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Doppler and range measurements to the Mars Pathfinder lander made using its radio
communications system have been combined with similar measurements from the Viking
landers to estimate improved values of the precession of Mars’ pole of rotation and the
variation in Mars’ rotation rate. The observed precession of 7576 =+ 35 milliarc seconds
of angle per year implies a dense core and constrains possible models of interior com-
position. The estimated annual variation in rotation is in good agreement with a model of
seasonal mass exchange of carbon dioxide between the atmosphere and ice caps.

Little is known about the interior of
Mars. From telescopic observations and
spacecraft missions, the mass and radius of
Mars have been determined and hence its
mean density. Because Mars is significant-
ly asymmetric, its polar moment of inertia
C cannot be inferred from the gravity
field. Determination of the polar moment
of inertia yields information on the distri-
bution of mass within the planet, such as
whether the planet has a dense core sur-
rounded by a lighter mantle. Analysis of
radio tracking measurements from the Vi-
king landers has determined the normal-
ized polar moment of inertia C/MR?,
where M is the mass of Mars and R is its
mean radius, to be 0.355 * 0.015 (I).
However, the uncertainty in this estimate
is not small enough to determine with
certainty that Mars has a dense core or to
distinguish between interior models rang-
ing from an Earth-like composition to
iron-enriched compositions characteristic
of the meteorites thought to originate
from Mars (2).

The Mars Pathfinder mission has provid-
ed an opportunity to improve our knowl-
edge of Mars’ polar moment of inertia and
hence our knowledge of Mars’ interior. As
with the Viking landers, the Pathfinder ra-
dio system used for communication with
Earth was also used to measure the distance
(from the signal travel time) and changes in
distance (from the Doppler frequency shift
of the signal) between Earth and Mars.
These measurements provided information
on the changing orbits of Earth and Mars
and on the rotation of Mars (3). Of partic-
ular interest is the martian rotational infor-
mation: secular precession and periodic nu-
tation of the spin axis, seasonal and tidal
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variations in the rotation rate, and Chan-
dler-like wobble of Mars’ figure axis relative
to the spin axis. These quantities can be
used to constrain models of the interior of
Mars and estimate the annual mass ex-
change between the atmosphere and the
polar ice caps.

The precession is driven by the gravita-
tional torque of the sun acting on Mars’
oblate figure and is proportional to (C — (A
+ B)/2)/C where C > B > A are the
principal moments of inertia of Mars. The
factor C — (A + B)/2 = J,MR? is already
known with high accuracy from detection
of Mars’ gravity field with the use of Viking
orbiter and other tracking data (4). Accu-
rate measurement of the precession is need-
ed to determine the polar moment of iner-
tia. Knowledge of the moment of inertia,
combined with measurements of Mars’
mass, size, shape, and low-order gravity har-
monics, provides key information for mod-
els of the interior structure.

In addition to providing insight into the
interior of Mars, the polar moment of iner-
tia is of interest in determining the martian
climate over millions of years. Due to the
action of the sun, Jupiter, and other planets,
the obliquity of Mars varies by tens of de-
grees (5). The change in obliquity causes
large changes in insolation that result in
dramatic changes in climate (6). The his-
tory of the obliquity depends on the value
of the moment of inertia, and a more pre-
cise determination of the moment of inertia
provides better estimates of the history of
insolation.

Mars’ rotation rate is expected to vary
because of redistribution of mass by seasonal
sublimation and condensation of carbon di-
oxide at the polar ice caps (7). Smaller
variations are expected as a result of gravi-
tational solar tides. The size of the varia-
tions depends on the amount of mass redis-
tribution and on the internal structure.

The Pathfinder tracking data acquired
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from landing on 4 July 1997
through the end of September
1997 have been used in combina-
tion with tracking data from the Viking
landers to determine improved estimates of
the precession and seasonal rotation varia-
tions of Mars. The combined data set is
powerful, in spite of the relatively short
span of the Pathfinder data, because of the
large movement of the martian pole from
precession between the time of the Viking
lander mission and the Pathfinder mis-
sion. The Viking lander data give the
mean spatial orientation of the pole of
rotation of Mars at the midpoint of that
experiment, whereas the Pathfinder data
give the pole orientation about 20 years
later. In addition, improved estimates of
the seasonal variations in rotation rate,
compared to previous Viking results, have
been achieved by including 2 years of
Doppler data from the Viking I lander
(recovered by R. Wimberly) that were not
included in previous analyses. The Path-
finder data span is too short to significant-
ly improve estimates of seasonal variations
in rotation rate.

Because the Pathfinder radio system op-
erates at a higher frequency than the Viking
lander radio systems, the Doppler data are
much less affected by fluctuating charged
particles in the solar system and in Earth’s
ionosphere (8). The Pathfinder ranging
measurements are similarly more accurate
than the Viking lander measurements, part-
ly because of the higher communications
frequency and partly because of improve-
ments in ground station calibrations.

The Pathfinder and Viking lander track-
ing measurements have been analyzed to
solve for Mars rotation and orbit parame-
ters. The rotation from Mars-fixed coordi-

Table 1. Estimated Mars rotation constants.
Numbers in parentheses indicate uncertainties in
the final digit or digits.

Parameter Value

Obliquity & (degrees)

Obliquity rate de/dt
(mas/year)

Node s (degrees)

25.189417 (35)
1(16)

35.43777 (14)

Precession rate di/dt —7576 (35)
(mas/year)

Rotation about pole ¢ 133.61259 (fixed)
(degrees)

Rotation rate dd/dt 350.89198521 (8)
(degrees/day)

Annual term C1 (mas) 504 (57)

Annual term S1 (mas) —170 (81)

Semiannual term C2 (mas) —107 (56)

Semiannual term S2 (mas) —82 (59)

Triannual term C3 (mas) —25 (61)

Triannual term S3 (mas) —-12 (53)

Quarterly term C4 (mas) —41 (38)

Quarterly term S4 (mas) 31 (40)
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nates to inertial coordinates was modeled
by rotation about the spin axis and nutation
and precession of the spin axis. Rotation
about the spin axis was described by angle
&, its rate w, and harmonics

4
8 = X {C, cos j€ + S;sin j¢}
=1

where € is the orbital mean anomaly (9).
The angle ¢ at the epoch J2000 was held
fixed and defined the longitude system.
The rate of rotation @ was estimated. The
nutation model was adopted from Reasen-
berg and King (10). Mars’ obliquity € (the
angle between the equatorial and orbital
plane) and its rate de/dt were estimated, as
were the longitude of the node (of inter-
section between the orbital and equatorial
planes) ¢ and the precession rate dis/de
(11). Also estimated were three coordi-
nates for each lander, six parameters de-
scribing Mars’ orbit, and three parameters
(equivalent to the semimajor axis, eccen-
tricity, and longitude of perihelion) de-
scribing the shape of Earth’s orbit. The
orientation of Earth’s orbit with respect to
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Fig. 1. Polar moment of inertia versus core radius
for four different mantle compositions and two
different temperature profiles. The solid circles in-
dicate models with temperatures 200 K lower
than Earth at the same pressure; the open circles
indicate models with temperatures 200 K higher
than Earth (7).

the frame of extragalactic radio sources
used to define Earth orientation was held
fixed (12).

Table 1 gives the estimated rotation
constants. The uncertainties indicated in
Table 1 are five times the standard devia-
tions. The factor of 5 accounts for the fail-
ure to account for various systematic effects,
including polar motion, and encompasses
variations in solutions observed with sub-
sets of the data and solution parameters.
The estimated obliquity rate is consistent
with zero, as expected. The precession rate
is inversely proportional to the normalized
polar moment of inertia C/MR?, as given by

(13)
dgs/dt = — %Jz cose(l — e2) 7 MR*n*/wC

where e is the orbital eccentricity. The cor-
responding moment estimate is

C/MR? = 0.3662 = 0.0017

For purposes of cartography, it is standard to
decompose the rotation of Mars as a rota-
tion about the spin axis, with the spin axis
direction described by its right ascension «
and declination & (14). For convenience,
Table 2 gives the estimated cartographic
constants for Mars based on the Pathfinder
and Viking data. Because most cartogra-
phers will not account for nutation, this
model does not account for nutation (15).
Table 3 gives cylindrical lander coordinates
consistent with this rotation model. Cylin-
drical coordinates are most natural for the
data analysis, because the longitude and
distance from the spin axis are determined
well by short data arcs, whereas the deter-
mination of the distance from the equator
requires a longer data arc and is more cor-
related with estimated orbital parameters.
Geodetic lander coordinates are given in
Table 4 for cartographic purposes.
Previous estimates of Mars’ polar mo-
ment of inertia required assumptions about

the source of triaxial asymmetry of the in-
ternal mass distribution. Reasenberg (16)
used the observed triaxial shape of Mars and
the hypothesis that the Tharsis volcano was
the primary contribution to the nonhydro-
static component of the polar moment to
estimate a value for C/MR? of 0.365. One
means of understanding Reasenberg’s argu-
ment is to consider the relative magnitude
of the nonhydrostatic contributions to the
three moments of inertia AC = AB = AA.
Tharsis is located near the equator and is
aligned with the A moment axis. Reasen-
berg effectively argued that AC = AB. On
the other hand, Bills (17) argued that the
most likely case is AC — AB = AB — AA.
The expected moment from this argument
is CIMR? = 0.345. Our estimate favors the
Reasenberg interpretation.

The estimated polar moment of inertia
can be used to constrain models of the
martian interior (I, 18). The polar moment
of inertia varies with core size, composition,
and temperature profile. We consider mod-
els with mantle compositions ranging from
an Earth-like molar ratio of Mg/(Mg+Fe),
X Of 89% to a value of 70%, representing
amantle highly enriched with iron; and two
possible temperature profiles, one cooler
than Earth at a given pressure and one
warmer (Fig. 1). The estimated precession
constant rules out most of the models.
Warm models with mantle compositions
similar to that of Earth (for example, x, =
89%) are ruled out, as are some cold iron-
rich models (xy, < 70%). However, the
core radius can range from 1200 to 2400 km
without an additional constraint such as
core composition. The core has been mod-
eled as an Fe-FeS mixture. For each suite of
models, the smallest core radius corresponds
to a nearly pure iron core (except for the
models with x,, = 70%), whereas the larg-
est core radius is with an FeS core. The
composition of meteorites thought to have
originated on Mars favors a martian mantle

Table 3. Cylindrical lander coordinates. Numbers in parentheses indicate uncertainties in the final digit

. . or digits.
Table 2. Estimated cartographic constants for
Meirish Thuer?ﬁiqségﬁ%rf gfglfsses indicate uncertain Pathfinder Viking 1 lander Viking 2 lander
Longitude (degrees) W33.5238 (1) W48.2217 (5) E134.0100 (6)
Parameter Value Distance from spin axis (km) 3203.206 (1) 3136.519 (1) 2277.386 (6)
) ) Height above equator (km) 1108.89 (9) 1284.41 (5) 2500.01 (5)
Pole right ascension at 317.68143 (1)
J2000 « (degrees)
Right ascension rate —-0.1061 (7)
da/dt (degrees/century) Table 4. Geodetic lander coordinates with respect to a reference ellipsoid defined by an equatorial
Pole declination at J2000 52.88650 (3) radius of 3397.2 km and flatness 0.0105. Numbers in parentheses indicate uncertainties in the final digit
S (degrees) or digits.
Declination rate dd/dt —0.0609 (4)
(degrees/century) Pathfinder Viking 1 lander Viking 2 lander
Rotation about pole at 176.901 (fixed)
J2000 W (degrees) Longitude (degrees) W33.5238 (1) W48.2217 (5) E134.0100 (6)
Rotation rate w 350.89198226 (8)  Latitude (degrees) 19.4724 (14) 22.6969 (7) 48.2688 (5)
(degrees/day) Height from ellipsoid (km) —3.61 (3) —2.69 (2) 4.23 (4)
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composition with x,, near 75%. In this
case, and if the core composition satisfies
FeS/(Fe + FeS), x5 < 50%, then the core
radius must be in the range of 1450 to 1700
km for warm models. The moment con-
straint for cold models with x5 <50 tends to
favor mantle compositions with x,, near
80% and core radii in the range of 1300 to
1450 km. In either case, Mars’ core is a
considerably smaller fraction of the total
planetary mass than is Earth’s.

Variations in rotation about the spin
axis are thought to be dominated by mass
exchange between the polar caps and the
atmosphere. During winter, part of the at-
mosphere condenses at the poles. If the
southern cap increased symmetrically as the
northern cap decreased, then there would
not be any change in moment of inertia or
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Fig. 2. Comparison of the amplitude and phase of
the estimated annual variation in rotation with the
model based on ice cap sublimation and accre-
tion and solar tides. The phase is with respect to ¢
= 0°. The estimate labeled “Viking” is taken from
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Fig. 3. Comparison of the amplitude and phase of
the estimated semiannual variation in rotation with
the model based on ice cap sublimation and ac-
cretion and solar tides. The phase is with respect
to € = 0°. The estimate labeled “Viking” is taken
from (7).
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rotation rate. However, because of Mars’
orbital eccentricity, difference in elevation,
and difference in albedo, the pole caps are
not formed symmetrically. The unbalanced
waxing and waning of the Martian polar ice
caps results in seasonal changes in air pres-
sure at the Pathfinder and Viking lander
sites (19). If Mars has a liquid core, the
change in rotation rate will depend on
changes in the mantle polar moment of
inertia C_, (assumed here to include the
crust). Seasonal zonal winds, which are the
primary mechanism for momentum change
on Earth (20), are apparently much less
important for Mars. Assuming that the
north and south polar ice caps have uniform
thickness and similar angular extent, the
predicted change in rotation rate can be
inferred from the pressure history (I, 21)

d¢(mas) = 477sin(€ + 112.8°)
+ 204sin(2€ + 181.7°)
+ 25sin(3€ + 172.5°)
+ 10sin(4€ + 168.1°)

A secondary source of rotation variations is
the deformation of Mars’ figure by solar
tides. The predicted response is given by (1)

d¢(mas) = —k,,MR*/C,,

97sin(€) + 62sin(2€ + 2w, — 24)
+ 14sin(3¢€¢ + Zmp — 2{) + 7sin(2¢€)
= 5.9sin(2€ + 2w, — 2¢)

where k,_ is the mantle tidal Love number
and w_ is the longitude of periapsis mea-
sured from the intersection of the martian
orbit and the ecliptic. The factor k, MR?/
C,, ranges from 0.3 to 0.8 for plausible Mars
models, with 0.5 taken as a nominal value.
The estimated annual term is in reason-
ably good agreement with the model (Fig.
2). The statistically significant shift from
the previous result is thought to be due to
systematic effects in the ranging data that
were used exclusively in the previous anal-
ysis (1), whereas our seasonal estimates are
dominated by the Viking Doppler data. The
estimated semiannual term does not agree
as well with the model (Fig. 3). This may
indicate the needs for improvement in the
model, improvements in the treatment of
the data, or an unmodeled effect, such as
interaction of the surface with winds. The
estimated triannual and quarterly ampli-
tudes are in fair agreement with the model
but are not statistically significant (22).
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