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ABSTRACT 

An astrometric radio reference frame has been determined from intercontinental dual-frequency radio 
interferometric measurements. These measurements were carried out on a regular basis during 1978- 
1985 between NASA’s Deep Space Network stations in California, Spain, and Australia. Analysis of 
6800 pairs of delay and delay-rate observations made during 51 sessions produced estimates of 1300 
parameters. The most significant of these are geophysical quantities and positions of extragalactic 
sources. The source catalog resulting from this analysis includes 106 sources fairly uniformly distribut- 
ed over the celestial sphere, north of — 45° declination. Almost all of the resulting source positions have 
formal uncertainties between 0.5 and 3 milliarcseconds (mas), with rms values of 2 mas in both angular 
coordinates. Internal consistency checks, as well as comparisons with independently determined source 
catalogs of comparable quality, indicate that relative source coordinates determined by VLBI contain 
systematic errors at the level of 1 to 2 mas. 

I. introduction 

This paper focuses on the astrometric results of very long 
baseline interferometry (VLBI) measurements on two in- 
tercontinental baselines (Goldstone, California, to Madrid, 
Spain, and to Tidbinbilla, Australia). A single multipara- 
meter fit is made to a 7 yr span of data to estimate geophysi- 
cal and astrometric parameters. Measurements of the orien- 
tation of the Earth’s spin axis in inertial space (nutation and 
precession) are substantially improved in comparison to the 
data set yielding the previously published Jet Propulsion 
Laboratory (JPL) source catalog (Fanselow et al 1984). 
There have been substantial improvements in both the quali- 
ty and quantity of source coordinates in the catalog of extra- 
galactic radio sources, which serves as a reference frame for 
interplanetary navigation. Typical formal uncertainties are 
reduced to the level of approximately 1 milliarcsecond 
(mas). Geophysical results of analysis of these data will be 
reported elsewhere by Sovers et al ( 1988a,b). 

Since publication of a paper describing intercontinental 
radio interferometry with Deep Space Network (DSN) an- 
tennas from 1971 to 1980 (Fanselow et al 1984), the data- 
base has increased and modeling improved. By the end of 
1985, the volume of data available for analysis and interpre- 
tation of geodetic and astrometric parameters had nearly 
tripled. This was accomplished despite the reduced avail- 
ability of the DSN stations for VLBI reference-frame devel- 
opment during the 1980s due to demands for tracking the 
Voyager spacecraft and other interplanetary probes. The 
present database includes only dual-frequency measure- 
ments, and only observing sessions that employed hydrogen- 
maser frequency standards at all participating stations. For 
these reasons, the number of observations in the overlapping 
timespan (1978-1980) is approximately 20% smaller here 
than in the data used to produce the JPL 1983-3 catalog 
described in the paper by Fanselow et al. ( 1984). 

Similar VLBI measurements by the National Aeronautics 
and Space Administration (NASA) Crustal Dynamics Pro- 
ject (CDP) have recently been expanded to global scope 
(Ryan and Ma 1985), and the International Radio Interfer- 
ometric Surveying (IRIS) project of the National Geodetic 
Survey (NGS) has been reporting Earth orientation param- 
eters with submilliarcsecond formal uncertainties at 5 day 
intervals since the beginning of 1984 (Robertson et al. 

1986). All of these data sets appear to be very close to fulfill- 
ing the long-promised potential of VLBI for milliarcsecond 
accuracy in determining positional angles. Concomitant ad- 
vances in modeling have been made in refining existing tro- 
pospheric and Earth models and in identifying new effects 
that are significant at the centimeter level. The most signifi- 
cant model change since our 1984 paper is the use of the 
Lanyi ( 1984) instead of the Chao ( 1974) tropospheric map- 
ping function. While a number of physical effects contribut- 
ing centimeter-size motions of the Earth’s crust are also now 
routinely incorporated in modeling, the state of understand- 
ing systematic errors in both modeling and instrumentation 
has probably not yet reached this level. 

II. EXPERIMENTAL technique 

A total of 51 observing sessions were carried out during 
1978-1985, mostly of 24 hr duration. Some sessions in 1984 
and 1985 involved three stations; thus the total number of 
baseline days was 61. Of these, 13 involved two stations with- 
in 20 km of each other at the Goldstone DSN complex in 
California. This leaves 48 intercontinental baseline days, di- 
vided between California-Spain (CS) and California-Aus- 
tralia ( CA ) as 24 CS ( 470 hr ) and 24 CA ( 415 hr ). There is 
thus a slight deficit of observing time on the longer CA base- 
line, which has the only substantial north-south component 
of the two. With the exception of one CS session, 64 m anten- 
nas were always employed in Spain and Australia; approxi- 
mately half of the Goldstone measurements were made with 
the 64 m antenna, while the rest used either the 26 m or 34 m 
station. 

Throughout the series of measurements described here, 
Mark II data-acquisition systems were employed. We used 
the bandwidth synthesis technique (Rogers 1970) with 
channels of 2 MHz bandwidth, spanning about 40 MHz in a 
given radio-frequency band. Simultaneous measurements 
were made at approximately 2.3 and 8.4 GHz (S and X 
band ) to permit calibration of ionospheric delays. A some- 
what more detailed description of experimental details was 
provided by Sovers et al. (1984). 

The observational strategy continued to be essentially the 
same as that in our earlier work. Nearly concurrent pairs of 
sessions were scheduled on the CS and CA baselines. At- 
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tempts were made to observe each source a number of times 
in a given session to cover the full range of mutual visibility, 
and when possible, each source was observed on both base- 
lines. As new sources were included in the observing require- 
ments, the observing schedules were modified. Many differ- 
ent schedules on each intercontinental baseline were used to 
obtain the data described in this paper. Most observing ses- 
sions included observations of 3C 273, the source used as the 
reference for right ascension. 

III. DELAY MODEL AND FITTING ALGORITHM 

With certain exceptions noted below, the theoretical mod- 
el of delays and delay rates conforms to the description given 
in the paper reporting on the 1971-1980 DSN data. Details 
may be found in the description of the JPL VLBI software by 
So vers and Fanselow ( 1987). In summary, the calculations 
are performed in solar system barycentric coordinates de- 
fined in terms of the mean equator of J2000.0. Astronomical 
constants conform to the 1984 I AU resolutions (Kaplan 
1981 ), and we employ the Project MERIT standards (Mel- 
bourne et a/. 1983 ) for Earth modeling, with the exception of 
ocean loading. The right-handed Earth-fixed coordinate sys- 
tem has its z axis along the 1903.0 mean spin axis, and the x 
axis in the Greenwich meridian. Despite the fact that our 
intrinsic data accuracy has not yet reached 1 cm, a number of 
centimeter-level contributions to the observables are now 
routinely included in the analysis. These include the pole 
tide (Wahr 1985) and ocean loading (Pagiatakis 1982). 
Plate-tectonic motion is not modeled; indeed, one of the pri- 
mary motivations for our measurements is detection and 
quantitative estimation of the time dependence of the DSN 
station coordinates. For such studies, the uniformly 
smoothed Earth orientation series of Morabito et al. ( 1987) 
is adopted. These data are based on a combination of results 
of IRIS VLBI (Robertson et al 1985), lunar laser ranging 
(Dickey et al. 1985 ), and Lageos satellite ranging (Tapley et 
al. 1985). Since a new station location is estimated for each 
observing session, the choice of UT1 and polar motion has 
no effect on the source position results. Tropospheric zenith 
delays are mapped to the desired elevations with the map- 
ping function of Lanyi (1984). This function incorporates 
surface-temperature measurements, which are available for 
approximately half of the observing sessions, equivalent to 
approximately two-thirds of the observations. The three oth- 
er parameters of the linearly modeled temperature profile 
required by this mapping function are fixed at their nominal 
values, and monthly average temperatures are used for the 
sessions with no temperature measurements. 

A multiparameter least-squares fit with diagonal weight- 
ing (the “standard fit”) was performed which simulta- 
neously fit all of the delay and delay-rate data to determine 
approximately 1300 parameters. Weighting of each observ- 
able was in inverse proportion to the sum of squares of its 
experimental error and a session-specific adjustable error, 
which accounts for unmodeled or underestimated errors. 
These external adjustable error contributions were adjusted 
in order to make j2 per degree of freedom (xl ) close to 1 for 
each session. Such added delay error contributions were 100 
ps for the majority of observing sessions, but ranged up to 
several hundred ps for some of the early data, as well as for a 
few of the poorer later sessions, and averaged 0.18 ns for 
delays and 0.13 ps/s for delay rates. No account was taken of 
correlation between observations on baselines involving the 
same station during three-station experiments (which com- 

prise approximately one-quarter of the total observations). 
While it is expected that these correlations do not dominate 
the data analysis, their effects may be manifested in the for- 
mal parameter covariances. We have started to investigate 
this possibility, as well as introduction of colored noise mod- 
els. Preliminary single-session fits suggest that correlations 
affect parameter estimates at a level well below the formal 
uncertainties. 

Of the 6802 delay and delay-rate pairs, 1293 were also 
included in the earlier fit to 1971-1980 data which generated 
the JPL 1983-3 catalog (Fanselow et al. 1984). Our new 
catalog is therefore not totally independent of the results 
presented there. The fit included session-specific parameters 
describing clock epochs and rates (an average of 4 hr of 
observations per clock section), a troposphere zenith delay 
at each station every 3 hr, and a set of station coordinates for 
each observing session. The only “global” parameters com- 
mon to all sessions were the right ascension and declination 
of each source, with the exception of the R. A. of 3C 273. 

Specifications of the Earth-fixed coordinate frame and of 
the origin of right ascension were performed as follows. Ab- 
solute geocentric coordinates of the Goldstone station DSS 
13 were adopted from the DSN station location set LS 111A 
of Moyer (1971). These are considered to have potential 
errors ranging from 1 m in the radius off the spin axis to —10 
m in z height. As in the case of UT1 and polar motion, the 
choice of a priori reference station coordinates has no 
effect on source positions in the standard fit. The value 
12h29m6?6997 at J2000.0 was adopted for the right ascension 
of the reference source 3C 273. It is obtained by transform- 
ing the occultation measurements of Hazard et al. (1971) to 
the J2000 frame, and its use has been customary in recent 
VLBI work. Observations of 3C 273 reveal changing struc- 
ture on the 5 mas level (Unwin et al. 1985; Cohen et al. 
1987). The impact of this structure on source coordinates is 
being evaluated (Ulvestad 1987), and is expected to degrade 
absolute locations, while affecting relative source positions 
to a lesser extent. Switching the reference source to GC 
0235 + 16 yields source positions that differ by 0.2 mas 
(rms) from those obtained with 3C 273, apparently indicat- 
ing that the choice of R.A. reference is not a problem at the 
milliarcsecond level. 

A number of variants of the standard fit were also per- 
formed. Searches for manifestation of mismodeling included 
separate fits to the CS and CA data, separate fits to delay and 
delay-rate data, separate fits to data from each of the three 
California stations, fits to alternate observing sessions, fits in 
which observations at elevation angles lower than 10° at ei- 
ther or both stations were deleted, a solution for independent 
positions of 32 sources in three subsets of the 1978-1985 
timespan, and fits in which parameters of the tropospheric 
mapping function were estimated. The adequacy of the mod- 
els of nutation, precession, and general relativistic bending 
was tested in turn by solving for parameters in the standard 
descriptions of these effects. Only those results of these var- 
iant fits that are most pertinent to the characterization of 
source coordinate errors will be presented in the next sec- 
tion. Further details of the various analyses of subsets of the 
data will be given in a JPL report (Sovers et al. 1988c). 

IV. RESULTS 

In this section, we present the results for source positions 
from the standard fit, which form a source catalog named 
JPL 1987-1. This apellation is somewhat of a misnomer, 
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with the year referring to the time of analysis rather than 
observation. The rms residuals in the standard fit were 0.37 
ns for delay and 0.14 ps/s for delay rate. These are consider- 
ably smaller than those in the fit producing the previously 
published JPL 1983-3 source catalog (Fanseloweitf/. 1984), 
mainly due to elimination of the early ( 1971-1978) single- 
frequency measurements. Some searches for systematic er- 
rors involving various subsets of the 1978-1985 data gave 
negative results, while subsets of higher-elevation-angle ob- 
servations indicated systematic errors in source positions. 
Such considerations are discussed in Sec. V below. The uni- 
form distribution of observations of 32 sources over a long 
timespan allowed estimates to be made of source-position 
reproducibility. Other variations of the standard fit show 
definite indications that the standard models of precession 
and nutation need to be revised. Such results are presently 
being analyzed, and will be presented in a forthcoming paper 
(Sovers et al. 1988b). Finally, comparisons were made 
between the JPL 1987-1 catalog and independently mea- 
sured compilations of source positions, in an effort to further 
characterize the level of systematic mismodeling. 

The standard fit to 1978-1985 DSN data produced posi- 
tional coordinates of 128 sources. Another 20 sources were 
observed, but the quality and/or quantity of the observa- 
tions precluded the possibility of solving for their positions. 
The 128 sources whose positions were determined are divid- 
ed into two groups. The main part of the 1987-1 catalog is 
presented in Table 1(106 sources ), while for completeness, a 
supplementary group of 22 sources is tabulated in Table II. 
This subgroup had fewer than ten intercontinental baseline 
observations per source, with consequent larger formal er- 
rors. It contains sources that are no longer being observed, as 
well as sources that we have just started observing, but for 
which we do not yet have adequate coverage. Note that the 
entire 1987-1 catalog is the result of a single fit to all available 
dual-frequency data. In particular, sources that were not ob- 
served after 1977 have not been carried over from the 1983-3 
catalog. 

Two identifications are given for each source: the I AU 
name based on 1950 positional coordinates, and the name in 
common use in JPL VLBI processing. Along with the aver- 
age observation epoch, the number of successful observa- 
tions (intercontinental plus short-baseline) of each source, 
positional coordinates and (1er formal) uncertainties, we 
have also tabulated the correlation coefficient between R. A. 
and declination in the standard fit, and a “success rate.” 
Almost all R.A.-Dec. correlations are negative because of 
the orientation of the CA baseline. This is strikingly evident 
in Fig. 1, which is a schematic representation of our source 
coordinates and their error ellipses. The success rate repre- 
sents the fraction of originally scheduled observations that 
are included in the final fit. It thus accounts for attrition due 
to experimental problems at the stations, correlator prob- 
lems, and effects of insufficient source flux due to weak sig- 
nals, source structure, and flux variability. It is a rough indi- 
cator of the suitability of a source for a highly accurate extra- 
galactic reference frame. For our measurements, the average 
success rate is approximately 80%. 

Figure 2 shows histograms of the ( 1er) formal uncertain- 
ties in right ascension and declination for JPL 1987-1 (the 
R. A. uncertainties have been multiplied by cos <5). It may be 
seen that the distributions peak somewhat below 1 mas. As 
in all VLBI-derived measurements published to date, the 
median of the right ascension errors appears to be lower than 

that of the declination errors, with a considerably more 
sharply peaked error distribution. This disparity is partially 
due to the greater east-west versus north-south average ex- 
tension of current baselines. Root-mean-square uncertain- 
ties, however, are nearly equal for R. A. and declination: 2.1 
and 2.0 mas, respectively. The catalog is not of uniform aver- 
age observing epoch, with that for the entire catalog being 
1982.9, and ranging from 1980.0 to 1984.4 for individual 
sources. The peaks at higher uncertainties come from infre- 
quently observed sources, some of which entered the observ- 
ing schedules in 1982 or later, and others that are no longer 
observed. 

It is important to re-emphasize that the positional coordi- 
nates presented here are relative to the 1980 I AU models of 
precession and nutation. Herring et al. (1986a,b) have re- 
ported evidence of significant shifts in nutation parameters 
relative to the 1980 I AU model. Similar evidence is present 
in the DSN data: source positions obtained by estimating 
daily nutation angles differ from positions based on 1980 
IAU nutation by statistically significant offsets of 0.9 and 2.0 
mas (rms) in R.A. and Dec. Results of our estimates of the 
precession constant, along with the in- and out-of-phase nu- 
tation amplitudes in longitude and obliquity with 18.6 yr, 
annual, and semiannual periods from the DSN VLBI data 
set, will be reported by Sovers et al. in a forthcoming publica- 
tion (1988b). Users of the JPL 1987-1 catalog are cautioned 
that deviations from the 1980 IAU model can lead to errors 
in source positions in the range of 1 to 2 mas. If the source 
coordinates are transformed from J2000 to dates that are far 
from the mean observation epoch (1983), our preliminary 
estimate of the precession correction ( — 1.6 mas/yr) leads 
to very sizable errors ( ^30 mas at J2000). 

The source positions obtained in the standard fit are sensi- 
tive to the value of the gamma factor of general relativity 
(Misner et al. 1973) used to describe the retardation of sig- 
nals by the massive bodies of the solar system. In practice, 
the only significant contribution is that of the Sun, and inclu- 
sion of this effect is crucial for a good fit to the data. When a 
supplementary fit to the 1978-1985 data is performed, solv- 
ing explicitly for y, the resulting value is 0.988 + 0.012, in 
agreement with Einstein’s theory of general relativity 
(y = 1 ). Our formal uncertainty of 1.2% is not as small as 
the realistic errors of 0.2%-0.5% which were attained in 
analyses of specially designed experiments on the Mars 
Viking landers and orbiters (Shapiro et al. 1977; Cain et al. 
1978). It compares with the formal error of 0.5% obtained 
by Robertson and Carter (1984) from analysis of 41 000 
geodetic VLBI observations. 

V. ERROR ANALYSES 

Two types of systematic error investigations were con- 
ducted: ( 1 ) searches for errors by comparing parameters 
determined from different subsets of the data and alternative 
tropospheric mapping models, and (2) comparisons of the 
1987-1 source positions and related parameters to those de- 
termined from independent data. As shown below, the two 
investigations led to an overall systematic error assessment 
of 1 to 2 mas in both right ascension and declination. 

a) Internal Accuracy Tests 

The VLBI data that determined the current catalog were 
divided into elevation-angle subsets to test for tropospheric 
mismodeling. The 1987-1 source coordinates were differ- 
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Fig. 1. Schematic source positional coordinates and formal 1er error ellipses for the JPL 1987-1 catalog. Note the different scales for positions and 
uncertainties. 

Fig. 2. Histogram of source-position formal uncertainties for 
106 sources in the JPL 1987-1 catalog. The right ascension un- 
certainties are scaled by the cosine of declination. 

enced from those determined only by observations taken 
above 10° elevation at both stations, with uncertainties of the 
differences calculated by differencing the two uncertainties 
in quadrature. The declination difference is plotted versus 
declination in Fig. 3. Given the DSN baselines, low-declina- 
tion sources are observed at lower elevation angles, and the 
variation of declination difference with declination serves as 
a sensitive probe of troposphere systematics. The line shown 
was fit to the declination differences. Its slope is// = 12 + 5 
//as/deg. Because the slope is more than twice its formal 
error, it is an indication of a potential systematic error at the 
approximate level of the departure of the line from zero at 
the left-hand side of Fig. 3(^2 mas ). It should be noted that 
including all correlations among the points was critical to 
the correct determination of the slope and its error. There is 
no readily identifiable trend of the largest correlation coeffi- 
cients with declination. Approximately half of the sources 
with correlations exceeding 0.9 are in the midrange of decli- 
nation, 15°-450. 

Both systematic and random error sources must be con- 
sidered as candidates for contributing to the slope in Fig. 3. 
Inaccuracies in tropospheric mapping are a primary con- 
cern. For example, the lack of surface meteorological input 
to the tropospheric mapping function for about one-third of 
the observations could account for some of the slope. When 
no surface meteorological data are used in evaluating the 
troposphere mapping function, the slope increases to a value 
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Fig. 3. Differences in source declination: standard fit to the 1978-1985 DSN VLBI data minus a fit including only measurements in which both 
stations observed above 10° elevation. The slope of the weighted linear least-squares fit is 12 + 5 //as/deg. 

of 18 + 5 //as/deg. Other examples of potential elevation- 
dependent systematic error sources are instrumental phase 
shifts which are dependent on antenna orientation, and de- 
formation of the antenna due to gravity. Calibration tests 
indicate that the instrumental errors are in the 5 mm range, 
which corresponds to an angular error of ^0.2 mas over the 
entire declination range on intercontinental baselines. Al- 
though the systematic errors mentioned seem too small to 
cause the trend in Fig. 3, they will be further tested in future 
short-baseline experiments. 

An acknowledged source of random error is tropospheric 
fluctuations. This stochastic delay error is not rigorously 
treated by the additive noise procedure currently used to 
force the reduced x2 °f the catalog fit to unity. That is, the 
delay and delay-rate covariances used in the standard VLBI 
fit were diagonal. Because tropospheric fluctuations intro- 
duce off-diagonal terms in the observation covariance ma- 
trix (Treuhaft and Lanyi 1987), the source coordinate val- 
ues and covariances used in the linear fit of Fig. 3 are still 
deficient. The apparent significance of the A5 vs Ô slope may 
be an indication of that deficiency. This possibility will be 
tested as software becomes available for including the corre- 
lation terms in the fit for the source coordinates. While tro- 
pospheric fluctuations are expected to give the largest con- 
tribution to the off-diagonal observable covariance, 
hydrogen-maser clock wandering and other stochastic in- 
strumental instabilities may also contribute to the slope ob- 
served in Fig. 3. 

To test the effect of tropospheric-mapping inaccuracies on 
source positions, differences were calculated between the 
JPL 1987-1 positions and those given by a number of variant 
fits to the 1978-1985 data. The standard fit employed the 
Lanyi mapping function with daily average temperatures of 
each site when available; otherwise, monthly average tem- 
peratures were used. Variations included: (a) a fit in which 
the default temperature of 292 K was used for sessions with- 
out surface meteorology, (b) a fit in which monthly mean 
temperatures replaced surface meteorological calibrations, 
(c) a fit in which the default surface temperature of 292 K 
was used for all sessions, (d) a fit in which the Lanyi map- 
ping function was replaced by the CfA (Davis et al. 1985) 
function, and (e) a fit in which the Lanyi mapping function 
was replaced by the Chao (1974) function. Root-mean- 
square positional differences between the catalogs obtained 
from these fits and JPL 1987-1 are uniformly 0.1-0.2 mas, 
with the exception of those for the catalog based on the Chao 
mapping function (0.5 and 1.2 mas for R. A. and declination, 
respectively). Coordinate shifts induced by changes in tro- 
pospheric mapping thus show that deficiencies in atmo- 
spheric modeling probably amount to <0.2 mas, while 
much larger errors can result from the use of the less ade- 
quate Chao mapping function. Other variant fits involving 
various subsets of the data will be discussed in a forthcoming 
report (Soverseia/. 1988c). 

In addition to elevation subsets, the data were divided into 
temporal subsets to compare the stability of source coordi- 
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Table III. Differences of source coordinates among three time periods. 

Source Atto A¿>2 Aa3 A<$3 A*a P6 
P 0106+01 
DA 55 
P 0202+14 
CTD 20 
GC 0235+16 
NRA0 140 
GC 0406+12 
P 0528+134 
DW 0742+10 
P 0823+033 
4C 39.25 
P 1055+01 
P 1123+26 
P 1144-379 
3C 273 
P 1244-255 
B2 1308+32 
P 1354+19 
OR 103 
P 1519-273 
GC 1633+38 
NRAO 512 
3C 345 
NRAO 530 
3C 371 
OV-198 
P 2145+06 
OX 082 
VRO 42.22.01 
GC 2234+28 
OY-172.6 
GC 2253+41 

1.3=1=2.2 
-1.0 2.6 

5.2=1=3.6 
-3.0 1.9 

-0.8=1=1.3 
4.9 1.7 

-3.6±2.5 
-0.4 1.7 

0.0±0.5 
0.9 0.6 

0.3=1=0.9 
-0.8 0.5 

-1.1 
-0.8 
-1.1 
-4.5 
2.4 

-1.7 
1.1 

-2.2 
-1.2 
-0.2 
-0.8 
1.1 

3.5 
-0.6 
-0.5 
1.5 

13.5 
-1.2 
-1.4 
-3.0 
5.9 
2.7 
0.3 
4.3 
2.5 
1.1 
1.1 
4.2 

-4.8 

2.3 
2.6 
2.3 
2.7 
2.6 
2.2 
2.5 
3.0 
2.3 
1.8 
2.9 
3.6 

4.0 
2.2 
2.8 
2.1 
5.0 
2.3 
2.4 
2.3 
3.2 
2.0 
6.6 
2.2 
3.0 
2.6 
2.4 
2.6 
2.9 

2.3 
-1.0 
1.1 
1.5 
8.7 
4.3 
0.0 
5.4 

-0.2 
3.7 
1.5 
9.8 
4.0 
6.0 
2.6 
4.9 
4.9 
2.5 
1.8 
1.5 
1.5 
6.2 
0.6 
7.8 
1.0 
4.9 

-3.4 
-1.5 
5.2 

-1.2 

3.2 
2.5 
2.8 
2.3 
5.9 
3.0 
3.2 
4.1 
2.0 
3.5 
2.9 
5.1 
3.6 
5.0 
2.1 
3.3 
3.3 
5.9 
2.0 
2.0 
1.9 
5.3 
1.4 
6.9 
3.3 
4.3 
2.1 
2.5 
4.7 
3.5 

-2.4 
2.3 
2.9 
1.9 
1.7 
0.0 

-0.2 
-0.5 
1.1 
0.2 
0.2 
0.1 

0.7 
0.4 
1.0 

-0.7 
-5.0 
0.0 
0.8 
1.1 

-1.6 
-6.2 
0.8 
0.2 
1.1 
1.1 
0.6 

-1.9 
2.0 

2.0 
1.4 
1.5 
1.7 
1.4 
1.3 
1.1 
1.1 
1.5 
0.9 
1.3 
2.9 

2.1 
1.2 
1.2 
0.9 
4.9 
1.4 
1.6 
1.4 
1.2 
1.5 
2.1 
1.0 
1.9 
1.6 
1.4 
1.7 
1.9 

0.1 
-2.8 
-4.4 
-1.1 
-1.9 
-2.3 
-1.7 
-2.5 
0.4 

-3.9 
0.9 

-12.7 
-5.7 

-11.1 
1.6 
0.8 

-1.9 
-9.5 
0.8 
2.1 
0.8 

-7.5 
1.9 

-9.6 
-4.4 
-8.2 
2.7 
0.7 

-5.4 
-1.3 

2.6 
1.6 
2.0 
2.3 
3.1 
2.1 
2.1 
2.6 
1.7 
2.5 
2.8 
3.9 
2.3 
3.8 
1.5 
2.5 
2.2 
5.4 
1.4 
2.0 
1.2 
3.1 
1.3 
3.6 
2.0 
3.6 
2.0 
1.6 
3.3 
3.4 

-0.6 
0.5 
0.4 

-0.5 
1.0 

-0.4 
0.1 

-0.5 
-0.0 
0.0 

-0.1 
0.3 

0.9 
0.0 
0.3 
0.0 
2.2 

-0.3 
-0.1 
-0.4 
0.2 

-0.6 
0.4 
0.8 
0.8 
0.5 
0.4 
0.5 

-0.6 

0.6 
0.6 
0.6 
0.7 
0.6 
0.5 
0.5 
0.6 
0.6 
0.4 
0.6 
0.9 

0.9 
0.5 
0.6 
0.4 
1.0 
0.6 
0.6 
0.6 
0.6 
0.5 
1.2 
0.5 
0.7 
0.6 
0.6 
0.6 
0.7 

0.5 
-0.9 
-0.8 
0.2 
1.1 
0.4 

-0.4 
0.5 
0.0 

-0.1 
0.5 

-0.3 
-0.6 
-1.0 
0.9 
1.3 
0.6 

-1.3 
0.6 
0.7 
0.5 

-0.8 
0.5 

-1.5 
-0.9 
-0.3 
-0.4 
-0.1 
-0.0 
-0.5 

0.8 
0.6 
0.7 
0.6 
1.4 
0.7 
0.7 
1.0 
0.5 
0.8 
0.8 
1.2 
0.8 
1.2 
0.5 
0.8 
0.8 
1.3 
0.5 
0.5 
0.4 
1.2 
0.4 
1.5 
0.8 
1.1 
0.6 
0.6 
1.1 
0.9 

Rms 
X*! 

3.4 4.2 2.1 4.9 0.5 0.6 
1.1 1.2 1.5 2.6 0.8 1.0 

nates at different epochs. The 1978-1985 DSN observations 
were divided into three time periods: 1978-1980, 1981- 
1983, and 1984-1985, with measurements showing some 
clustering within each period. Average epochs are close to 
1980.0,1983.2, and 1984.5 for all sources. Three separate fits 
were done, with estimated parameters as in the standard fit. 

Comparisons of the resulting source coordinates were 
made for the 32 sources that have at least ten intercontinen- 
tal observations in each of the three timespans. After remo- 
val of rotational offsets amounting to < 3 mas (presumably 
mainly due to precession errors), adjacent pairs of catalogs 
yield differences and time rates of change, which are present- 
ed in Table III. Here the differences in right ascension and 
declination between adjacent periods ( mas) and 
the time rates of change of R. A. and Dec. (/xa,//5, mas/yr) 
are shown, together with their formal uncertainties, rms val- 
ues, and X2 Per degree of freedom, xl* Coordinate differ- 
ences are defined in the sense = at — , where / and 
j = 1,2,3 correspond to the average epochs in increasing time 
order. Linear fits to each set of three values of each coordi- 
nate determine the time rates of change. Generally, the im- 
provement of data quality between 1978 and 1985 is evident 
in the smaller formal errors in the 8485-8183 (Aa32, A(532) 

vs 8183-7880 ( Aa21, A<521 ) shifts. While there are a number 
of cases of > 2<t, and two of > 3<j differences ( Aa32 of 3C 371 
and A<532 ofP1144 — 379), none of these sources show con- 
sistent shifts between both pairs of epochs. It remains to be 
determined whether these shifts can be explained by known 
source-structure effects or flux time variability. Root-mean- 
square differences are approximately 2-4 mas for both sets of 
epochs, and j^s are somewhat in excess of 1. Most of this 
discrepancy is due to the few outliers. Only one time rate 
exceeds 2cr: of PI 519 — 273. 

The rms time rates of change calculated from 
linear fits to the 32 sets of coordinates are 0.5 and 0.6 mas/yr 
for right ascension and declination, respectively, with jjs 
close to 1. This is an indication of the stability of the JPL 
reference frame, exclusive of long-term nutation and preces- 
sion effects. 

b) External Accuracy Tests 

All of the above internal consistency tests probe the preci- 
sion of the catalog. The question of its accuracy is addressed 
below by comparing our source coordinates to independent 
determinations. There are two independent VLBI programs 
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currently yielding extragalactic source catalogs of compara- 
ble quality to JPL 1987-1. One is based on Crustal Dynamics 
Project (CDP) data analyzed at Goddard Space Flight Cen- 
ter (GSFC) (Ma et al. 1986), and the other on IRIS data 
(Robertson et al 1986). Both programs employ databases 
containing an order of magnitude more observations than 
the JPL DSN data. Since the GSFC catalogs use IRIS data 
as part of their database, these catalogs are not totally inde- 
pendent. For comparisons of source coordinates, we chose 
two recent GSFC catalogs, denoted GSFC8708 and 
GSFC8708N (Ma 1987), and two IRIS catalogs, denoted 
IRIS86 and IRIS87 (Robertson et al. 1986; Carter et al. 
1987). Only the JPL and GSFC8708 source positions are 
based on the current IAU conventions, while nutation an- 
gles were estimated for each session in the fits producing 
GSFC8708N, IRIS86, and IRIS87. The JPL VLBI program 
employs completely independent hardware, baselines, ob- 
serving schedules, and correlation and parameter-estima- 
tion software. A recent detailed comparison of the modeling 
software (Sovers and Ma 1985) concluded that the GSFC 
and JPL models agree at the 1 to 2 cm level or better ( ^0.5 
mas on intercontinental baselines). Comparison of results 
may therefore be valuable in identifying residual systematic 
errors in the VLBI technique. 

As may be seen from Table IV, for the sources that the 
catalogs have in common, the respective rms formal coordi- 
nate uncertainties are ^2 mas for the 61 sources from the 
GSFC and JPL lists, and ^ 1 mas for 18-23 sources from the 
IRIS and JPL catalogs. This indicates that the quality of the 
source positions used in the comparisons is essentially com- 
parable. Prior to comparing positional coordinates, we re- 
moved a three-dimensional rotation for each pair of cata- 
logs, in order to allow for the different Earth-fixed 
coordinate systems and/or nutation origins. The results are 
shown in Table IV for the catalog differences JPL 1987-1 
minus GSFC and IRIS. The offsets are right-handed rota- 
tions about the axes of the right-handed celestial coordinate 

system, applied to the GSFC and IRIS catalogs prior to com- 
parison. The formal uncertainties of the rotational offsets are 
approximately 0.2 mas. The normalized chi-squares in Table 
IV are based on root-sum-squared 1er formal uncertainties 
for catalog pairs, with the full covariance matrices employed 
for the JPL 1987-1 and GSFC coordinates, and a diagonal 
matrix for IRIS. Replacement of complete by diagonal co- 
variance for JPL 1987-1 changed the rotational offsets by 0.5 
mas or less, and^ and its error by as much as a factor of 2; the 
corresponding effect with the GSFC covariance is nearly 
negligible. We therefore expect that the values in Table IV 
would undergo very small changes if the full IRIS covari- 
ance were used. 

Right ascension and declination rms differences range 
from 1.5 to 3.7 mas, and their ^ values, as well as those for 
the rotational transformation, indicate that one or both sets 
of formal uncertainties are underestimates of the true errors. 
The hypothesis that declination systematics are due to the 
preponderance of low-elevation observations in the DSN 
data is supported by the values of n in the last line of Table 
IV. For example, the A<5 vs 8 slope ¡i for 1987-1 minus 
GSFC8708 ( 16 + 10//as/deg) has the same sign as that for 
1987-1 minus the catalog obtained from the same DSN data 
with observations only > 10° elevation (// = 12 + 5 //as/ 
deg). The corresponding slopes for GSFC8708N and 
IRIS86 are similar. The magnitudes of the slopes are in 
qualitative proportion to the disparity in fractions of low- 
elevation observations in the three data sets, since there are 
smaller proportions of observations below 20° elevation in 
both the GSFC and IRIS data. The IRIS87 catalog includes 
five new low-declination sources that were not present in 
previous IRIS observations, and is based on a different treat- 
ment of the R.A. reference point. It is seen from Table IV 
that the trend in A<5 vs 8 has essentially disappeared with the 
latest IRIS catalog. 

In addition to comparison of different radio interferomet- 
ric measurements of extragalactic radio sources, compari- 

Table IV. Source catalog comparisons with JPL 1987-1. 

Catalog GSFC8708 GSFC8708N IRIS86 IRIS87 

Number of common sources 

Rms uncertainty for common sources 
JPL 1987-1 : RA, dec. (mas) 
GSFC/IRIS : RA, dec. (mas) 

Rotational offsets (mas) x 
y 
z 

X2 per degree of freedom 

Rms difference (mas) : RA 
dec. 

X2 per degree of freedom : RA 
dec. 

/i, A£ vs. 8 slope (/ias/deg) 

61 

1.8 2.0 
2.0 1.6 

0.4 
-1.3 
0.7 
2.5 

1.8 
3.3 
1.3 
1.2 

16+10 

61 

1.7 2.0 
2.0 1.6 

2.5 
0.1 
0.7 
2.5 

3.7 
3.5 
1.4 
1.3 

16+10 

18 

1.2 0.9 
0.6 1.0 

1.0 
0.0 
1.1 
2.2 

1.5 
2.0 
1.4 
1.3 

22+14 

23 

1.3 
0.5 

1.2 
0.9 

0.8 
-2.3 
1.0 
2.6 

1.8 
1.8 
1.4 
1.2 

-3+12 
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sons with catalogs of optical counterparts may be valuable in 
exposing the inadequacies of both techniques. Unfortunate- 
ly, however, present formal uncertainties of the optical mea- 
surements are nearly two orders of magnitude larger than 
those of VLBI source positions. Consequently, such com- 
parisons only reflect on the optical accuracies. The results of 
Fanselow etal. ( 1984) and, more recently, Walterand West 
(1986), which suggest a sinusoidal dependence of declina- 
tion differences on right ascension for optical minus JPL 
1983-3 catalogs, remain quite similar for JPL 1987-1. 

VI. CONCLUSIONS 

The 7-yr-long span of dual-frequency DSN VLBI data has 
yielded a source catalog, JPL 1987-1, containing 106 sources 
to serve as an extragalactic reference frame. Average formal 
positional uncertainties are approximately 2 mas, and their 
distributions peak at somewhat less than 1 mas. Differences 
with independently measured source positions for up to 61 
sources are approximately 2 mas in R.A., and 2-3.5 mas in 
declination, with the values ofj2 per degree of freedom being 
less than 1.5. These results, as well as internal-consistency 
studies, indicate that VLBI measurements suffer from par- 
tially identified sources of systematic error at the level of 1 to 
2 mas. 

While strong evidence is found for a long-term drift of the 
Earth’s rotation axis in inertial space relative to the 1980 
IAU precession and nutation models, the source positions 
presented here are based on the 1980 IAU model. Users of 
the JPL 1987-1 catalog are therefore cautioned that devia- 
tions from the 1980 IAU model lead to source-position er- 
rors when they are transformed from J2000 to dates that are 
far from the mean observation epoch. The gravitational- 
bending parameter y is determined with a formal uncertain- 
ty of 1.2%, and is in agreement with the value of 1 given by 
Einstein’s general relativity theory. From time variation of 
source coordinates of 32 sources, it is expected that the pres- 
ent extragalactic reference frame is stable at the 0.5 mas/yr 
level, exclusive of precession errors. 

The research described in this paper was carried out by the 
Jet Propulsion Laboratory, California Institute of Technolo- 
gy, under a contract with NASA. We thank C. Ma for kindly 
providing the GSFC8708 catalogs and covariances before 
publication. J. L. Fanselow, who pioneered reference frame 
work at JPL, suggested a number of tests for systematic er- 
rors. 
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