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ABSTRACT 

During the past decade, a series of observing sessions has been conducted by the Jet Propulsion Labora- 
tory with NASA’s Deep Space Network stations to develop a celestial radio reference frame based on 
the positions of compact extragalactic sources. Approximately 2400 observations were made between 
1971 August and 1980 February, with more than half of them at dual frequencies (2.3 and 8.4 GHz), to 
eliminate the effects of charged particles. The resulting catalog includes 117 sources, distributed fairly 
uniformly over the celestial sphere north of — 40° declination. Most of these sources have formal 
positional uncertainties between 1 and 5 milliarcsec. Based on combined uncertainties, our positions for 
44 sources were in fairly good agreement with the positions obtained from an independently measured 
radio source catalog. A similar comparison with a catalog of optical counterparts showed systematic 
differences in declination of about 0" 1. 

I. INTRODUCTION 

During the last few years, considerable progress (e.g., 
Thomas et al. 1976; Rogers et al. 1978, 1983; Ryan et al. 
1978; Niell et al. 1979; Herring et al. 1981) has been made 
toward realizing the potential of radio interferometry for 
navigating spacecraft, for measuring both global rotational 
and crustal motions of the Earth with accuracies at the centi- 
meter level, and for obtaining relative radio source positions 
at the milliarcsec level. Toward these goals, a series of ob- 
serving sessions, primarily with NASA’s Deep Space 
Network (DSN) has been conducted over the last decade to 
develop two generations of very long baseline interferometry 
(VLBI) systems. 

Between 1971 and 1980, 48 interferometry sessions were 
carried out with eight different antennas on three continents, 
to measure delay rates or delays and rates. The selection of 
sources was based mainly on external requirements to deve- 
lop two systems: a system to make rapid, routine measure- 
ments of Earth orientation, and a system to navigate space- 
craft relative to extragalactic sources. The former system 
requires a large number of sources widely distributed over 
the sky, while the latter requires a concentration of sources 
near the ecliptic. The catalog contains a total of approxi- 
mately 100 sources to meet both requirements. 

A single multiparameter fit has been applied to our dec- 
ade-long sequence of observations in order to estimate both 
astrometric and geophysical parameters. This paper focuses 
on the astrometric results of these experiments. The geo- 
physical results are reported by Sovers et al. (1984). A cata- 
log of 117 compact extragalactic sources has been obtained, 
with mean formal uncertainties in position of approximately 
0"005. A more complete description of the total effort may 
be found in Thomas et al. (1983). 

IL SUMMARY OF EXPERIMENTS 

In our early experiments, a prototype system (Thomas 
1972) was used to record a single, narrowband channel at S 
band (2.3 GHz). In the later experiments, a second-genera- 
tion system (Thomas 1981) recorded several time-multi- 
plexed channels (each 2 MHz wide) at both S band and X 
band (8.4 GHz), so that delay could be obtained by means of 
bandwidth synthesis (BWS), a technique originated by Rog- 

ers (1970). With this BWS system, delay can be measured 
with a precision (i.e., system noise error) of approximately 
100 ps, given a source strength of 0.5 Jy, an integration time 
of 3 min, two 64-m antennas with system temperatures of 35 
K, a spanned bandwidth of 40 MHz, and a 4 Mbs recording 
rate time multiplexed among eight frequency channels (four 
at S and four at X band). 

During the last ten years, 47 interferometry sessions have 
been carried out with six stations of NASA’s Deep Space 
Network in Spain, California, and Australia, and one session 
with the 37-m antenna at Haystack Observatory in Massa- 
chusetts and the 40-m antenna at Owens Valley Observatory 
in California. Most of the 47 sessions involved the ifitercon- 
tinental baselines between the DSN complexes in Spain, Ca- 
lifornia, and Australia. In all sessions, the sources were cho- 
sen to cover the full range of directions allowed under the 
constraint of mutual visibility to the two stations. Approxi- 
mately half of the sources (53 of 117) were observed on both 
intercontinental baselines. This strategy greatly reduced the 
strong correlations between parameters found in single- 
baseline California-Australia solutions. It also removed the 
near singularity in declination determination for sources at 
zero declination in single-baseline solutions with the nearly 
east-west baseline (Califomia-Spain). 

Altogether, there were 2120 delay and 2364 delay rate 
observables for 117 sources obtained during 23 S-band ses- 
sions (1111 observables), 5 X-band sessions (736 observa- 
bles), and 20 dual-band (S and X) sessions (2637 observables). 
Depending on the session, the station frequency standards 
were rubidium, cesium, or hydrogen masers. All but one (4C 
55.16) of the sources observed in S-band-only sessions were 
also observed in the later dual-band sessions. Because the 
single-band observations were less accurate and less numer- 
ous, the source positions presented in this paper are predo- 
minantly determined by the dual-band data. 

The primary sources of error in the data were as follows. 
In the S-band-only data, the uncorrected ionosphere was the 
dominant source of error, contributing an estimated uncer- 
tainty of approximately 0.2 to 0.5 ps/s to the delay rate ob- 
servables and an estimated uncertainty of approximately 0.3 
to 3.0 ns to the delay observables. The delay errors for the X- 
band data were a combination of system noise (0.1 to 0.7 ns), 
oscillator noise (0.03 to 0.5 ns), instrumental phase error (0.1 
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to 0.3 ns), and ionosphere error (1/13 of the above S-band 
error). Changes in effective position due to source structure 
are expected to be negligible relative to these other errors, 
contributing delay errors of the order of 0.1 ns or less (Thom- 
as 1980). For the S-X data, the errors were essentially the 
same as the X-band errors, except that the ionosphere error 
was reduced to a negligible level. 

For each source, Table I gives the number of sessions in 
which that source was observed, the average epoch of these 
observations, and the number of delay and delay rate obser- 
vables. Over the nine-year period, most sources were ob- 
served many times to provide adequate redundancy for re- 
peatability tests and to enhance data reliability. Average 
observation epochs (calculated by weighting all observables 
equally) range from 1976.36 for NRAO 190 to 1980.15 for 
GC 1128 + 38. 

III. DELAY MODEL AND FITTING TECHNIQUE 

This section briefly summarizes the models used for the 
components of the observed delay (and by inference, delay 
rate) and outlines the multiparameter fitting technique. 
More detail on all aspects of the model and fitting technique 
can be found in Fanselow (1983), Sovers et al. (1984), and 
Thomas et al. (1983). 

The geometric delay was evaluated in solar system bary- 
centric (SSB) coordinates to facilitate both refinements in the 
model and future extension to sources moving within the 
solar system. Our present rotational model for the Earth 
obtains,the Earth’s ephemeris pole direction from the IAU 
1976 precession expressions (Lieske et al. 1977) and the IAU 
1980 expressions for nutation (Seidelmann 1982; Wahr 
1981). Further, astronomical constants, time scales, and the 
fundamental reference frame are in accord with the IAU 
resolutions to be implemented in 1984 (Seidelmann 1982; 
Aoki et al. 1982), as summarized by Kaplan (1981). 

To establish the origin of right ascension, we have adopted 
for the right ascension of 3C 273B a value (12h29m06?6997) 
currently used by other VLBI observing groups. We view 
this approach as a temporary convenience until it is possible 
to align our reference frame of radio sources with the celes- 
tial reference frame defined by the JPL planetary ephemeris. 
To obtain that alignment, the Astronomical Measurements 
Group at JPL is currently analyzing data from a number of 
radio interferometry experiments designed to measure the 
position of a spacecraft in orbit about a planet relative to 
nearby compact extragalactic radio sources (Newhall et al. 
1984). 

The tropospheric delay was based on a model developed 
by Chao (1974). In this model, the zenith delays were adjust- 
ed in the fit, but were constrained by treating Chao’s month- 
ly mean values as independent measurements with 3% accu- 
racy. For single-band data, the ionospheric delays were 
approximately removed by means of a correction based on a 
mean-ionosphere model derived from Faraday rotation data 
measured by Klobuchar and Malik (1972). Dual-band (S-X) 
calibration of plasma effects was possible in most of the later 
experiments. 

To model clock offsets and instabilities, a number of clock 
parameters were employed. In addition to clock effects, 
these parameters also absorbed uncalibrated instrumental 
effects. Quadratic clock models were required for three ses- 
sions, while piecewise linear fits were required in 23 of the 48 
sessions. Typical time spans for these piecewise fits ranged 
between 3 and 12 hr. 

A multiparameter weighted-least-squares program was 
used to fit simultaneously all of the delay and delay rate data 
and obtain estimates of the geophysical and astrometric pa- 
rameters. The parameters available for adjustment included 
clock offsets and rates, polar motion, universal time, tropo- 
spheric delays, station locations, source positions, solid- 
Earth tides, the gamma factor of general relativity, and the 
precession constant. Formal uncertainties in the fitted pa- 
rameters were obtained by covariance analysis after adjust- 
ing observable weights so that the normalized chi square for 
the fit residuals would equal unity. To generate the source 
positions reported in this paper, we applied a “standard” fit 
to the data in which (a) all parameters listed above, except for 
the precession constant, were estimated, and (b) a single 
Earth-fixed vector for each baseline was estimated for all 
sessions. 

IV. RESULTS 

In this section, we present the results for source positions 
as produced by the standard fit to the data, and the preces- 
sion constant as obtained from a slight variant of that stan- 
dard fit. Results for the other estimated parameters, as well 
as special fits to test data quality, are reported by Sovers et al. 
(1984) and Thomas et al. (1983). Our results for the geophysi- 
cal, Earth-tide, and relativity parameters not presented in 
this paper were in agreement with other measurements of 
similar or better accuracy. In the standard fit, the rms re- 
siduals for all the data were 0.52 ns for delay and 0.30 ps/s 
for delay rate. The rms delay residuals for the dual-band data 
ranged between 0.19 and 0.76 ns for the various sessions, and 
between 0.52 and 1.08 ns for the single-band data. 

a) Source Positions 

The standard fit to our 1971-1980 data produced posi- 
tions for the 117 sources presented in Table I. For complete- 
ness, the table lists all sources solved for in the standard fit, 
irrespective of magnitude of errors. The listed errors are \a 
formal uncertainties obtained from the parameter covar- 
iance matrix of the standard fit and thus may not properly 
account for systematic errors (for example, mismodeling of 
precession and nutation). The coefficient of correlation 
between the errors in right ascension and declination for 
each source is given in the last column. 

Seven of the sources (3C 48, 3C 119, 3C 138, 3C 309.1, 3C 
395, 3C 418, and DA 611) were observed only on short base- 
lines, and thus have formal position errors exceeding 0"1. 
One source (4C 55.16) was observed only once on an inter- 
continental baseline, and its position must therefore be re- 
garded as provisional. Five other sources for which there are 
fewer than five delay observations may also lack adequate 
observational redundancy. One of these (P1130 + 009) is a 
zero-declination source observed only on the Califomia- 
Spain baseline, which accounts for the large uncertainty in 
its declination. 

The source positions presented in Table I, and denoted as 
JPL 1983-3, supersede all previous reports by JPL for the 
positions of these extragalactic radio sources. These new po- 
sitions are substantially more accurate since they are based 
both on more data and on the most recent IAU-recommend- 
ed models and astronomical constants. 

The statistics of the JPL 1983-3 source catalog are more 
clearly displayed in Figs. 1-3. Figure 1 presents the source 
distribution in right ascension and declination, with error 
bars indicating formal uncertainties. Note the different 
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RIGHT ASCENSION, hr 

Fig. 1. Source positions and their formal er- 
rors obtained by the standard fit to 1971-1980 
VLBI data. 

ARC LENGTH ERROR, mas 

Fig. 2. Histogram of right ascension formal 
errors obtained by the standard fit to 1971- 
1980 data. 
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Fig. 3. Histogram of declination formal errors 
obtained by the standard fit to 1971-1980 
data. 

scales for position and uncertainty. In Figs. 2 and 3, histo- 
grams of the arc length errors for right ascension and decli- 
nation indicate that the mean position error (1er) is approxi- 
mately 5 mas for each coordinate. Ten right ascension and 11 
declination measurement errors exceed 20 mas and are not 
shown on these plots. 

An additional model adjustment was performed to deter- 
mine the repeatability of source positions over a long period 
of time and to test the validity of the formal error estimates. 
The data were divided into two segments: observations made 
before 1979 January, and observations made thereafter. The 
average measurement times in these two segments were ap- 
proximately 1977.5 and 1979.9. All 17 sources with more 
than ten delay and ten delay rate observations in each seg- 
ment were assigned independent position parameters in the 
two segments. A fit was then performed in which all other 
parameters were solved for as in the standard fit. In Table II, 
columns 4 and 5 show the right ascension (a) and declination 
(<$ ) differences, Act and AS, for the two position estimates of 
these 17 sources. Columns 6 and 7 give the formal errors of 
the differences (aAa, crAS ), while the last two columns give 
the differences normalized by these formal errors. No syste- 
matic trends in the position differences are evident outside of 
formal errors. A chi square analysis indicates that the scatter 
of the differences is somewhat smaller than the formal un- 
certainties would predict. In all, the positions produced by 
the two segments of data appear to be in good agreement at 
the level of the formal uncertainties. 

Our formal errors for the effective proper motion of these 
17 sources range between 0.8 and 7.2 mas/yr, with a typical 
value of 2.5 mas/yr. Comparison of our measured position 
differences with the formal uncertainties indicates that no 
proper motion was evident, as expected, at our level of sensi- 
tivity. 

b) Catalog Comparisons 

In an effort to uncover possible systematic mismodeling 
and to test further the formal source position uncertainties, 

we compared our source positions with two recent catalogs: 
the radio catalog of Ma et al. (1981, 1984) and the optical 
catalog of de Vegt and Gehlich (1982). With regard to the 
comparison of the two radio catalogs, the antennas, baseline 
lengths and orientations, data acquisition hardware, and the 
data reduction software of the two VLBI systems are com- 
pletely independent. Thus, the only errors we should have in 
common are those that are technique specific and those aris- 
ing from deficiencies in the generally accepted models of 
Earth motion. 

The JPL 1983-3 catalog has 44 sources in common with 
the preliminary radio catalog of Ma et al. (denoted 
GSFC — 821007). That catalog from the Goddard Space 
Flight Center is based on some 24 000 pairs of delay and 
delay rate observations between antennas in the U. S. A. and 
Europe from 1979 August to 1982 June. For 
GSFC — 821007, we followed the recommendation of Ma 
(private communication) and assigned “realistic” errors 
equal to twice the formal uncertainties. On the average, the 
formal 2cr uncertainties of GSFC — 821007 are considerably 
smaller than the formal la uncertainties of JPL 1983-3 for 
right ascension, and comparable for declination (except for 
the larger GSFC declination errors near zero declination). 

The differences in the right ascensions measured by the 
two groups have been corrected by an average offset 
0?00013 ± 0?00010 computed by a weighted average of the 
initial right ascension differences. This correction accounts 
for errors that might corrupt the alignment provided by the 
common specification of the right ascension of 3C 273. For 
example, the intrinsic accuracy of the 3C 273 data is about 1 
mas for the JPL catalog and a few tenths of a milliarcsecond 
for the GSFC catalog. Further, source structure effects can 
cause misalignment due to variations in the effective position 
of the reference source with change in fringe pattern (i.e., for 
different baselines) and due to changes in brightness distri- 
bution with time. Calculations based on 3C 273 brightness 
distribution measurements at 10.65 GHz by Pearson et al. 
(1981) indicate that errors due to these two structure effects 
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Table IL Source position repeatability results. 

Source Average epoch 

Part 1 Part 2 

Difference 
(mas) 

Aa A6 

Errors 
(mas) 

Aa Aô 

Diff/error 

Aa/a A6/o Aa Ao 

P 0104-408 
P 0106+01 
DA 55 
DW 0224+67 
NRAO 140 
DW 0742+10 
4C 39.25 
P 1127-14 
P 1144-379 
OR 103 
NRAO 512 
3C 345 
NRAO 530 
3C 371 
P 2145+06 
VRO 42.22.01 
OY-172.6 

78.74 
77.24 
77.74 
76.34 
75.86 
77.73 
77.85 
77.98 
78.12 
77.95 
77.83 
76.06 
78.31 
77.09 
76.62 
76.82 
78.64 

80.06 
79.93 
79.92 
79.84 
79.94 
80.00 
80.02 
80.01 
80.00 
80.00 
80.04 
80.01 
79.95 
79.98 
80.03 
79.92 
80.02 

-1.7 
1.6 
3.2 
0.5 

-1.9 
5.3 
2.2 
1.7 
0.1 
1.8 

-4.2 
-1.5 
-1.8 
-6.5 
-0.9 
-0.6 
3.5 

2.3 
-0.3 
3.7 

-1.3 
3.9 

-6.6 
0.3 
0.4 

-0.3 
1.5 
2.7 
0.7 

12.0 
2.2 
2.4 
3.8 

-4.0 

3.9 
4.6 
3.5 
3.4 
4.1 
3.6 
2.1 
4.4 
3.4 
7.2 
4.9 
2.8 
6.9 
4.7 
4.6 
3.0 
4.7 

3.0 
4.6 
3.8 
4.0 
3.5 
3.8 
2.1 
4.3 
2.9 
7.3 
4.9 
3.4 
6.9 
4.0 
4.8 
2.8 
4.8 

-0.43 
0.36 
0.92 
0.15 

-0.47 
1.47 
1.06 
0.39 
0.03 
0.25 

-0.86 
-0.53 
-0.26 
-1.37 
-0.20 
-0.20 
0.75 

0.77 
-0.07 
1.31 

-0.32 
1.12 

-1.76 
0.14 
0.09 

-0.10 
0.21 
0.55 
0.21 
1.73 
0.55 
0.51 
1.38 

-0.83 

RMS = 2.8 3.8 X/N = 0.50 0.79 

+ Difference : 1971-78 position minus 1979-80 position. 

are of the order of 1 mas or less. The alignment correction 
noted above is consistent with these error estimates. 

Figure 4 shows histograms of both the absolute and the 
error-normalized differences in positions measured by the 
two groups. All four histograms in Fig. 4 are reasonably 
close to Gaussian shapes, with rms differences of 3.5 mas 
(RA) and 7.1 mas (Dec) for the “absolute” histograms and 
with values of 1.1 and 1.5 for the normalized chi square for 
right ascension and declination, respectively. To reduce the 
normalized chi square to 1.0, our formal uncertainties for 
right ascension and declination would have to be increased 
by factors of 1.1 and 1.3, respectively. 

A graphic representation of the source position differ- 
ences betwen the two radio catalogs is given in Fig. 5. For 
each of the 44 common sources, a closed circle is plotted at 
the source position, and a vector is drawn with components 
equal to the error-normalized differences in right ascension 
and declination, in the sense GSFC — 821007 minus JPL 
1983-3. Note the different scale for the vector differences. As 
indicated above, the right ascension differences have been 
corrected for an average offset. 

Among the coordinates that differ by more than 0701 
between JPL and GSFC are both the right ascension and the 
declination of PI741 —038, and the declinations of 
P1055 + 01, GC 1342 + 663, P1510-08 and DW 
1656 + 05. The only serious disagreement is for 
PI741 — 038, for which the normalized differences are 2.8<r 
and 2.5<t for right ascension and declination, respectively. 

The error vectors in Fig. 5 indicate that systematic errors 
of the order of the RSS formal uncertainties ( — 5 mas) were 
marginally evident, particularly for right ascension. A fit to 
the differences with functions of the form Aa= Asina 

tan Ô + B and AS = A cos a indicated that the systematic 
differences can not be explained solely by an error in the 
precession constant. The cause of these apparent systematic 
differences is currently not known. 

To compare with the epoch 1950.0 optical catalog of de 
Vegt and Gehlich (1982), we chose to transform JPL 1983-3 
back to the 1950.0 frame using the reverse of the prescrip- 
tions of Kaplan (1981) for transforming radio catalogs. The 
resulting position differences for the 14 sources common to 
the two catalogs are plotted in Figs. 6 and 7, along with RSS 
errors. In both coordinates, the differences exceed the for- 
mal uncertainties. The rms angular right ascension differ- 
ence is 0?09 (after removal of a right ascension time offset of 
0?06) while the rms declination difference is 0"13. The syste- 
matic variation of the declination differences with right as- 
cension can be approximated by a sinusoid of the form 
AS = — O''13 cos a. Since such a signature could be caused 
by a precession error, we attempted to fit simultaneously the 
differences for both coordinates with the functions men- 
tioned above in the radio catalog comparison. The fit indi- 
cated that a precession error alone could not explain the 
signatures in both coordinates. At this time, the differences 
between these two catalogs remain unexplained. Systematic 
variations in declination differences were also present in a 
comparison of one of our older radio catalogs (JPL 1980-2) 
with these same optical positions. Unlike the present posi- 
tions, JPL 1980-2 was based on older precession and nuta- 
tion expressions and reference frame. 

cj Nutation and Precession 

The long time span of these data also provided an opportu- 
nity to solve for the precession constant. When we modified 
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Fig. 4. Histograms of source position dil 

DECLINATION 

ARC LENGTH DIFFERENCE, mas 

NORMALIZED DIFFERENCE, sigma 

i: GSFC-821007 minus JPL 1983-3. 

our standard fit to solve also for a residual precession rate of 
the Earth, we obtained a value for the luni-solar precession 
constant that was smaller than the 1976 I AU value by 3.8 
mas/yr, with a formal uncertainty of 0.9 mas/yr. Our esti- 
mate of the precession constant is potentially sensitive to 
possible systematic errors caused by the ionosphere in the S- 
band data collected during the first 6.5 years of our 8.5-yr 
data span. Since our formal uncertainty does not account 
properly for this influence, we estimate that a more realistic 
value of our precession error is 2 mas/yr. When this error is 
root-sum squared with the estimated error of 1.5 mas/yr 
(Fricke 1981 ) in the I AU value, fair agreement ( 1.5(j) is found 
between the two measurements. As a check on the influence 
of the ionosphere, we also obtained a solution for the preces- 
sion constant based on our S-X data alone. The result was 
smaller than the I AU value by 4.0 mas/yr with a formal 
uncertainty of 1.5 mas/yr, in agreement with the result from 
all of our data. Since our data span a time interval small 
compared to the 18.6-yr nutation period, there is a high de- 
gree of correlation between the effect of an error in our esti- 
mate of the precession constant and the effect of an error in 

the 18.6-yr nutation term. Thus, our present data can not 
indicate whether the difference applies to the precession 
model or to the nutation model. 

Whether this difference persists as we add new data, and 
whether it applies primarily to precession or nutation model- 
ing, should become evident as the span of data approaches a 
significant fraction of the 18.6-yr period. Estimates of the 
nutation and precession constants by the JPL group analyz- 
ing lunar laser ranging data (Dickey et al. 1984) have yielded 
values of +7 + 5 mas for the correction to the amplitude of 
the 18.6-yr nutation term, and —1 + 3 mas/yr for the cor- 
rection to the precession rate. 

V. CONCLUSIONS 

The decade long span of intercontinental VLBI data has 
yielded a radio source catalog, JPL 1983-3, which consists of 
117 extragalactic sources whose relative positions have been 
measured with an average formal uncertainty of 5 mas. For 
44 common sources, our source positions are in fair agree- 
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r" oo O'! 
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RIGHT ASCENSION, hr 

Fig. 5. Source position difference vec- 
tors for the GSFC-821007 minus JPL 
1983-3 catalogs. The difference for 
each coordinate of each source is nor- 
malized by the corresponding RSS er- 
ror estimate for that coordinate differ- 
ence. 

Fig. 6. Right ascension differences (de 
Vegt and Gehlich minus JPL 1983-3) 
versus right ascension. 
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Fig. 7. Declination differences (de 
Vegt and Gehlich minus JPL 1983-3) 
versus right ascension. 

ment with the positions determined by Ma (1981, 1984). In 
contrast, comparison with a catalog of optical counterparts 
shows systematic discrepancies of the order of 0"1. A fit to 
our current data produced an estimate for the luni-solar 
precession constant that is smaller than the I AU value by 3.8 
mas/yr, with an estimated accuracy of 2 mas/yr. When our 
error is root-sum squared with the estimated error of 1.5 
mas/yr in the IAU value, one finds that there is fair agree- 
ment between the two values. The difference is large enough, 
however, to provide strong motivation to improve the accu- 
racy of our result through more measurements. 

J. G. Williams and P. F. MacDoran made pioneering con- 
tributions to the radio interferometry program at JPL. We 
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J. G. Williams, and C. Ma during the preparation of this 
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tional Aeronautics and Space Administration. 

REFERENCES 
Aoki, S., Guinot, B., Kaplan, G. H., Kinoshita, H., McCarthy, D. D., and 

Seidelmann, P. K. (1982). Astron. Astrophys. 105, 359-361. 
Chao, C. C. (1974). JPL Tech. Rep. 32-1587, pp. 61-76, Jet Propulsion 

Laboratory, Pasadena, California. 
de Vegt, C, and Gehlich, U. K. (1982). Astron. Astrophys. 113, 213. 
Dickey, J. O., Williams, J. G., Newhall, X. X., and Yoder, C. F. (1984). 

Proceedings of the IAG Symposia a-f 1983, edited by 1.1, Mueller (Ohio 
State University, Columbus, Ohio), pp. 509-521. 

Fanselow, J. L. (1983). JPL Publ. 83-39, Jet Propulsion Laboratory, Pasade- 
na, California. 

Fricke, W. (1981). Reference Coordinate Systems for Earth Dynamics, edit- 
ed by E. M. Gaposchkin and B. Kolaczek (Reidel, Dordrecht), pp. 331- 
340. 

Herring, T. A., Corey, B. E., Counselman III, C. C, Shapiro, I. I., Rön- 
näng, B. O., Rydbeck, O. E. H., Clark, T. A., Coates, R. J., Ma, C., Ryan, 
J. W., Vandenberg, N. R., Hinteregger, H. F., Knight, C. A., Rogers, A. 
E. E., Whitney, A. R., Robertson, D. S., and Schupler, B. R. (1981). J. 
Geophys. Res. 86, 1647. 

Kaplan, G. H. (1981). USNO Circular No. 163, United States Naval Obser- 
vatory, Washington, D. C. 

Klobuchar, J. A., and Malik, C. A. (1972). Geophysics and Space Data Bulle- 
tin, Vol 9, No. 2, pp. 311-318, edited by A. L. Carrigan, AFCRL-72- 
0502, Special Report No. 145, Air Force Cambridge Research Laborato- 
ries, L. G. Hanscom Field, Massachusetts. 

Lieske, J. H., Lederle, T., Fricke, W., and Morando, B. (1977). Astron. 
Astrophys. 58, 1. 

Ma, C., Clark, T. A., and Shaffer, D. B. (1981). Bull. Am. Astron. Soc. 13, 
899. 

Ma, C. (1984). In preparation. 
Newhall, X. X., Preston, R. A., Shapiro, I. L, and Rattner, M. A. (1984). In 

préparation. 
Niell, A. E., Ong, K. M., MacDoran, P. F., Resch, G. M., Morabito, D. D., 

Claflin, E. S., and Dracup, J. F. (1979). Tectonophysics 52, 49. 
Pearson, T. J., Unwin, S. C., Cohen, M. H., Linfield, R. P., Readhead, A. C. 

S., Seielstad, G. A., Simon, R. S., and Walker, R. C. (1981). Nature 290,1. 
Rogers, A. E. E. (1970). Radio Sei. 5, 1239. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
84

A
J 

 8
9.

 .
98

7F
 

998 FANSELOW ETAL. : VLBI RADIO SOURCE POSITIONS 998 

Rogers, A. E. E., Knight, C. A., Hinteregger, H. F., Whitney, A. R., Coun- 
selman III, C. C., Shapiro, I. L, Gourevitch, S. A., and Clark, T. A. 
(1978). J. Geophys. Res. 83, 325. 

Rogers, A. E. E., Cappallo, R. J., Hinteregger, H. F., Levine, J. I., Nesman, 
E. F., Webber, J. C., Whitney, A. R., Clark, T. A., Ma, C., Corey, B. E., 
Counselman, C. C., Herring, T. A., Shapiro, 1.1., Knight, C. A., Shaffer, 
D. B., Vandenberg, N. R., Laçasse, R., Mauzy, R., Rayhrer, B., Schupler, 
B. R., and Pigg, J. C. (1983). Science 219, 51. 

Ryan, J. W., Clark, T. A., Coates, R., Corey, B. E., Cotton, W. D., Counsel- 
man III, C. C., Hinteregger, H. F., Knight, C. A., Ma, C., Robertson, D. 
S., Rogers, A. E. E., Shapiro, I. L, Whitney, A. R., and Wittels, J. J. 
(1978). J. Surveying and Mapping Div., Proc. ASCE, Vol. 104, No. SU1, 
p. 25. 

Seidelmann, P. K. (1982). Celestial Mech. 27, 79. 
Sovers, O. J., Thomas, J. B., Fanselow, J. L., Cohen, E. J., Purcell, Jr., G. 

H., Rogstad, D. H., Skjerve, L. J., and Spitzmesser, D. J. (1984). Submit- 
ted to J. Geophys. Res. 

Thomas, J. B. (1972). JPL Tech. Rep. 32-1526, Vol. VII, 37-50; Vol. VIII, 
29-38; Vol. XVI, 47-64, Jet Propulsion Laboratory, Pasadena, California. 

Thomas, J. B., Fanselow, J. L., MacDoran, P. F., Skjerve, L. J., Spitz- 
messer, D. J., and Fliegel, H. F. (1976). J. Geophys. Res. 81, 995. 

Thomas, J. B. (1980). JPL Publ. 80-84, Jet Propulsion Laboratory, Pasade- 
na, California. 

Thomas, J. B. (1981). JPL Publ. 81-49, Jet Propulsion Laboratory, Pasade- 
na, California. 

Thomas, J. B., Sovers, O. J., Fanselow, J. L., Cohen, E. J., Purcell, Jr., G. 
H., Rogstad, D. H., Skjerve, L. J., and Spitzmesser, D. J. (1983). JPL 
TDA Rep. 42-73, 128-155, Jet Propulsion Laboratory, Pasadena, Cali- 
fornia. 

Wahr, J. M. (1981). Geophys. J. R. Astron. Soc. 64, 705. 

© American Astronomical Society Provided by the NASA Astrophysics Data System 


	Record in ADS

