20ENDA_ 753; 23770

rt

REPORT OF THE IAU/IAG/COSPAR WORKING GROUP ON
CARTOGRAPHIC COORDINATES AND ROTATIONAL ELEMENTS OF
THE PLANETS AND SATELLITES: 1991

M.E. DAVIES*
RAND, Santa Monica, Cdlifornia, U.SA.

V.K. ABALAKIN

Institute for Theoretical Astronomy, St. Petersburg, Russia

A.BRAHIC

Observatoire de Paris, Meudon, France

M. BURSA

Astronomical Institute, Prague, Czechoslovakia

B.H. CHOVITZ
STX, Lanham, Maryland, U.S.A.

J.H. LIESKE
Jet Propulsion Laboratory, Pasadena, California, U.S A.

PK. SEIDELMANN
U.S. Naval Observatory, Washington, D.C., U.S A.

A.T. SINCLAIR
Royal Greenwich Observatory, Cambridge, U.K.

and

Y.S. TTUFLIN**
Central Research Institute of Geodesy, Air Survey, and Mapping (TsNIIGAik), Moscow, Russia

(Received 3 March, 1992)

Abstract. Every three years the IAU/TAG/COSPAR Working Group on Cartographic Coordinates
and Rotational Elements of the Planets and Satellites revises tables giving the directions of the north
poles of rotation and the prime meridians of the planets and satellites. Also presented are revised
tables giving their sizes and shapes.
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1. Introduction

The IAU Working Group on Cartographic Coordinates and Rotational Elements of
the Planets and Satellites was established as a consequence of resolutions adopted
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by Commissions 4 and 16 at the IAU General Assembly at Grenoble in 1976.
The first report of the Working Group was presented to the General Assembly at
Montreal in 1979 and published in the Trans. IAU, 17B, pp. 72-79, 1980. The
report with appendices was published in Celestial Mechanics, 22, pp. 205-230,
1980. The guiding principles and conventions that were adopted by the Group and
the rationale for their acceptance are presented in that report and its appendices and
will not be reviewed here. The second report of the Working Group was presented
to the General Assembly at Patras in 1982 and published in the Trans. IAU, 18B,
pp- 151-162, 1983, and also in Celestial Mechanics, 29, pp. 309-321, 1983. The
third report of the Working Group was presented to the General Assembly at
New Delhi in 1985 and published in Celestial Mechanics, 39, pp. 103-113, 1986.
The fourth report of the Working Group was presented to the General Assembly
at Baltimore in 1988 and was published in Celestial Mechanics and Dynamical
Astronomy, 46, pp. 187-204. 1989.

In 1984 the International Association of Geodesy (IAG) and the Committee
on Space Research (COSPAR) expressed interest in the activities of the Working
Group and, after reviewing altematives, the Executive Committees of all three
organizations decided to jointly sponsor the Working Group.

This report incorporates revisions to the tables giving the directions of the north
poles of rotation and the prime meridians of the planets and satellites since the
last report. All tables giving the sizes and shapes of the planets and satellites are
presented.

2. Definition of Rotational Elements

Planetary coordinate systems are defined relative to their mean axis of rotation
and various definitions of longitude depending on the body. The longitude systems
of most of those bodies with observable rigid surfaces have been defined by
references to a surface feature such as a crater. Approximate expressions for these
rotational elements with respect to the J2000 inertial coordinate system have been
derived. The J2000 coordinate system is defined by the FKS5 star catalog and has the
standard epoch of 2000 January 1.5 (JD 2451545.0), TDB. The variable quantities
are expressed in units of days (86400 SI sec) or Julian centuries of 36525 days.
The north pole is that pole of rotation that lies on the north side of the invariable
plane of the solar system. The direction of the north pole is specified by the value
of its right ascension og and declination dp, whereas the location of the prime
meridian is specified by the angle W that is measured along the planet’s equator in
an easterly direction with respect to the planet’s north pole from the node @) (located
at right ascension 90° + «y) of the planet’s equator on the standard equator to the
point B where the prime meridian crosses the planet’s equator (see Figure 1). The
right ascension of the point @) is 90° + o and the inclination of the planet’s equator
to the standard equator is 90° — 6p. Because the prime meridian is assumed to rotate
uniformly with the planet, W accordingly varies linearly with time. In addition,
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North pole of planet

Equator
of planet

Standard
Earth equator

Fig. 1. Reference system used to define orientation of the planet.

ap, 0o and W may vary with time due to a precession of the axis of rotation of the
planet (or satellite). If W increases with time, the planet has a direct (or prograde)
rotation and if W decreases with time, the rotation is said to be retrograde.

In the absence of other information, the axis of rotation is assumed to be normal
to the mean orbital plane; Mercury and most of the satellites are in this category.
For many of the satellites, it is assumed that the rotation rate is equal to the mean
orbital period.

The angle W specifies the ephemeris position of the prime meridian, and for
planets or satellites without any accurately observable fixed surface features, the
adopted expression for W defines the prime meridian and is not subject to cor-
rection. Where possible, however, the cartographic position of the prime meridian
is defined by a suitable observable feature, and so the constants in the expression
W = Wy +Wd, where d is the interval in days from the standard epoch, are chosen
so that the ephemeris position follows the motion of the cartographic position as
closely as possible; in these cases the expression for W may require emendation
in the future.

Recommended values of the constants in the expressions for ag, o and W
are given for the planets and satellites in Tables I and II for the standard equato-
rial coordinates with equinox J2000 at epoch J2000. In general, these expressions
should be accurate to one-tenth of a degree; however, two decimal places are given
to assure consistency when changing coordinate systems. Zeros are added to rate
values (W) for computational consistency and are not an indication of signifi-
cant accuracy. Three decimal places are given in the expressions for the Moon and
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TABLE 1
Recommended values for the direction of the north pole of rotation and the prime meridian
of the Sun and planets (1991)
ag, 6 are standard equatorial coordinates with equinox J2000 at epoch J2000.
Approximate coordinates of the north pole of the invariable plane are
ap = 273°.85, 8§ = 66°.99.

T = interval in Julian centuries (of 36525 days) from the standard epoch.
d= interval in days from the standard epoch.
The standard epoch is 2000 January 1.5, i.e., JD 2451545.0 TDB.
Sun ag = 286°.13
6o = 63°.87

W = 84°.10 + 14°.1844000 d
Mercury o =281.01 —0.003 T
o =6145-0.005T

W =329.71 +6.1385025 d @
Venus ag = 272.76

b0 = 67.16

W =160.20 — 1.4813688 d )
Earth ap=000-0641T

60 =90.00 -0.557T

W = 190.16 + 360.9856235 d ©)
Mars ap = 317.681 — 0.108 T

89 =52.886 —0.061 T

W = 176.868 4+ 350.8919830 d ()]

Jupiter g = 268.05 —0.009 T

60 = 64.49 +0.003 T

W = 284.95 + 870.5360000 d ©
Satum @ = 40.58 — 0.036 T

0 = 83.54 — 0.004 T

W = 38.90 + 810.7939024 d (e)
Uranus ap = 257.43

o = —15.10

W =203.81 —501.1600928 d (e

Neptune o9 =299.36 +0.70 sin N
6o = 43.46 —0.51 cos N

W =1253.18 +536.3128492 d — 0.48 sin N (e)
N =135785+52316T

Pluto oy = 313.02
& =9.09 ®

W =236.77 — 56.3623195 d

Note:

(a) The 20° meridian is defined by the crater Hun Kal.

(b) The 0° meridian is defined by the central peak in the crater Ariadne.

(c) The expression for W might be in error by as much as 0°2 because of uncertainty in the length of the UT day
and the TDT-UT on 1 January 2000.

(d) The 0° meridian is defined by the crater Airy-0.

(e) The equations for W for Jupiter, Saturn, Uranus, and Neptune refer to the rotation of their magnetic fields
(System I1T). On Jupiter, System I (W = 67°.14887°.900 d) refers to the mean atmospheric equatorial rotation;
System I (WII = 43°.3 4-870°.270 d) refers to the mean atmospheric rotation north of the south component of
the north equatorial belt, and south of the north component of the south equatorial belt.

(f) The 0° meridian is defined as the mean sub-Charon meridian.
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Mars, reflecting the greater confidence in their accuracy. Expressions for the Sun
are given to a similar precision as those of the other bodies of the solar system and
are for comparative purposes only. The recommended coordinate system for the
Moon is the mean Earth/polar axis system (in contrast to the principal axis system).

3. Definition of Cartographic Coordinate Systems

In mathematical and geodetic terminology, the terms ‘latitude’ and ‘longitude’
refer to a right-hand spherical coordinate system in which latitude is defined as
the angle between a vector and the equator, and longitude is the angle between the
vector and the plane of the prime meridian measured in an eastern direction. This
coordinate system, together with Cartesian coordinates, is used in most planetary
computations, and is sometimes called the planetocentric coordinate system.

Planetocentric longitudes of a solar system body are measured from the prime
meridian from 0° to 360°, positively to the east. Planetographic longitudes are
also measured from the prime meridian from 0° to 360°, but they are measured
positively in the direction opposite to the rotation, i.e., positively to the west on
the body if the rotation is prograde and positively to the east on the body if the
rotation is retrograde. Thus, for a distant observer, the planetographic longitude of
the center of the apparent disk increases with time. The rotations of the Earth, Moon
and Sun are prograde, however, because of tradition, planetographic longitudes are
designated east longitude and west longitude from 0° to 180° measured from the
prime meridian. East longitude is generally considered the positive direction and
west longitude the negative direction.

Latitude is measured north and south of the equator; north latitudes are desig-
nated as positive. The planetographic latitude of a point on the reference surface
is the angle between the equatorial plane and the normal to the reference surface
at the point. In the planetographic system, the position of a point (P) not on the
reference surface is specified by the planetographic latitude of the point (P’) on
the reference surface at which the normal passes through P and by the height (h)
of P above P’

The reference surfaces for some planets (such as Earth and Mars) are ellipsoids
of revolution for which the radius of the equator ( A) is larger than the polar semiaxis
(C). The reference surface for Mars was defined for the Mariner 9 mapping program
(de Vaucouleurs et al., 1973) and has an equatorial radius of 3393.4 km and a polar
radius of 3375.8 km. For some planets (such as Mercury and Venus) and most
satellites, the reference surface is a sphere (A = C). Planetographic latitudes are
then numerically identical to the mathematical latitude.

Calculations of the hydrostatic shapes of some of the satellites (Io, Mimas, Ence-
ladus, Miranda) indicate that their reference surfaces should be triaxial ellipsoids.
Triaxial ellipsoids would render many computations more complicated, especially
those related to map projections. Many projections would lose their elegant and
popular properties. For this reason spherical reference surfaces are frequently used
in mapping programs.
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TABLE III
Size and shape parameters of the planets (in kilometers)

Planet Mean Radius Equatorial Polar Radius RMS Deviation  Maximum  Maximum
(km) Radius (km) From Spheroid Elevation Depression
(km) (km) (km) (km)
Mercury 243971+ 1.0 same same 1 4.6 2.5
Venus 6051.8+1.0 same same 1 11 2
Earth 6371.00 :0.01 6378.14 £0.01  6356.75 £0.01 3.57 8.85 11.52
Mars 3390 £ 4 3397 £4 3375 £4 3.1 27 6
Jupiter? 69911 &6 71492 + 4 66854 £+ 10 62.1 31 102
Saturn® 5823246 60268 = 4 54364 + 10 102.9 8 205
Uranus? 25362 +7 25559 + 4 24973 £20 16.8 28 0
Neptune* 24622 + 19 24764 £ 15 24341 £30 8 14 0
Pluto 1151 £ 6 same same

2 The radii correspond to a one bar surface.

Many small bodies of the solar system (satellites, asteroids, and comet nuclei)
have very irregular shapes. Sometimes spherical reference surfaces are used to pre-
serve convenient projection properties. Orthographic projections often are adopted
for cartographic portrayal as these preserve the irregular appearance of the body
without artificial distortion.

With the introduction of large mass storage to computer systems, digital cartog-
raphy has become increasingly popular. These data bases are particularly important
to the irregularly shaped bodies where the surface can be described by a file con-
taining planetographic longitude, latitude, and radius for each pixel. In this case the
reference sphere has shrunk to a point. Other parameters such as brightness, grav-
ity, etc., if known, can be associated with each pixel. With proper programming,
pictorial and projected views of the body can then be displayed by introducing a
suitable reference surface.

Table III contains data on the size and shapes of the planets. The first column
gives the mean radius of the body (i.e., the radius of a sphere of approximately the
same volume as the spheroid). The standard errors of the mean radii are indications
of the accuracy of determination of these parameters due to inaccuracies of the
observational data. Because the shape of a rotation body in hydrostatic equilibrium
is approximately a spheroid, this is frequently a good approximation to the shape
of planets, and so the second and third columns give equatorial and polar radii for
“best fit” spheroids. The origin of these coordinates is the center-of-mass with the
polar axis coincident with the spin axis. The fourth column is the root-mean-square
(RMS) of the radii residuals from the spheroid and is an indication of the variations
of the surface from the spheroid due to topography. The last two columns give the
maximum positive and negative residuals to bracket the spread.
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Table IV (see pp. 17-19) contains data on the size and shape of the satellites.
The first column gives the mean radius of the body. The standard errors of the mean
radii are indications of the accuracy of determination of these parameters due to
inaccuracies of the observational data. Because the hydrostatic shape of a body in
synchronous rotation about a larger body is approximately an ellipsoid, that shape
has been selected as a reference figure for the satellites. The next three columns
(2-4) give the axes of the best-fit ellipsoids in the order equatorial subplanetary,
equatorial along orbit, and polar. The origin of these coordinates is the center-of-
mass with the polar axis coincident with the spin axis. The fifth column is the RMS
of the radii residuals from the ellipsoid and is an indication of the variations of
the surface from the ellipsoid due to topography. The last two columns give the
maximum positive and negative residuals to bracket the spread.

The values of the radii and axes in Tables III and I'V are derived by various meth-
ods and do not always refer to common definitions. Some use star or spacecraft
occultation measurements, some use limb fitting, others use altimetry measure-
ments from orbiting spacecraft, and some use control network computations. For
the Earth, the spheroid refers to mean sea level, clearly a very different definition
from other bodies in the Solar System.

The uncertainties in the values for the radii and axes in Tables III and IV are
generally those of the authors, and, as such, frequently have different meanings.
Sometimes they are standard errors of a particular data set, sometimes simply an
estimate or expression of confidence.

The radii and axes of the large gaseous planets, Jupiter, Saturn, Uranus, and
Neptune in Table III refer to a one bar pressure surface.

The radii given in the tables are not necessarily the appropriate values to be used
in dynamical studies; the radius actually used to derive a value of J, (for example)
should always be used in conjunction with it.

Appendix

This Appendix summarizes the changes that have been made to the tables since
the 1988 report (Celestial Mechanics and Dynamical Astronomy 46, pp. 187-204,
1989). Publication of this report was delayed to incorporate early results from the
Magellan mission to Venus.

In Table I, the new equations for Venus are from Davies et al., 1992. The decision
to define the 0° meridian of Venus by the central peak in the crater Ariadne had
been incorporated in the 1988 report; however, the note failed to be included. The
Neptune equations were derived by J. Lieske from polar data in Jacobson, 1990,
and the Warwick et al., 1989 rotation period. New Pluto and Charon equations
were computed by J. Lieske from Tholen and Buie, 1990. It was decided to define
the 0° meridian on Pluto as the sub-Charon meridian.

In Table II, equations for the newly discovered Saturnian satellite Pan (Showal-
ter, 1991) have been added. Equations for Epimetheus, Janus, Calypso, and Helene
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have been added. These equations and those of other small satellites of Saturn are
based on orbital parameters derived by S. Synott at the time of the Voyager en-
counters and are valid for that period only. Equations for Phoebe have been added,
based on Colvin et al., 1989.

Equations for the newly discovered satellites of Neptune — Naiad, Thalassa,
Despina, Galatea, Larissa, and Proteus — were derived by J. Lieske based on the
orbits determined by Owen et al., 1991. The equations for Triton were derived by
J. Lieske based on an orbit solution of Jacobson, 1990. Equations for Nereid have
been deleted because it was not in synchronous rotation (Williams et al., 1991). As
already mentioned, updated equations for Charon are incorporated.

In Table III a new radius for Venus has been derived from Magellan data (Ford
and Pettengill, 1992). New radii for Neptune were measured by Lindal et al., 1990.
A new radius of Pluto was derived by Tholen and Buie, 1990.

In Table 1V, the radius of Pan has been added to Satumn’s satellites (Showalter,
1991). New radii for Tethys are given in Thomas and Dermott, 1991. Radii of the
small satellites of Neptune are from Thomas and Veverka, 1991 and the radius of
Triton is from Davies et al., 1991. The new radius of Charon is from Tholen and
Buie, 1990.
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