Altitude (km)

150 -

ol . 1 1
10t 10

Electron density (cm3)

5

Fig. 7. Electron density in the ionosphere
of Mars versus altitude. This measurement
was made on the day side of Mars during
revolution 2.

measurements to be remarkably repro-
ducible from one pass to the next. For
example, values obtained for the peak
electron density and the topside scale
height differ by less than 5 percent.
The altitude of the ionization peak
changes somewhat from one pass to
another, but this effect is due partially
to elevation differences on the surface.
The results reported here show that
the density and temperature of the
Martian ionosphere have been reduced
since 1969 (4), but that they are high-
er than during the quiet solar condi-
tions prevailing at the time of the Mar-
iner 4 mission in 1965. However, the
most notable difference between mea-
surements from Mariner 9 and those
from earlier spacecraft is the increased
altitude of the ionization peak, which
shows that the atmospheric region be-
low 145 km is warmer than before.
This observation is consistent with the
measured temperatures in the lower
atmosphere.
A. J. KLIORE, D. L. CAIN
G. FJeELpBO, B. L. SEIDEL
Jet Propulsion Laboratory,
California Institute of Technology,
Pasadena 91103
S. 1. RasooL
National Aeronautics and Space
Administration, Washington, D.C.
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Mariner 9 Celestial Mechanics Experiment:
Gravity Field and Pole Direction of Mars

Abstract. Analysis of the Mariner 9 radio-tracking data shows that the Martian
gravity field is rougher than that of Earth or the moon, and that the accepted
direction of Mars’s rotation axis is in error by about 0.5°. The new value for the
pole direction for the epoch 1971.9, referred to the mean equatorial system of
1950.0, is right ascension o = 317.3° = 0.3°, declination § = 52.6° = 0.2°. The
values found for the coefficients of the low-order harmonics of Mars’s gravity
field are as follows: J,=(1.96+0.01) X 10—3, referred to an equatorial radius
of 3394 kilometers; Cyg = —(5x1) X 10-5; and S,y = (3 x=1) X 10—%, The
value for ¥, is in excellent agreement with the result from Wilkins’ analysis of the
observations of Phobos. The other two coefficients imply a value of (2.5 =%
0.5) X 10—* for the fractional difference in the principal equatorial moments of
inertia; the axis of the minimum moment passes near 105°W.

The preliminary results on the gravi-
ty field of Mars and the direction of its
spin axis obtained from the Mariner
9 radio-tracking data provide the basis
for this report. These data consist pri-

(changes in the round-trip phase delay
of the radio signal), converted to values
averaged over 1-minute count times
(I). The observations span two periods
(2): (i) from orbit insertion on 14

marily of counted Doppler data November to orbit trim on 16 Novem-
Table 1. Characteristics of the Mariner 9 orbit.

Parameter Before trim After trim
Epoch (U.T.) 14 Nov., 00:42 16 Nov., 02:58
Semimajor axis (km) 13,046 12,636
Eccentricity 0.63282 0.62173
Inclination to Martian equator (deg) 64.35 64.37
Latitude of periapsis (deg) —22.7 —22.1
West longitude of initial periapsis (deg) 102.3 117.2
Periapsis altitude (km) 1397 1387
Anomalistic orbital period (hours) 12.567 11.980

Table 2. Direction of the pole of Mars. Pole is given for epoch 1971.9 and referred to the

mean equinox and equator of 1950.0.

Nominal

Orbit phase

Far-encounter
Far-encounter

radio- . TV pictures
Angle vaéue tracking ?Y p:icture]: of Martian
©) data ot landmarks satellites
Right ascension, « (deg) 316.9 317.3+0.3 317.5 0.9 317.2 = 0.5
Declination, § (deg) 53.0 52.6 =0.2 529 =0.9 529 =0.3
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Fig. 1. Contours of equivalent surface heights deduced from a sixth-degree solution
for the Martian gravity field. These contours represent the deviations from sphericity
of a uniformly dense body with external potential given by the first sixth-degree
solution, with the effect of J. omitted. Contours are labeled in kilometers; the contour
interval is 250 m.

ber 1971 and (ii) from 16 November
to 3 December 1971. The first period
consists of almost four complete revo-
lutions; the second consists of 33. The
characteristics of the orbit before and
after the trim are given in Table 1.
The Doppler data are affected notice-

ably by the inhomogeneities in Mars’s
gravity field and thus by its rotation
vector. In order to estimate the para-
meters associated with these character-
istics, we compared the data with pre-
cise theoretical computations based on
double-precision numerical integration
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Fig. 2. Residuals from short-arc fits near the first three periapsis passages of Mariner 9.
Only the state vector was estimated; the residuals represent the effects of the Martian
gravity field. The results for the first and third passages, P and Ps, are similar because
the orbital period was almost half the spin period of Mars (see Table 1). For the
radio frequency of about 2300 Mhz, 1 mm/sec = 0.015 hz. Near periapsis passage,
which occurred at about # = 102 minutes, the speed of the Mariner 9 spacecraft was
about 4 km/sec. Earth occultation precluded extension of the data past periapsis.
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of the equations of motion of the
spacecraft with respect to Mars. These
equations included the perturbing accel-
erations due to the gravity field of Mars,
the sun, and planets, direct sunlight
pressure, and gas leakages. The Earth-
Mars orbit was fixed in accord with
determinations based on radar data of
the inner planets (3). Tracking sta-
tion locations were based on determina-
tions from past Mariner missions with
the rotational motions of Earth mod-
eled in the standard manner. To ac-
count for the effects of the propagation
medium, semiempirical models of the
atmosphere and ionosphere were used.
The relevant variational equations were
integrated numerically in double pre-
cision; the parameters estimated in our
first solution were as follows: the six
initial conditions, or state vector, for
the spacecraft’s orbit; 35 coefficients
in the gravity model; and the right as-
cension, &, and declination, 8, of Mars’s
rotation axis. The gravity-field poten-
tial was represented by a spherical har-
monic expansion:

©® n
v=-M, RZ (-’}) Puo(sin 0)

n=2

- (RrRY, ..
Z (";‘) Pyn(sin 0)

2 m=1

+

[
n=

(Crm cOS MN 4 Sam sin mA)

where G is the constant of gravitation;
M g is the mass of Mars, fixed at the
value obtained from the Mariner 4
flyby (4); R is the equatorial radius of
Mars, taken as 3394 km; r is the radial
distance of the orbiter from Mars; and
P,, denotes the associated Legendre
polynominals, with 6 the latitude and
A the longitude on Mars. All coeffi-
cients through the fifth degree plus the
even-order sixth degree were included
for this solution except for Sp; and Coy;,
which were omitted because of the
presence of the pole angles o and &
as parameters (5). The result for the
pole position is given in Table 2 and
is compared with the accepted value
based on optical observations from
Earth (6). Also listed are two other
determinations based on pictures taken
by the Mariner television camera. The
first of these (from S. N. Mohan), ob-
tained by tracking features on the sur-
face of Mars from a series of far-en-
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Table 3. Coefficients for the second-degree harmonics of the gravity field referred to a radius of 3394 km.

Moon (14) Earth (I5)

1(iioef- N?minal Mariner 9

cient value (8) value . Scaled to - Scaled to

Unscaled Mars (9) Unscaled Mars (9)

Je (1.968 =+ 0.006) X 102 (1.96 = 0.01) x 10-® (0.200 * 0.002) x 10-® 1.083 x 103
Cy 0 <3 X 10-¢
Sa 0 <3 x 10-®
Co * -5 x1)x10° (2.4 = 0.5) X 10°° 0.5 X 10°° 0.16 X 10°° 1.0 x 10-®
Son # B3=x1)x10°® (0.5 +0.6) X 10° 0.1 X 10-® —0.09 X 10-® —0.6 X 10-°

* No value available before the Mariner 9 mission.

counter pictures, is in agreement with
the accepted value and is of comparable
accuracy. The second determination
(from T. C. Duxbury), based on pic-
tures of Phobos and Deimos and on
the assumption that the orbital inclina-
tions of these satellites to the Martian
equator were known to within 0.2°,
also gives a result for the pole direction
consistent with both the nominal value
and that deduced from the radio-track-
ing data, but has an uncertainty of
about 0.5° in both coordinates. To test
the significance of the pole direction
correction implied by the radio data,
several solutions were carried out from
disjoint data sets with the pole direc-
tion alternately fixed at the radio and
optical values and with S;; and Cyy
added to the parameter set. In all cases,
the “radio” pole yielded substantially
smaller values for S,y and Caq, a re-
sult which tends to support the radio
value. Ultimately, the Mariner 9 mission
should yield a pole direction with an
uncertainty no greater than about 0.1°.

Of greater direct scientific interest is
the solution for the gravity field itself.
In view of the Mariner 9 periapsis alti-
tude, which corresponds to about 1/15
of the circumference of Mars, the track-
ing data will yield some information
on harmonics up to the 15th degree and
order. However, a meaningful, com-
plete solution of this extent will prob-
ably not be obtained from Mariner 9;
its large orbital eccentricity, near-critical
inclination (7), and near-resonant peri-
od imply that only for a small portion
of the planet near the periapsis latitude
of —22° will the tracking data be sensi-
tive to gravity anomalies of this order.
Furthermore, the estimates of the co-
efficients of the terms of intermediate
degree and order will be highly corre-
lated with one another. For the limited
span of observations presently available,
solutions for the individual terms are
considered reliable only through the

21 JANUARY 1972

second degree; these are shown in Table
3. The uncertainties given are based
on the above facts and on comparisons
of results from three almost complete
sixth-degree solutions that utilized dis-
joint data sets bounded by periapsis
passages. The first contained data from
orbital revolutions 4 to 10, the second
from revolutions 19 to 25, and the third
from revolutions 31 to 37. The value for
J, is in excellent agreement with Wilkins’
value, which was based primarily on
Earth-based telescopic observations of
Phobos between 1877 and 1928 (8). The
values for C,y and Sy, imply that frac-
tional difference, (B —A)/My R2, in
the equatorial principal moments of
inertia is (2.5 = 0.5) X 10—* and that

the axis of the minimum moment of
inertia passes approximately through
105°W.

Although the other individual terms
for the sixth-degree solutions are not
too meaningful, the ensemble is perhaps
more reliable. The contours of constant
equivalent surface heights are similar
for the three solutions; the contours for
the first solution, omitting the effect of
J,, are shown in Fig. 1. The deviations
from a spheroid are seen to vary from
about — 2.5 to 4 3 km. These variations
imply substantial stresses and, if con-
firmed by further analysis, will establish
Mars as gravitationally much “rougher”
than either Earth or the moon. Scaling
the variations with the square of the

I
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Gravity model contour

I I I I I
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Fig. 3. Comparison of surface contours deduced from sixth-degree gravity model (see
Fig. 1) with radar measurements (10) of surface-height variations near the Martian
equator. The 1971 radar data (B) are of substantially higher resolution than the 1969

data (A).
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surface acceleration of gravity (9), we
obtain the comparative results shown in
Table 3 for the three bodies for equiva-
lent surface resolution.

The gravity solutions were limited to
data covering six orbital revolutions
and thus do not extract all of the grav-
ity information inherent in the com-
plete set of observations. This assertion
is supported by the results from pre-
dictions which exhibit gradually in-
creasing residuals to about 10 hz after
several revolutions. The post-fit resid-
uals for the data used in the solutions
nowhere exceed about 0.05 hz, as com-
pared with the observed noise level of
0.005 hz. With more data, the gravity
solution, at least near the periapsis lati-
tude, will be of finer resolution. Even
with the present limited data set, short-
arc fits covering the periapsis region
can be used for local determinations.
Residuals obtained from several short-
arc solutions near periapsis in which
only the spacecraft state vector was es-
timated are displayed in Fig. 2. Con-
sistency between solutions for arcs with
almost the same periapsis point on the
Martian surface is evident, as is the dis-
parity for periapsis corresponding to
positions on opposite sides of Mars.
Analysis of these residuals to estimate
the high-frequency gravity variations,
which may possibly reveal the presence
of mascons, has not been completed.
Later in the mission, when the orbit
geometry improves and Earth occul-
tations end, the data will be much more
favorable for this type of analysis.

A comparison of the gravity con-
tours exhibited in Fig. 1 with surface
heights determined from Earth-based
radar observations (/0) is instructive.
The radar data are confined to the
equatorial region (% 20° in latitude);
therefore, we show in Fig. 3 surface
heights for two representative latitudes
as compared with the corresponding
gravity-potential contours. The low-
frequency components of the surface-
height variations correlate well with
those of the gravity-potential contours.
In particular, the gravity contours peak
within about 20° of the surface-height
maxima, In some places the amplitudes
of the variations in surface heights are
severalfold larger than those in the
gravity contours. Such disparities are
probably attributable to the averaging
effect of the low-resolution gravity mod-
el and to isostatic compensation. A
quantitative apportionment must await
the development of a better gravity
model. ‘
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Measurements of surface pressure
from other experiments (/I), when
combined with the gravity contours, also
can be used to infer surface-height vari-
ations. Comparisons with the radar de-
terminations, where they exist, will then
allow important closure tests to be
made. Only low-frequency components
of the topography can be inferred be-
cause of the restricted surface resolu-
tion of the gravity data.

No useful upper bound on the density
of the Martian exosphere at the peri-
apsis altitude has been obtained as yet.
This density affects the Doppler track-
ing data through the drag on the
spacecraft, which in turn manifests it-
self most sensitively through secular
changes in the orbital mean anomaly.
The gravity-field variations, which also
affect the mean anomaly, are periodic,
thus affording a method of separation.
Several rotations of Mars with respect
to the spacecraft’s position at periapsis
probably are required for separation.
Each such rotation takes about 20 days.
The analysis presented here allows us to
conclude only that the air density at
periapsis is no greater than about 10—15
g/cm3; most likely, it is far less.

In addition to Doppler observations,
ranging or group-delay measurements
have been made regularly since orbit
insertion. These latter data will be used
to test the predicted general relativistic
effect of solar gravity on the round-trip
delays (I2) and, concomitantly, to im-
prove the determination of the orbits
of Earth and Mars. The data now ex-
tend over too small an arc to permit
any scientific conclusions to be drawn.
Continuation well past the superior con-
junction of September 1972 is required
for an accurate relativity test. Corre-
sponding improvements in the orbits of
Earth and Mars will then be sufficient
to allow radar echo-delay data to be in-
terpreted directly in terms of surface
heights. Substantial improvements will
also be possible in the interpretations
of the Earth-Mercury and Earth-Venus
radar observations.
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