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Introduction the present study is to determine the seasonal mass ex-
changes between the polar caps and atmosphere, as well
CO; in the Martian atmosphere condensates and subli- as the global atmospheric pressure variations directly
mates on seasonal time scales, resulting in large masgrom the reported time-variable gravity field coefficients,
exchanges between the atmosphere and the surface. A& Cz andACs,.

the mass redistribution is on global-scale, it mainly af-

fects the long wavelength components of the gravity

field. Chao and Rubincam(1990) showed that the time- Theory

variations of the gravity field could be large enough

to have a measurable effect on the orbit of a space- The changes in the zonal Stokes coefficiexit,,, of

craft. There are several other possibilities to estimate degreen and orden of the gravity field due to the mass
the global scale mass exchanges over Mars (see, Zubeexchange between the surface and atmosphere can be
(2003). Detection of temporal changes in the long wave- expressed as an integral over the seasonal surface mass
length of Martian gravitational field provide one of the density variationsjAo as (Chao and Rubincam 1990):
most direct methods as it does not need physical models

related to the surface/atmosphere interactions or to the

subsurface modelling. It also offers the advantage of
continuous data for many years as tracking data will be
available for any Mars orbiter.

The low-degree zonal coefficients of the Martian
time-variable gravity were derived from the tracking data
of Mars Global Surveyor (MGS) spacecraft by Smith
et al. (2001), Yoder et. al (2003) and most recently
by Balmino et al. (2005). The perturbation of the
MGS orbit due to the time-variable gravity field is at
the edge of detectibility and the reported coefficients

R2
ACno(t) = == | Ac(Q, 1) Pa(cos0)dQ. (1)

where M and R are the radius and mass of the planet,
d§2 the infinitesimal surface elemenk{ = sin 0d0d)), 6
co-latitude ) longitude, andp, is the Legendre’s poly-
nomial of degree:. The atmosphere is assumed to be
locally in hydrostatic equilibrium and elastic yielding of
the planet under the surface loading and any seasonal

mass variation inside the planet are neglected. The ef-
fect of elastic yielding is less thar¥zl(see, Van Hoolst

contain the influence of higher degree zonals since they ot 51 2003. Chao and Rubincam 1990).

were obtained from the tracking data of a single space-
craft. Nevertheless, Smith et al. (2001) calculated suc-

For the purpose of the present study, two further ap-
proximations are introduced. Firstl$to is assumed to

cessfully the seasonal mass variations of polar caps bypa 5 function of co-latitude only. This is a very rea-

combining theACs, solution with Mars Orbiter Laser
Altimetry (MOLA). Orbital analysis of MGS allowed
Yoder et. al (2003) to estimate the solid Love number
k2 of Mars as well as to test the compatibility of several
ice-cap models with the deduced time-variable gravity
solution. Aharonson et al. (2004) calculated the den-
sity of seasonal polar deposits by combining Gamma
Ray Spectroscopy (GRS) data of Mars Odyssey with
the MOLA data as well as with the time-variable grav-
ity data of MGS. Karatekin et al. (2005) investigated
the influence of higher degree zonals on the reported
time-variable gravity coefficients and comparad’,

and ACs, observations with those calculated from the
mass redistributions given by GCM and the {O®ick-

ness measurements of High Energy Neutron Detector

(HEND) onboard Mars Odyssey (Litvak et al. 2004).
The use the tracking observations alone to obtain
direct measure of the global scale mass redistribution
has been challenging, mainly due to the low signal-to-
noise ratio of the time-variable gravity signal (Smith and
Zuber 2003, Karatekin et al. 2003). The objective of

sonable assumption since, during the cap retreats and
advances, the shape of the seasonal polar caps remains
mostly axi-symmetric, except when the surfaces of sea-
sonal deposits are close to minimum (James etal. 2001).
Secondly, atmospheric pressure contributiondcare
neglected. Based on GCM simulations of the Martian
atmosphere, Karatekin et al. (2005) showed this would
introduce errors less thaf@and 2% for AC2o andACs,,
respectively. Accordingly, the integral in equation 1
vanishes everywhere except in the regions wherg CO
condensation/sublimation occurs:
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The integrals on the right hand side are over the
North and South seasonal caps, respectively. We also
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introducedu(t) = cos6(t), and the North and South we do not consider more complicated models than the

polar edges havg = ., andu = p.., respectively. linearAcs model. Moreover, the differences between the
The distribution of the surface mass density, AM solutions are within the uncertainties of the tracking

over the polar regions is poorly constraint. For a given data solutions.

Ao distribution, the mass variations of the polar caps The global scale atmospheric pressutgjsdirectly

AMy,s are alinear function of the variations of the zonal related to the mass variations of the polar caps. Assum-

gravitational coefficients (see Karatekin et al. 2006). ing the atmosphere to be in hydrostatic equilibrium, we

For a linearAcs distribution Ao(u) = a + bu), the have:

mass variation over the pole iSMy s(t) = mbR*[1 —

Ley. s (£)]%, assuming zero ice cap thickness at the bound- AP, = ——9_(AMs + AMy). )

aries of the seasonal polar capsAlf is assumed to be 4 R?

constant over the North and South poles, the mass vari- 114 variation ofAP, over a Martian year is shown

) : ' =outh
ations are given aAMy,s(t) = 2rR°[L — piey s ()| Ao in Figure 2. The current solution is in line with the 3

The simplest_ assumption is to cons_ider point Masses N yata sets, but shows better agreement with the HEND
the geometric center of the polar-ice caps, for which ¢ s

it can be shown that the variations of the odd (even)

zonal harmonics are linearly proportional to the sum

(difference) of the relative mass variations in the two

hemispheres (Zuber and Smith 2003). In the point mass Discussion and Conclusions

model, all CQ cap mass is assumed to be on the ge-

ographical center of the pole. For a given polar mass, Global-scale mass exchange between the atmosphere
the effect on the zonal gravity coefficient is then max- and polar caps has been estimated from the temporal
imal among all possible polar cap models. Therefore, variations ofAC2, and ACs, derived from the orbital

the mass estimates in the point mass model are loweranalysis of MGS. The mass and pressure variations ob-
bounds. tained from the present analysis show good agreement
with numerical models of NASA Ames and HEND ob-
servations despite some artifacts from the low signal-to
noise ratio of the time-variable gravity signal and its
representation by a limited number of harmonics.

The AM given by different models ofAc remain
small compared to the discrepancies of the GCM and
the HEND solutions. The uncertainties associated with
the time-variable gravity solution do not allow to esti-
mate a surface mass density model. The simple models
employed in the present study can be further developed
as the data quality will be improved.

Theoretically, Martian time-variable gravity can be
estimated with any spacecraft provided that the tracking
is sufficient. Possible improvements of time-varying
gravity solutions (such as by simultaneous tracking of
more than one orbiter), could be used to better constrain
the physical models of GCM which have been trying
to reproduce local surface pressures much smaller than
than their surface resolution. Such solutions will also
be likely used to determine the year-to-year variations
of polar masses variations.

Results

The mass variationa M for constant and lineakos dis-
tributions as well as for the point mass approximation
are shown in Figure 1. The plots refer to the arithmetic
mean of the solutions resulting from the 4 combinations
of the reported\C3o andAC, from Smith et al. (2001)
and Yoder et al. (2003). On the same graph we plot
alsoAM from HEND, and GCM models . The LMD
(Forget et al. 1999) and the NASA Ames (Haberle et
al. 1999) GCMs were run on a surface grid of%9°
using a dust scenario, consistent with a moderately dusty
planet. The LMD run consistent with the Martian Cli-
mate Data Base v3.0 (Lewis et al. 1999) provides the
largestA M estimates. The differences between the two
GCM solutions are largely due to differences in phys-
ical modelling. Neutron flux measurements of HEND
scale with the amount of hydrogen on the surface or sub-
surface of Mars. The summer measurements, when no
CO, deposit is present on the surface, were used to de-
termine the amount of hydrogen in the subsurface, and
the changes in the neutron flux with seasons were inter- Acknowledgements
preted in terms of C@deposits given in kg/M(Litvak
et al. 2004). We are grateful to F. Forget and Y. Warmick from the
The constant approximation likely overestimates LMD, and R. Haberle from NASA AMES for sharing
the mass variations for realistjc., and u., since it their GCM results and to M. Litvak from SRI for pro-
assumes unrealistically higho concentration at the  viding the HEND data. This study was funded by a
polar cap boundaries. As other models will likely yield ESA/Prodex contract and supported by the European
mass variations in between the constaatand the point Community’s Improving Human Potential Programme,
mass models, which present the upper and lower bounds,under contract RTN2-2001-00414, MAGE.
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Figure 1: Comparison of relative mass variations in polar caps. The solutions from the avA@gednd AC5, time-series for
different surface mass densiydistributions are compared with those from the two GCM and the HEND.
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Figure 2: Variations of mean pressure. The solutions from

the averaged\C20 andAC5o time-series for different surface

mass density distributions are compared with those from the
two GCM and the HEND.
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