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Abstract. The Jet Propulsion Laboratory has developed a set of computer programs known as the 
Solar System Data Processing System (SSDPS) which is employed in improving the ephemerides 
of the major planets and for improving the values of several associated astronomical constants. A 
group of solutions for the masses of the major planets, together with the AU and radii of Mercury, 
Venus, and Mais, is presented. These solutions based upon optical, radar, and spacecraft radio 
tracking data are preliminary. The relative power of radar and radio tracking data vis-a-vis purely 
optical data in a solution is shown. The problems which could arise by adopting solutions based 
upon a single data type are demonstrated. 

1. Introduction 

The Jet Propulsion Laboratory (JPL) has developed a set of computer programs 
known as the Solar System Data Processing System (SSDPS) which is employed in 
improving the ephemerides of the major planets and for obtaining improved values 
for several associated astronomical constants. 

In the initial phase of ephemeris improvement at JPL, the time interval under 
consideration was from 1967 back to 1950. In the current phase of this effort, the 
time interval covers the period 1969 back to approximately 1910. 

The observational data set contains over 37600 observations of the major planets. 
These observations are taken from transit-circle measurements of all the planets 
except Pluto for which the observations are photographic. Radar time-delay measure
ments for Mercury, Venus, and Mars taken over the interval 1964-69 are included. 
Spacecraft radio tracking data represents a significant new data type which is included 
in the analysis. The spacecraft data currently consist of range and Doppler measure
ments obtained during the encounter portion of the Mariner 5 Venus flyby in October 
1967. 

In this preliminary analysis, an attempt has been made to solve for a set of 75 
parameters. These include the elements of the 9 major planets, the rectangular coor
dinates and velocity components of the Mariner 5 spacecraft, the right ascension and 
declination limb biases for Mercury and Venus, the radii of Mercury, Venus, and 
Mars, the astronomical unit (AU), and the masses of the major planets except for the 
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Earth-Moon barycenter and Mars. The latter two masses have been determined from 
Ranger and Mariner spacecraft radio tracking data which are not included in this 
preliminary analysis. In the future, all significant spacecraft data will be included in a 
gravitationally consistent solution. Admittedly the equator and equinox, the constant 
of precession, catalogue corrections, and other parameters can be differentially cor
rected. However, experience has indicated that although reasonable corrections 
have been determined, the application of these corrections is not clear because of the 
degree to which these physical constants are imbedded in the original reduction of 
the star catalogues and planetary observations. 

The system of planetary masses presented here should be considered as preliminary. 
The important result of this analysis is that significant variations in the solutions for 
the masses and other constants can result from the addition of either radar or space
craft data to the basic set of optical observations. Before a definitive set of constants 
can be obtained, it will be necessary to iterate the solutions currently available and, in 
addition, to introduce more spacecraft and radar data and to increase the optical data 
arc. At this time it would appear that definitive planetary masses can be obtained from 
spacecraft radio tracking data near encounter, but for the planet Mercury or the outer 
planets, for which spacecraft data are not available, one can merely bound the values 
of the masses until additional information is available. 

2. Analysis Program 

The Solar System Data Processing System (SSDPS) consists of a set of computer 
programs (containing over 300000 coded instructions) arranged in modular form, 
which is designed to process and analyze planetary and spacecraft observations for 
the purpose of improving planetary ephemerides and astronomical constants. 

The system was originally developed by C. L. Lawson of JPL in 1966, and a flow 
diagram of its current configuration is depicted in Figure 1. A geocentric lunar 
ephemeris (available on magnetic tape), together with the initial positions, velocities 
and relevant astronomical constants, is input to the program PLINT which integrates 
numerically the differential equations (of order 54) describing the heliocentric motion 
of the 9 principal planets. The program employs a second-sum Gauss-Jackson 
method of integration retaining up to the twelfth backward differences in the accele
rations. A half-day step size is used for all planets; predictor and corrector formulas 
are employed in obtaining the positions of Mercury and Venus while the predictor 
formulas alone are used for the other planets. The Earth and Moon are gravitationally 
treated as separate bodies, but, for the sake of convenience, the coordinates of the 
Earth-Moon barycenter are integrated rather than those of the Earth alone; the lunar 
effects are obtained from magnetic tape. The differential equations of motion include 
the effects of general relativity. A spherically symmetric isotropic line element which 
parameterizes the gravitational field of the Sun by the Eddington-Robertson forma
lism (Robertson, 1962; Eddington, 1960) is employed. Nominally, the parameters of 
this line element are set equal to unity, this having the effect of reducing the gravita-
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Fig. 1. Solar System Data Processing System (SSDPS) flow diagram. 

tional field to the Schwarzschild solution of Einstein's equations in isotropic coordi
nates. The ephemerides resulting from the numerical integration are then output 
onto magnetic tape for use in further analysis or in other problems where precise 
ephemerides are required. 

To analyze the available planetary observations, the optical and radar data are 
input to a program link called PRED. The PRED routines compute the observables 
from the previously available ephemeris tape and form an array containing the ob
served and computed quantities, together with the Eckert-Brouwer Set III (Eckert and 
Brouwer, 1937) partial derivatives describing the effects of small changes in the plane
tary positions. The results are put on magnetic tape for subsequent processing. 

If partial derivatives describing the effects of changes in dynamical parameters 
(e.g. planetary masses, solar oblateness, relativistic parameters) upon the data are 
required, then a set of programs called VARSER is employed. In these routines the 
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partial derivatives of the data with respect to the dynamical parameters are computed 
by means of evaluating Fourier series or Chebyshev polynomials. The Fourier/ 
Chebyshev series are obtained by generating first-order general theories (Broucke 
and Garthwaite, 1969; Broucke, 1969) which analytically describe the effects of the 
dynamical parameters. By a suitable choice of the reference orbit (i.e., an ellipse 
osculating at the adopted ephemeris epoch JD 2440800.5), the resultant series may 
be regarded as analytic expressions for the partial derivatives of the coordinates with 
respect to a dynamical parameter. The partial derivatives are then combined onto a 
new tape with the previously computed results from PRED and are available for 
further processing. 

Spacecraft data when received from the tracking stations must be preprocessed 
through a series of programs in order to be compatible with this system of programs. 
Interface programs, called POSTRE and MODIFY, are used respectively to alter the 
format of the data and map the partial derivatives of the spacecraft data from the 
epoch near encounter to the adopted ephemeris epoch. 

At this stage the planetary and/or spacecraft data and partial derivatives are ac
cumulated by NRMBLD into normal equations for further analysis. 

In the program NRMSOL, the normal equations are then solved in order to obtain 
corrections to the various quantities affecting the data. The program link NRMSOL 
solves the normal equations by two distinct methods: (1) by a stepwise-regression 
technique, and (2) by a singular value decomposition method. The Gauss-Jordan 
elimination technique (Efroymson, 1960) is employed in the stepwise regression rou
tine. To employ the singular value analysis (Hanson and Lawson, 1969), which is a 
very powerful tool in rank-deficient situations, the normal equations are first modified 
by the Choleski square-root transformation (Hartree, 1961) before undergoing the 
Householder orthonormal transformations which are the core of the singular value 
analysis. 

The output from NRMSOL consists of an improved set of initial conditions for 
ephemeris-related quantities and astronomical constants. If the problem under con
sideration is rank-deficient, then one would employ the results of the singular value 
analysis; otherwise, the results of either the Gauss-Jordan inversion or the full-rank 
solution may be adopted. The results may then be used as new initial conditions for 
PLINT and the process repeated until convergence. Plots of the residuals of the data 
before improving the nominal values may be obtained by use of PLOR, while plots 
of the linearized residuals (the predicted residuals after improving the various para
meters) may be obtained from the programs LSQR and PLOR. 

3. Observational Data 

Optical observations from 1910 to 1969 of the major planets, except Pluto, have been 
collected from publications of the United States Naval Observatory (USNO), (Watts 
and Adams, 1949; Hammond and Watts, 1927; Morgan, 1933; Watts et al. 1952; 
Adams et al, 1964; Adams and Scott, 1964, 1965, 1967a, b, 1968, 1969; Morgan and 
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TABLEIA 
Transit circle observations 

Planet USNO 
Transit 
Circle, in. 

Mercury 6 
9 

Venus 6 
9 

Mars 6 
9 

Jupiter 6 
9 

Saturn 6 
9 

Uranus 6 
9 

Neptune 6 
9 

Sun 6 
9 

Period 

2419937.2-2440238.3 (1913-1969) 
2421867.2-2431174.2 (1918-1944) 

2420391.3-2440238.3 (1914-1969) 
2422113.3-2431129.1 (1919-1944) 

2424793.8-2440379.7 (1926-1969) 
2420105.8-2431164.5 (1913-1944) 

2424311.8-2439940.6 (1965-1968) 
2420330.8-2431165.6 (1914-1944) 

2424607.8-2440174.6 (1926-1968) 
2420085.8-2431122.6 (1914-1944) 

2434380.8-2439985.6 (1925-1968) 
2420321.8-2431061.7 (1914-1943) 

2424531.8-2440037.6 (1925-1968) 
2420129.8-2431214.6 (1913-1944) 

2419174.2-2440238.2 (1911-1969) 
2421867.2-2431444.2 (1918-1944) 

Number 

Right 
ascension 

1799 
550 

2349 

2847 
451 

3298 

556 
122 

678 

677 
260 

937 

691 
280 

971 

679 
247 

926 

638 
285 

923 

6131 
1696 

7827 

of observations 

Declination 

1737 
532 

2269 

2693 
436 

3129 

536 
120 

656 

647 
257 

904 

652 
280 

932 

668 
245 

913 

627 
283 

910 

5884 
1668 

7552 

Scott, 1948; Klock and Scott, 1970). The observations made with the 6-in. and 9-in. 
Transit Circles at the USNO, Washington, D.C., are summarized in Table IA. 

The distribution of the data is depicted in Figure 2 which is a plot of the planetary 
(and solar) declinations vs right ascension. The data obviously cluster close to the 
ecliptic plane, and in Figure 3 the excursion in declination from the ecliptic is plotted 
vs right ascension. The very predominant grouping on the ecliptic reflects the great 
number of solar observations. 

The collection of the data over the period 1911-49 was made by C. Oesterwinter of 
the U.S. Naval Weapon Laboratory (NWL), Dahlgren, Virginia. The remaining 
collection has been the joint effort of the USNO, NWL, and JPL. All of these data 
have been punched on cards in a standard format (O'Handley, 1968). 
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Fig. 2. Right ascension vs declination of the optical observations. 

The 1071 right ascension and declination observations of Pluto have been obtained 
from the paper by Cohen, Hubbard, and Oesterwinter (1967). They are photographic 
observations which cover the period 1914 to 1965. The six sources for observations 
are listed in Table IB. The final optical data set contains 36245 observations at this 
time. 

Planetary radar range data have taken since 1961 by JPL and the Massachusetts 
Institute of Technology (MIT). The early data prior to 1964 are primarily of historical 
value since the accuracy of these data contributes little or nothing to the solution of 
the elements and radii of the inner planets. 

TABLE IB 

Photographic observations of Pluto 

Pre-discovery 
Sharaf-Bodnikova 
Yerkes-McDonald 
Lowell 
Yerkes 
Halliday 

14 observations 
33 observations 

183 observations 
310 observations 
21 observations 

9 observations 

1914-1927 
1930-1958 
1930-1953 
1930-1951 
1962-1963 
1963-1965 
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Fig. 3. Declination difference vs right ascension of the optical observations. 

Since 1964 a radar data set of over 1000 precise measurements has been collected 
for the planets Mercury, Venus, and Mars. These observations have been made at the 
Arecibo (Puerto Rico) Ionospheric Observatory (AIO) of the Cornell-Sydney Uni
versity Astronomy Center, the Millstone and Haystack sites of MIT, and DSS-13 
(Venus Antenna) and DSS-14 (Mars Antenna) of the NASA/JPL Goldstone (Calif.) 
Tracking Facility. 

Current ephemerides can predict the position of Venus to better than 20 [is in range. 
It has been found that the inclusion of AIO data degrades this ephemeris. A systematic 
bias of approximately 30 /xs appears in the residuals. Consequently, most AIO data 
have been removed from the current data set. These observations have been re-exam
ined and will be incorporated into future solutions. 

The initial 9 AIO observations of Mars have been removed because of residuals 
close to 1 ms or larger. The remaining 30 range points are employed with their pub
lished weights and are retained in the solution. In 1967 the Haystack radar antenna 
made 148 radar range measurements of Mars over an 8-week interval from April 7 
to June 2 on ten separate nights (Pettengill et al., 1969). There was sufficient sensitivity 
to measure for the first time, in terms of round-trip echo delay, the variations in 
elevation of the Martian surface as the planet rotated on its axis. 

From May 7 to August 16, 1969, 236 precise bistatic range measurements and 
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4 monostatic range measurements were made at the Goldstone Tracking Facility of 
JPL. The bistatic experiment consisted of using two antennas at the Goldstone Track
ing Station of JPL. The Venus 25.9-m antenna with a 450-kW transmitter was used to 
transmit a signal to the planet, and the Mars 64-m antenna was employed as the 
receiver. The monostatic measurements made use of the Venus antenna alone. These 
data are to be published in the near future. 

The range measurements of Mars taken at MIT in 1967 have a nominal 'delay error' 
of +20 /is, and the range measurements of Mars made in 1969 at JPL are of 1, 2, and 
3 /is precision. The intent at this time is to minimize the effects of topography and 
correct the orbital elements and radius. The topography imbedded in the range 
measurements amounts to 80 /is of time-delay in addition to the error in the ephemeris. 
As a result, the data points were down weighted individually by a value which reflects 
the original quoted error and the number of data points taken. This factor was 2.2 for 
MIT and 8 for JPL. 

A summary of the complete radar data set used in this solution is given in Table II. 
These data are available in a uniform format on punched cards (O'Handley, 1968) 
and are obtained from publications listed in Evans et al., 1965; Evans, 1966; Dyce and 
Pettengill, 1967; Pettengill et al, 1967; Muhleman et al., 1968; Goldstein, 1968; 
Private Communication, 1967, 1968. 

The collection of these data has been a joint effort by MIT-Lincoln Laboratory and 
JPL. 

Spacecraft tracking data represent a third type of data utilized in this investigation. 
Six tracking stations of N ASA/JPL Deep-Space Tracking Stations have been employed 

Data source 

AIO 
Haystack (MIT) 

Haystack (MIT) 
JPL (Venus DSS) 
Millstone Hill (MIT) 

AIO 
Haystack (MIT) 
JPL 

TABLE II 

Radar range observations 

Period 

Mercury 

2438493.2-2439363.2 (1964-1966) 
2439425.3-2440064.2 (1966-1968) 

Summary 1964-1968 

Venus 

2439161.3-2440063.2 (1967-1968) 
2438541.2-2439791.3 (1964^1967) 
2438447.0-2439725.2 (1964-1967) 

Summary 1964-1968 

Mars 

2438792.8-2438915.5 (1964-1965) 
2439587.7-2439643.5 (1967) 
2430348.5-2440449.7 (1969) 

Summary 1964-1969 

Number of 
observations 

119 
88 

207 

63 
285 
101 

449 

30 
148 
240 

418 
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TABLE III 
Mariner 5 tracking data 

Station Period No. of Type 
observations 

Mars-Goldstone, Calif. 
DSS-14 

Echo-Goldstone, Calif. 
DSS-12 

Mars-Goldstone, Calif. 
DSS-14 

Woomera, Australia 
DSS-41 

Tidbinbilla, Australia 
DSS-42 

Johannesburg, S. Africa 
DSS-51 

Cebreros, Spain 
DSS-62 

Oct. 

Oct. 

Oct. 

Oct. 

Oct. 

Oct. 

Oct. 

14, 

15, 

14, 

15, 

18, 

22, 

15, 

1967-Oct. 22, 

1967-Oct. 25, 

1967-Oct. 22, 

1967-Oct. 25, 

1967-Oct. 19, 

1967-Oct. 22, 

1967-Oct. 25, 

1967 

1967 

1967 

1967 

1967 

1967 

1967 

58 

39 

43 

74 

5 

5 

59 

Note: Encounter of the Mariner 5 spacecraft took place on Oct. 19, 1967. 

to obtain a reduced set of 225 Doppler measurements of Mariner 5 during the en
counter phase of that mission. In addition to Doppler data, 58 range measurements 
from the Mars antenna at the Goldstone Tracking Facility have been utilized (see 
Table III). These data were obtained by means of ranging equipment designed by 
R. C. Tausworthe of JPL (Tausworthe, 1967). Although the ranging system is capable 
of achieving a measurement accuracy of better than +0.1 [is, a standard deviation of 
0.3 [is has been used in weighting the spacecraft range data employed in the solutions 
presented in this paper. 

A standard deviation of 0.015 Hz has been used for the Doppler measurements. 

4. Results 

The data have been analyzed for corrections to the planetary orbital elements and 
several astronomical constants. The nominal values employed in the integration are 
taken from Development Ephemeris 69 (O'Handley et ah, 1969), and the relevant as
tronomical constants are listed in Table IV. To demonstrate more clearly some of the 
problems which must be examined in greater detail in the future, we present six sets 
of solutions based upon three different combinations of data: (1) optical, (2) optical 
and radar, (3) optical, radar, and Mariner 5 radio tracking data. 

A summary of the solutions is presented in Table V which contains only the results 
for the planetary masses and radii. The table contains the data type(s), number of data 
points, number of estimated parameters and values for the inverse planetary masses, 

Range 

Doppler 

Doppler 

Doppler 

Doppler 

Doppler 

Doppler 
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together with the astronomical unit and radii of the inner planets. In addition to the 
parameters given in the table, six elements for each planet were estimated together 
with limb biases in right ascension and declination for Mercury and Venus. 

Solution 1 results from analyzing only the optical data and estimating all the 
planetary masses, while in Solution 2 the masses of Venus, Earth-Moon, and Mars 
remain fixed at their nominal values (as determined from Ranger and Mariner space
craft data). 

TABLE IV 

Nominal values of astronomical constants 

Speed of light 
Astronomical unit 
Inverse masses: 

Sun 
Mercury 
Venus 
Earth and Moon 
Mars 
Jupiter 
Saturn 
Uranus 
Neptune 
Pluto 
Earth/Moon 

299792.5 km/s 
149597893 km 

1 
5983000 

408522 
328900.1 

3098700 
1047.3908 
3499.2 

22930 
19260 

1812000 
81.301 

Solutions 3 and 4 differ from 1 and 2, respectively, by the inclusion of radar data 
and the associated parameters of the radii and the AU. Solutions 5 and 6 represent 
another combination, with the inclusion of the Mariner 5 spacecraft data and the 
associated additional spacecraft parameters in the solution. 

5. Discussion 

Perusal of the results listed in Table V will amply demonstrate several salient features: 
(1) the over-optimism of the formal statistics relative to the disparity among several 
solutions involving different data types, (2) the relative power of radar and radio-
tracking data vis-a-vis purely optical data, and (3) the problems which could arise by 
adopting results based upon a single type of data. 

The solution for the mass of Mercury obviously depends upon the types of data 
analyzed and is strongly influenced by the weighting and distribution of the radar data. 
The values for the reciprocal mass of Venus are significant since they result from 
solutions which contain varied types of data including the Mariner 5 encounter data. 
The value of 408523.8 is in good agreement with the value reported by Anderson and 
Efron (1969) of 408 521.8 ±1.0 from their analysis of the 1962 Mariner 2 and 1967 
Mariner 5 data. The values for the reciprocal mass of Mars in Solutions 1, 3, and 5, 
although relatively indeterminable, are in good agreement with the nominal value of 
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3098714 + 5 which was obtained by Null (1969) in his analysis of 1964 Mariner 4 
Doppler data taken during enounter. Whereas JPL solutions for planetary masses 
have in the past employed only tracking data, the treatment of this paper introduces a 
solution which is gravitationally consistent. The mass of Uranus is altered a great deal 
(relative to its formal error) by the introduction of radar data. 

The mass of Pluto is remarkably stable, at least with the data currently being ana
lyzed. However, the result may be affected by poorly understood trends as suggested 
by Duncombe et al. (1968). 

Before a more definitive set of planetary masses can be obtained by gravitationally 
consistent methods, the introduction of other radio-tracking data must be made. 
The question of weighting and distribution of data, together with a thorough analysis 
of the effects of errors in precession, equinoxial motion, obliquity rate, and errors in 
star catalogues, should be investigated. The present results should be useful, however, 
in estimating some realistic bounds on planetary masses. At this time we would re
commend that the masses of Solution 6 be used together with the spacecraft-deter
mined values for the masses of the Earth and Moon and Mars. 
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