577.9 0.9
1977/ 1/31  43174.84 -171,0%15.2 151.3 8.3

1977/ 2/ 1 43175.44 577.8 2.4
1977/ 2/13  43187.31 190.4 5.9 544 .4 1.2
1977/ 2/28 43202.19 240.6 3.1 500.3 0.8
1977/ 4/13  43246,23 ~184.6 14.1 362,3 0.8
1978/ 1/14  43522,67 21.5 3.0 602,0 0.8
1978/ 1/24  43532.16 38.0 3.1 576.2 0.8
1978/ 2/12 43551.56 72.7 3.0 511.1 0.7
1978/ 2/25 43564.92 -177.2 ... 114.6 ... 467 .2 ...
1978/ 5/15 43643,53 389.0 3.2 203.1 0.8
1978/ 7/31  43720.16 72.2 15.8 25,5 0.9
1978/ 9/ 3  43754.89 -53.5 1.8
1978/ 9/ &  43755.42 166.9 25.4 422.0 7.4

1978/ 9/ 4  43755.70 -53.8 1.1
1978/10/28  43809.02 -205.5 0.7
1978/10/28 43809.58 240.8 9.1 256.9 2.7

1978/10/30  43811.20 -212.0 0.7
1978/11/ 4 43816.76 -229.1 0.6
1978/11/ 5 43817.84 241.5 7.6 223.2 2.3

1978/11/ 6  43818.18 -233,8 0.5
1978/12/31  43873.44 86.8 2.9 -400.7 0.7
1979/11/23  44200.80 ~256,6 0.6
1979/11/25 44202.64 130.9 5.9 320.5 2.3

1979/11/26  44203.30 ~261.7 0.5
1979/12/20  44227.56 -325.7 ...
1979/12/20  44227.78 139.4 ... 273.1 ...

1979/12/21  44228,71 ~-328.2 ...
1979/12/27  44234.79 ~343.8 0.5
1979712/28  44235.54 134.3 6.5 259.7 2.0

1979/12/29  44236.66 -349.3 0.5
1980/ 1/12  44250.83 237.3 2.9 616.0 0.7
1980/ 1/26  44264.00 581.0 0.5
1980/ 1/26  44264.75 110.2 7.1 214.1 2.2

1980/ 1/27 44265.62 576.6 0.6
1980/ 2/14 44283.2]1 539.8 0.5
1980/ 2/14  44283.40 73.1 5.7 191.2 1.7

1980/ 2/14  44283.92 537.4 0.4
1980/ 2/23  44292.85 510.9 0.5
1980/ 2/24  44293.04 58.3 6.4 184,5 1.9

1980/ 2/24  44293.54 510.3 0.5

* These UT values include short-period tidal effects.
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Table 10. Zenith tropospheric delays from 19711980 VLBI data

Station Date Mean Julian Zenith delay (cm)
date
DSS1l 77/ 1/12 43155.59 207.3 & 5.

5.3
77/ 1121 43164.48 212.6 4.3
77/ 2/ 1 43175.44 210.3 4.9
77/ 2/13  43187.33 216,1 4.l
77/ 2/28  43202.11 211.1 5.9

DSS14 71/ 8/29 41192.17 222.0 =
71/ 9/ 2 41196,19 214.0
71 9 7 41201.14 214.2
71/ 9/11 41205.08 213.3
73/ 4/30 41802.87 209.8
73/ 9/ 8 41933.85 211.7
74/ 2/16 42094.06 211.2
74/ 4/21 42158.83 206.8
74/ 6/21 42219.58 211.8
74/ 8/ 6 42265.87 216.3
77/ 1/21 43164.,39 213.1
77/ 1/31 43174.34 200.6
77/ 2/13 43187.30 215.9
77/ 2/28 43202.,20 208.9
77/ 4/13 43246.23 209.0
78/ 1/14 43522,67 215.8
78/ 1/24 43532.16 209.5
78/ 2/12 43551 .56 208.5
78/ 5/15 43643 .53 210.9
78/ 7/31 43720.16 206.2
78/ 9/ 3 43754.89 215.2
78/ 9/ 4 43755.70 211.9
78/10/28 43809.02 209.0
78/10/30 43811.20 208.2
78/11/ 4 43816.76 211.4
78/11/ 5 43817.90 210.7
78/11/ 6 43818.38 210.7
78/12/31 43873.23 208.5

43873.67 206.7
79/11/23 44200.70 210.9
44200.87 210.0
79/11/26 44203.13 209.1
44203.62 209.0
79/12/20 44227 .23 212.0
44227.71 207.7
79/12/21 44228.71 210.9
79/12/27 44234,79 207.4
79/12/29 44236 .66 210.7
80/ 1/12 44250.69 219.7
80/ 1/13 44251.,12 217 .4
80/ 1/25 44263.73 212.1
80/ 1/26 44264.09 206.6
80/ 1/27 44265.54 205.6
44265.69 204.1
B0/ 2/13,  44282.80 211.5
80/ 2714 44283.09 210.7
44283 .50 211.6
44283.92 215.9
80/ 2/23 44292.85 210.1
80/ 2/24 44293 .54 208.9

=HHMNNUBuUUVPOULUSEDWLS

e & 8 e o * @& s o
WNNHONAOANMNOOHOODOWOOUIULUMINDOWYWO

« o o o o o & o

e s o @ e e+ s .

.
N WNOWUOOFRWH;OOWNIOWOH®DEHE®WOMNMNI®

HFOHMEORMERENMWHEREHBDNOEHEFEFOLOOWNONOPSPNONNEHOREE
-
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Table 10 (contd)

Station Date Mean Julidn Zenith delay (cm)
date
DSS43 77/ 1/12 43155.59 226.5 ¢ 4.

77/ 1/21 43164.43 219.0
771 2/ 1 43175.44 227.8
77/ 2/13 43187.31 226.7

77/ 2/28  43202.19 226.2
78/ /14  43522,67 223.2 .
78/ 1/24  43532.16 229.1

78/ 2/12 43551.56 222.4
78/ 5/15 43643 .53 224.,0
78/ 9/ 3 43754.89 227.6
78/10/28 43809.02 227,2
78111/ 4 43816.76 220.4
78/12/31 43873.23 225.6

43873.67 224.6
79/11/23 44200.80 234.0
79/12/20 44227 .23 221.6

44227.56 221.0

44227.88 221.9
79/12/29 44236 .56 230.7

44236 .76 228.6
80/ 1/12 44250,.83 221.0
80/ 1/27 44265.62 223.5
80/ 2/14 44283.92 218.7
80/ 2/23 44292 .85 223.9

s o+ 2 6 & 5 8 & 3 8 e @

COOMNMMHMFHOQOHFOOOONNONEFHFNDDSNMS

~NumTN OO oW VW OOONRWOWOUNOOEODOSNWWUNNFWY

DSS62 71/ 8/29 41192.17 220.0 % 4.
71/ 9/ 2 41196,19 227.0 4.
71/ 9/ 7 41201.14 225,24,
71/ 9/11 41205.08 231.0 4,
73/ 4/30 41802.87 223.0 5.
73/ 9/ 8 41933.85 224,7 5.
74/ 2/16 42094.06 218.6 4.
74/ 4/21 42158.83 223.4 5.
74 6/21 42219.58 224.3 5.
74/ 8/ 6 42265.87 2306.1 5.

DSS63 771 1/31 43174.34 215.7 +

77/ 413 43246.23 215.7
78/ 7/31 43720.16 219.0
78/ 9/ & 43755.70 230.4
78/10/30 43811.20 217.3
78/11/ 5 43817.90 220.1
78/11/ 6 43818.38 221.1
79/11/26 44203.30 217.0
79/12/21 44228.64 211.0

44228.82 215.2
79/12/27 44234,79 219.7
80/ 1/26 44264.00 221.2
80/ 2/13 44282.80 216.9
80/ 2/14 44283.09 218.2

44283.50 219.8
80/ 2/24 44293 .54 222.6

L N i SRR ON T R
e e o ¢ 9 & s o o o o
PWEHEOANDDELRENENOOOONN

OVRO 78/ 2/25 43564.17 203.6 £ 1.7
43564.67 205.0 1.2

78/ 2/26 43565.03 196.6 3.1

43565.50 202.0 1.7

HAYST 78/ 2/25 43564.17 228.4 = 1.1
43564.67 227.3 0.7

78/ 2/26 43565.03 228.9 1.4

43565.50 228.7 0.9
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Table 11. Differential clock parameters* from 1971—1980 VLBI data

Station Date Epoch(ns) Rate(psec/sec) dR/dt(l/sec)
*10%*18
Dssll 77/ 2/13 7:49 ~-8604+ 43 0.462+1.30 vee
77/ 2/28 2:38 =~12740 19 -1.398 0.565 e
pss13 79/ 6/ 6 7:15 -249:0.3 -1.091+0,020 vee
79/ 7721 13:01 -219 0.1 -2,364 0.016 2,3+1.6
79/ 8/26 5:30 758 0.3 -1.126 0,013 ven
8:03 758 0.7 ~1,075 0.048 o
8:51 756 1.1 -1.283 0.098 cos
79/ 9/18 5:27 1620 0.2 -2.134 0,006 e
DSsl4 77/ 1/21 9:15 1371+ 3 0.249+¢0.280 ces
77/ 2/13 6:43 13 47 -0.613 1.65 eee
9:33 =41 43 -0.633 1.32 oo
DSS43 77/ 1/12 14:06 ~1479% 4 -3.295£0.240 cee
77/ 1/21 9:30 12170 2 -4.406 0,252 ee
12:49 12223 3 -4,596 0,257 ees
77/ 2/ 1 9:18 28444 4 ~2.160 0,198 vos
12:02 28555 3 -1.978 0.328 ves
77/ 2/13 2:43 29245 22 -2.200 0.656 P
6:46 29272 46 -3.207 1.49 s
9:46 29275 43 ~-2,888 1,31 “ee
77/ 2/28 3:18 29961 1 -2.334 0.019 eese
9:00 30047 1 -2,217 0,057 P
78/ 1/14 8:47 24356 1 1.333 0.048 vue
16:03 24324 0.8 1.319 0.020 ea
19:31 24326 1 1.219 0.019 ere
78/ 1/24 3:49 19393 1 7.014 0,014 ees
78/ 2/12 13:21 15482 0.6 -1.,054 0,008 -5.6+0.,5
78/ 5/15 9:16 10130 1 0.989 0.039 vee
12:16 10128 1 0.760 0.029 cee
16:22 10125 1 1.243 0.028 cea
78/ 9/ 3 21:20 4539 1 -3,297 0,018 vee
78/10/27 19:26 8786 0.6 e e
78/10/28 0:23 e 2.018 0,006 e
5:20 8786 0.6 cse o
78/11/ 4 18:11 10306 0.7 2.028 0,012 vee
78/12/31 8:28 16003 0.6 0.211 0.004 ven
22:29 16010 1 0,126 0,028 vee
79/11/23 16:43 38096 2 -0.467 0.048 e
19:50 38100 2 ~-0.285 0.147 ars
22:16 38138 1 ~0.318 0,057 e
79/12/20 13:22 36494 0.6 ~0.577 0.003 cen
79/12/29 13:31 35896 0.7 -~1.057 0.017 sas
18:08 35896 0.8 -1.061 0,019 ces
80/ 1/12 13:18 35904 0.7 0.305 0.009 ves
23:13 35905 0.6 0.357 0,006 e
80/ 1/27 14:54 36511 0.8 0.810 0.014 aen
80/ 2/14 20:03 33524 0.9 -0.151 0,018 ves
80/ 2/15 0:33 33525 0.8 ~0.131 0,015 ces
80/ 2/23 20:21 33349 0.6 -0.199 0.002 ses
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Table 11 (contd)

Station Date Epoch(ns) Rate(psec/sec) dR/dt(l/sec)
*10%%18
DSS62 71/ 8/29 4:11 vee -1.625:0.056 ces
71/ 9/ 2 4:29 ves -1.741 0.049 cee
71/ 9/ 7 3:16 ces -2.086 0.052 cee
71/ 9/10 22:46 aes -1.959 0.080 es
71/ 9/11 5:44 e -1.529 0.086 ces
73/ 4/30 17:52 ces -6.532 0,138 .o
22:03 eee -6.471 0.085 ees
73/ 9/ 8 20:25 e 6.622 0.138 ees
74/ 2/16 1:27 vee 7.711 0.082 coe
74/ 4721 19:52 vee 6.453 0.096 e
74/ 6/21 14:02 cee -12.113 0.143 vee
74/ 8/ 6 20:50 cee -0.951 0.176 oo
DSS63 77/ 1/31 6:34 -23453+ 3 4,869+0.143 eee
9:12 ~23440 4 5,561 0,388 .
10:52 -23562 7 4,420 1.58 eee
77/ 4/13 3:03 -41060 6 ~2.520 0.180 e
6:45 -41068 3 =2.752 0.248 3.1+6.3

78/ 7/31 0:34 -6499 2 -0.020 0.135 o
3:44 e 0.020 0.105 eve
5:10 ~6501 2 coe oo
6:46 ven 0.047 0.072 ees
78/ 9/ 4 13:36 vas -1.751 0,221 eee
16:54 -7667 4 eee eee
18:15 ves ~1.764 0,134 ees
78/10/30 2:06 -3799 2 0.115 0.035 ves
6:35 ~-3798 2 0.129 0.031 oo
78/11/ 5 22:28 ~-3665 1 0.384 0.013 vee
78/11/ 6 9:37 -3662 1 0.312 0.017 “es
79711715 22:44 7019 0.1 1.753 0.006 ces
79/11/25 21:46 8043 0.6 0.423 0.015 P
79/11/26  4:45 8050 0.6 0.354 0.014 eee
12:03 8051 0.8 0.315 0,013 v
17:01 8049 3.7 0.353 0.061 s
79/12/21 16:58 8745 1 0.418 0.012 aee
79/12/27 13:10 9302 0.9 0.545 0.007 sea
21:03 9302 0.8 0.58% 0,023 cus
79/12/28 2:15 9303 0.8 0.561 0,019 v
80/ 1/25 21:44 10275 0.9 0.595 0,011 ess
80/ 1/26 9:36 10256 18 0.988 0.391 ree
80/ 2/13 22:17 7649 0.5 ~0.098 0,009 eee
80/ 2714 10:01 7650 0.6 ~0.146 0.005 cen
80/ 2/24 13:00 7758 0.8 0.086 0.007 ves
OVRO 78/ 2/25 3:36 ~11424:0.3 ~0.109:0.006 oo
17:28 =11424 0.3 -0.180 0,004 eve
78/ 2/26 5:38 =-11428 0.7 ~0.092 0.010 ces
15:53 -11420 0.5 -0.188 0.005 .o

% All sessions are relative to the DSS14 clock except for the
OVRO/HAYST session (relative to HAYST) and the 77/1/21, 77/2/13
11/14/43 sessions (relative to DSS11l for some portions).
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Fig. 1. Source positions and their formal errors from a fit to 197180 VLBI data
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Fig. 2. Histogram of right ascension formal errors in the fit to
1971-80 data
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ARC LENGTH ERRCR, arcsec

Fig. 3. Histogram of declination formal errors in the fit to
1971-80 data
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Fig. 4. Source position differences: 1971—78 minus 1979-80 for 17 sources. The difference
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Fig. 5. Length of the California-Australia baseline as a function of time from a fit to

1977-80 VLBI data
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Fig. 6. Length of the Californla-Spain baseline as a function of time from a fit to
1977-80 VLBI data
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Fig. 7. Polar motion X-component resuits from 1977—1980 VLBI data
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