
ARTICLE IN PRESS
0032-0633/$ - se

doi:10.1016/j.ps

�Correspond
E-mail addr
Planetary and Space Science 56 (2008) 1043–1053

www.elsevier.com/locate/pss
Accurate Mars Express orbits to improve the determination of the mass
and ephemeris of the Martian moons

P. Rosenblatta,�, V. Laineyb, S. Le Maistrea, J.C. Martyc, V. Dehanta, M. Pätzoldd,
T. Van Hoolsta, B. Häuslere
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Abstract

The determination of the ephemeris of the Martian moons has benefited from observations of their plane-of-sky positions derived from

images taken by cameras onboard spacecraft orbiting Mars. Images obtained by the Super Resolution Camera (SRC) onboard Mars

Express (MEX) have been used to derive moon positions relative to Mars on the basis of a fit of a complete dynamical model of their

motion around Mars. Since, these positions are computed from the relative position of the spacecraft when the images are taken, those

positions need to be known as accurately as possible. An accurate MEX orbit is obtained by fitting two years of tracking data of the

Mars Express Radio Science (MaRS) experiment onboard MEX. The average accuracy of the orbits has been estimated to be around

20–25m. From these orbits, we have re-derived the positions of Phobos and Deimos at the epoch of the SRC observations and compared

them with the positions derived by using the MEX orbits provided by the ESOC navigation team. After fit of the orbital model of Phobos

and Deimos, the gain in precision in the Phobos position is roughly 30m, corresponding to the estimated gain of accuracy of the MEX

orbits. A new solution of the GM of the Martian moons has also been obtained from the accurate MEX orbits, which is consistent with

previous solutions and, for Phobos, is more precise than the solution from the Mars Global Surveyor (MGS) and Mars Odyssey (ODY)

tracking data. It will be further improved with data fromMEX-Phobos closer encounters (at a distance less than 300 km). This study also

demonstrates the advantage of combining observations of the moon positions from a spacecraft and from the Earth to assess the real

accuracy of the spacecraft orbit. In turn, the natural satellite ephemerides can be improved and participate to a better knowledge of the

origin and evolution of the Martian moons.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the space era, numerous efforts have been under-
taken to develop accurate ephemerides of the Martian
moons, Phobos and Deimos. On the one hand, accurate
ephemerides are necessary for the spacecraft mission design
and orbitography. On the other hand, the orbital motion of
e front matter r 2008 Elsevier Ltd. All rights reserved.
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the Martian moons can be used to infer insight into the
Martian interior. A key point in that respect is the tidal
dissipation factor Q, which induces a secular acceleration
on Phobos’ orbital motion. As a consequence, such studies
can provide some input for the study of the origin and
evolution of the Martian moons.
For more than a century, several dynamical models of

the orbital motion of these two moons have been developed
and fitted to Earth-based observations and more recently
to spacecraft observations (see Lainey et al., 2007 and
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references therein). One of the latest observational sets was
provided by cameras onboard spacecraft orbiting Mars like
the Super Resolution Camera (SRC), part of the High-
Resolution Stereo Camera (HRSC) onboard Mars Express
(MEX) (Oberst et al., 2006). Recently, Lainey et al. (2007)
have used SRC observations together with images from
previous missions and Earth-based observations to derive a
new ephemeris for the two moons. The post-fit residuals of
this new ephemeris are less than a kilometer and reflect
imperfections in the dynamical model that has been used,
the error on the reduction of the astrometrical observations
and the error on the spacecraft positions. For the SRC
instrument, Lainey et al. (2007) have used the position of
MEX provided by the flight dynamics team of the
European Space Operation Center (ESOC). These MEX
orbits have been designed for navigation purpose and may
lack sufficient precision for the purpose of the precise
determination of geophysical parameters such as the mass
of the moons.

In this paper, the MEX orbits have been recomputed in
order to improve both the accuracy of the MEX position-
ing and the precision of the derived Phobos and Deimos
ephemerides. The radio-tracking data (Doppler and range)
of MEX, acquired at Earth stations over the 2004–2006
period, have been used to fit a model of the MEX orbital
motion. Section 2 describes the MEX dynamical model
that has been used, Section 3 presents the results of the fit
to tracking data, and Section 4 the improvement of the
Phobos ephemeris when using the new accurate MEX
orbits at the epoch of SRC observations. Section 5 shows a
new estimation of the mass of the Martian moons obtained
from the new accurate MEX orbits, and compares them
with the most recent studies based on the radio-tracking
data of the Mars Global Surveyor (MGS) and ODY
spacecraft (Konopliv et al., 2006). The last section contains
conclusions and perspectives.

2. MEX dynamical model and tracking data

The orbital period of MEX is roughly 6.7 h and the
MEX altitude ranges from 250 km (pericenter pass) to
11 500 km (apocenter pass). Such an orbit is quite different
from the usual near-circular orbits, such as those of the
MGS and ODY spacecrafts, and therefore provides an
opportunity to get additional information about geophy-
sical parameters of Mars, such as the time variations of
the gravity field due to seasonal mass transport in its
atmosphere or tidal deformation induced by the Sun
(Rosenblatt et al., 2005). In addition, the MEX orbit is
expected to be more sensitive to the gravitational attraction
of the Martian moons since its higher altitude allows closer
Phobos encounter than MGS and ODY do. In order to
have access to these effects through the monitoring of the
MEX motion, we have determined an accurate orbit of
MEX by using the Géodésie par Intégration Numérique
Simultanée (GINS) software developed by the Centre
National d’Etudes Spatiales (CNES) and further adapted
at the Royal Observatory of Belgium (ROB) for planetary
geodesy applications. In this software the equation of
motion of the spacecraft is numerically integrated on the
basis of a model of the forces acting on it. The partial
derivatives of tracking observables with respect to several
parameters of this model are simultaneously computed,
allowing for an iterative least squares fit of the force model.
All the gravitational and non-gravitational forces have
been taken into account in the force budget. The latest
spherical harmonic model of Mars’ gravity field, JGM95J
developed up to degree and order 95 and the associated
Mars’ rotation model (Konopliv et al., 2006) have been
considered as well as a point mass representation of the
Sun and other planets given by the JPL DE414 ephemeris
(available at ftp://ssd.jpl.nasa.gov/pub/eph/planets/ascii/
de414). To take into account the effect of the shortest
wavelengths of Mars’ gravity field on the MEX motion, we
have chosen an integration time-step of 20 s. The gravita-
tional attraction of the two Martian moons has also been
modeled with a point mass representation, considering the
latest estimates of their mass (Konopliv et al., 2006) and of
their ephemeris (Lainey et al., 2007).
The non-gravitational forces act on each face of the

spacecraft, which have been represented by flat plates (six
for the bus and four for the two solar arrays) with known
areas and optical properties. This representation of the
spacecraft (called macro-model) needs to be oriented in
space at any given time. The orientation of the bus with
respect to an inertial frame has been modeled on the basis
of sets of quaternion provided by ESOC. Since all the sets
of quaternion for the orientation of the solar arrays with
respect to the bus were not available, we have assumed that
the solar arrays are oriented toward the Sun given the
orientation of the bus (T. Morley, pers. comm., 2005). This
assumption has been successfully tested over the February–
July 2004 period, for which some sets of solar array
quaternion were available (A. Konopliv, pers. comm.,
2006). The macro-model and its orientation have allowed
calculating the spacecraft acceleration due to the atmo-
spheric drag (especially at altitude lower than 700 km) and
the radiation pressure from both Sun and Mars (albedo
and thermal infra-red emission). For the drag, we have
used a model of the density of the Martian high atmo-
sphere (DTM-Mars model, Bruinsma and Lemoine, 2002).
The Mars radiation pressure has been modeled using
spatially and temporally dependent models of the albedo
and of the thermal emission (Lemoine, 1992). In addition
to the drag and radiation pressure effects, a residual
acceleration has been taken into account at each inertial
wheel desaturation or Wheel off-Loading (WoL) event.
Such events produce a change of velocity (or DV ) of the
spacecraft, which occurs once a day on average at the high
altitude phase of the orbit. The spacecraft is then oriented
in an attitude mode such that the DV is parallel to its
velocity (Pulido-Cobo and Schoenmaekers, 2004). When
projected into a frame tied to the spacecraft, the DV value
is about one order of magnitude larger along the spacecraft
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Z-axis than along both spacecraft X - and Y -axes. The
three components of this residual or WoL acceleration
have been calculated from the DV and duration of each
event provided by ESOC. As the atmospheric density and
the DV are not very well known, the associated forces are
the most inaccurate ones of the force model. This
inaccuracy is currently the main limit of the precise orbit
determination of any spacecraft orbiting Mars (Rosenblatt
et al., 2004; Konopliv et al., 2006), and thus of the
determination of geophysical parameters from tracking
data.

The tracking consists in measuring the round-trip time-
delay (2-way range) and the 2-way Doppler shift of the
carrier frequency (X-band at 8.5GHz) of the radio link
between the spacecraft and stations at the Earth’s surface.
The precision of the measurements is 1.2mHz (or 0.02mm/s
in relative velocity) at 60-s integration time and 3m for the
Doppler and range, respectively. The tracking stations
belong to the NASA Deep Space Network (DSN) located
at Madrid (Spain) and Goldstone (California, USA) and to
the ESA network (NNO station located at New Norcia,
Australia). At a given time, the spacecraft is tracked by only
one station, and the duration of each tracking pass varies
from about 40min to several hours. In one tracking pass,
the Doppler signal is most often acquired every 60 s, while
the ranging data are sparser (every 200 s on average). Since
the tracking passes are not performed successively, gaps in
the tracking coverage often occur, with a duration ranging
from several hours to about 1 day. This non-continuous
tracking limits the precision of the fit of the force model to
the tracking data, especially at pericenter pass where the
drag is maximal and at WoL events.

3. Fit of the MEX motion to the tracking data

The least squares fit to the Doppler and range tracking
data has been performed on successive 7 calendar days
data-arcs over the period from February 2004 to August
2006. We chose such duration of data-arc in order to
compare the accuracy of our orbits with the accuracy of the
ESOC orbits computed with similar data-arc duration. To
initiate this iterative process we have taken the MEX
position and velocity from the ESOC orbits for the initial
state vector at the beginning of each data-arc. Since the
WoL DV is not very well known, the residual acceleration
must be adjusted at each event. As these events are not
tracked from the Earth, we have added a priori constraints
to the initial value of the residual acceleration. These
constraints have been set as a fraction of the value of the
largest component (along the Z-axis) of the residual
acceleration, i.e. 10% of this value for the Z-axis
component and 3% of this value for the X and Y com-
ponents, respectively, as done by ESOC in their calculation
of the navigation orbits (T. Morley, pers. comm., 2006). In
addition to the three components of each WoL accelera-
tion, we have fitted the initial state vector as well as
scale factors for the drag and solar pressure radiation force.
The fit of the scale factors is used to scale the associated
force in order to compensate the inaccuracy of the force
model, especially of the atmospheric density which is not
very well known at an altitude of 250 km. We did not add
any a priori constraints either on the scale factors or on the
initial state vector. We have also fitted Doppler and range
biases at each tracking pass in order to take into account
systematic errors generated by the devices at each tracking
station and an overall range bias for each data-arc to
absorb systematic errors on the Mars–Earth position from
the DE414 ephemeris.
In a procedure to get the geophysical signal from each

data-arc, we have only selected the arcs for which the
estimated value of the drag scale factor is between �10 and
10, for which the estimated value of the solar pressure
factor is positive, and for which the rms of the Doppler
post-fit residuals is smaller than 7.5mHz. This selection
represents 75% of all the data-arcs. The rms values of the
post-fit residuals for these selected data-arcs are shown in
Fig. 1. The average value has been found around 3.2mHz
(or 0.05mm/s), which is in accordance with residuals found
by Highsmith et al. (2004) for the February 2004 period.
Some rms values are greater than 4mHz, especially around
September 2004, which corresponds to the solar conjunc-
tion period. The average of the rms values of the post-fit
2-way range residuals is less than 1m, and represents the
average precision of the MEX position relative to the Mars
center-of-mass. These values of the Doppler and range
residuals are similar to the ones obtained from fitting the
MGS and ODY tracking data (Duron et al., 2006), thus
meaning that the applied MEX dynamical model did not
include large errors. The mean value of the estimated
Doppler biases for each NNO and DSN station tracking
pass is of the order of a few tenths of mHz, which is lower
than the Doppler post-fit residuals for each data-arc. This
implies that we have no large bias in the modeling of the
Doppler shift measurements at each tracking station,
including the new NNO ESA station. To estimate the
error on the MEX positioning, we have performed orbit
overlap differences between successive data-arcs (Fig. 2).
The overlap duration has been chosen as 21 h or three
revolutions of MEX around Mars. The larger differences
are in the cross-track and along-track directions and vary
from less than 1 to 100m (sometimes up to 300m, not
shown in Fig. 2), with an average value of about 20–25m.
This is about 2 times lower than the average value of the
ESOC orbit overlap differences (T. Morley, pers. comm.,
2007). The overlap differences computed in this paper vary
significantly between pairs of data-arcs. This is due to the
tracking coverage, which varies from 20% to 80% of the
data-arc duration (40% on average) between data-arcs.
Indeed, the non-uniform tracking has a crucial conse-
quence when the pericenter passes within a data-arc are
not tracked (Fig. 3). In that case, the drag scale factor
becomes negative, implying that the atmospheric density is
negative, which is obviously impossible. In fact, due to
correlations between the drag scale factor, the adjusted
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Fig. 1. RMS values of the post-fit residuals for each 7 days data-arc: (a) 2-way Doppler and (b) 2-way range. (c) Range bias corrections to the DE414

ephemeris estimated for each data-arc.
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WoL accelerations and the initial state vector, the drag
scale factor absorbs information from other phenomena.
This situation especially occurs during about three
successive months in the first half of 2006 (Fig. 3). When
taking tight a priori constraints (about 0.04) for the drag
scale factor, it was possible to estimate non-negative values
for all the data-arcs even for those with a poor tracking
coverage at pericenter passes. Nevertheless, the orbit
overlap differences were not significantly improved. We
have also tried to use the Stewart (1987) model instead of
the DTM model for the density of Mars’ high atmosphere.
The values of the drag scale factor did not change, except
for the second part of 2005, where the Stewart model has
yielded lower scale factor values by a factor of about 2.
However, the orbit overlap differences did not change,
which confirms that the resolution of the drag acceleration
is not limited by the a priori atmospheric model. The gaps
in the tracking also occur systematically around the WoL
events. As a consequence, the WoL residual acceleration
cannot be perfectly adjusted and the corrections to the
ESOC initial value are on average tens of percent and
sometimes up to 600%, especially for the low amplitude X

and Y components (Fig. 4). We have tried to take tighter a
priori constraints for the WoL acceleration, but the orbit
overlap differences were not significantly improved. The
difficulty to properly adjust both drag effect and WoL
acceleration effect has prevented to get the orbit overlap
systematically below 10m. The solar pressure scale factor
shows a linear trend over the 2004–2006 period (Fig. 3).
However, such trend is not observed in the orbit overlap
differences (Fig. 2), thus it cannot come from errors in our
orbit computation. This trend could come from variations
of physical properties of the faces of the spacecraft such as
temperature variations or the darkening of these faces with
time. However, we did not get information to check such
explanation.
The position of MEX relative to the Earth-based

tracking stations is biased due to errors on the Mars
position given by the DE414 ephemeris. The estimation of
this bias per data-arc is displayed in Fig. 1. A quasi-
constant value of about 20m has been found up to April
2005. For the same period, the range bias from MGS and
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ODY data is about 1–2m (Konopliv et al., 2006; Folkner,
2007). The MEX range bias value of 20m probably reflects
the residual errors in the MEX orbit related to the
imperfect fit of the drag and WoL residual accelerations.
An alternative explanation is that unmodeled additional
time-delays have been generated by the transponder
onboard MEX due to either temperature variations or
electronic perturbations from other devices. On the other
hand, it seems difficult to explain about 60 ns of time-delay
from such perturbations (T. Morley, pers. comm., 2007).
After 2005, the values of the estimated range bias vary with
a peak-to-peak amplitude of about 50m in addition to the
previous 20m value. Such a variation with the same
amplitude is also observed on the range bias estimated
from the MGS and ODY range tracking data for the same
period (Folkner, 2007). This reflects residual errors in the
DE414 ephemeris for which no range data from spacecraft
have been introduced after April 2005.

To check if the choice of the 7 days duration for the
data-arcs was optimal for the fit of the MEX dynamical
model, we have tried shorter and longer data-arc duration
(4, 8 and 10 days). We have obtained similar orbit overlap
differences and values for the dynamical parameters, as for
7 days data-arc duration. We have also tried data-arcs that
did not contain WoL events. The data-arc duration is then
1 day on average (2 days for the first months of 2004). In
that case, a larger proportion of data-arcs have very little
tracking data available at their pericenter passes, and the
estimation of negative value for the drag scale factor occurs
more frequently than for longer data-arcs. This seems to
indicate that the drag acceleration is not better resolved
over the 2004–2006 period with these shorter data-arcs
than with longer data-arcs. We were not able to quantify
the precision of the orbits from the shorter data-arcs since
they are not overlapping.

4. Improvement of the Martian moon ephemerides

In principle the improvement of the accuracy of the
MEX orbit should further improve the measured position,
and after a new fit of these positions, the ephemeris of the
Martian moons by the same order of magnitude (Fig. 5).
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Lainey et al. (2007) showed that the accuracy of the SRC
observations is roughly 3 km, which is still too large and
will not benefit from the gain in accuracy of the MEX
orbits computed in this paper. Recently, a new set of SRC
observations have been reduced by Willner et al. (2007).
The related accuracy reaches a few hundred of meters.
Hence, the improvement of the moon ephemeris, which is
expected when using the ROB MEX orbits, may be
assessed. We used these new SRC observations to derive
two new solutions for the Martian moon positions: one
using the ROB MEX orbits (solution 1) and the other
one using the ESOC MEX orbits (solution 2). We have
used exactly the same method and software to derive these
positions as in Lainey et al. (2007). Besides the MEX
observations, all other spacecraft and Earth-based obser-
vations have also been considered. The same procedure
for weighting the different observational sets has been
used. It relies on an estimation of the sigma for each
data set provided by a former iteration in the least squares
fit. A 3-sigma criterion has been applied to reject poor
observations. With the selected MEX data-arcs of the
previous section, we have been able to use the more
accurate ROB MEX orbits instead of the ESOC orbits for
34 SRC observations of Phobos.
Fig. 6 and Table 1 display a comparison of the post-fit

residuals in right ascension and declination between
Phobos positions from solutions 1 and 2. The ROB
MEX orbits result in a global gain of precision of 33m
and of 8m on the mean value and the standard deviation of
the post-fit residuals, respectively (values obtained by
adding the gain in precision for the right ascension and
the declination). This improvement is in accordance with
the improvement of the ROB MEX orbit assessed from the
overlap differences that we have obtained with respect to
the overlap differences of the ESOC MEX orbits, and
provides an external validation of the ROB MEX orbits.
We have also assessed the impact of using the ROB

MEX orbit to derive the Phobos positions relative to Mars,
by comparing directly the positions from solutions 1 and 2.
Fig. 7 displays the difference of the Phobos positions
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Table 1

Mean (hni) and standard deviation (s) on right ascension and declination

of Phobos

Observations hnai (km) sa (km) hndi (km) sd (km) N

MEX (ESOC) 0.035 0.412 0.078 0.278 34

MEX (ROB) 0.008 0.417 0.072 0.265 34

The angles have been multiplied by the distance between the point of

observation and Phobos to provide values in kilometers. N denotes the

number of observations (from Willner et al., 2007).
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between both solutions over the 1982–2022 period. After
the epoch of SRC observations, no more Phobos’
observations have been introduced into both solutions,
and the increase of the difference (up to 350m over about
15 years) traduces a drift in the Phobos’ positions from
both solutions. This is not significant with respect to Mars’
geophysical parameter, which can be extracted from the
precise modeling of Phobos’ motion such as Mars’ tidal
dissipation factor Q. However, our ROB MEX orbits
should allow computing more precise Martian moon
ephemerides for the preparation of future spacecraft
missions.

5. Improvement of the determination of the mass of the

Martian moons

The gravitational attraction of the Martian moons
causes velocity variations of a Martian spacecraft, which
can be detected from tracking data, especially when it is
flying by at close distances. Various solutions of the mass
(or the GM value) of the two moons were obtained from
two independent Doppler data sets provided by the Viking
1 and 2 orbiters (Christensen et al., 1977; Tolson et al.,
1977; Williams et al., 1988; Yuan et al., 2001) and by the
Phobos 2 spacecraft for the Phobos mass (Berthias, 1990;
Kolyuka et al., 1990). The Viking 1 orbiter performed a
few flybys (or close encounter events) of Phobos at a
distance of less than 350 km and the Viking 2 performed
one single flyby of Deimos at a distance of 30 km. While the
Viking flybys lasted a few minutes each, the Phobos 2
spacecraft was continuously flying at a distance of less than
500 km to Phobos during one week, providing a continuous
flyby. Thus, the Phobos mass solution from the Phobos 2
data provided a solution with a relative error of less than
1% versus 15% for the Viking 1 solutions. Nevertheless,
the solutions vary between the studies by up to 30%,
suggesting that each solution could be corrupted by
systematic errors. Indeed, the flyby solutions rely on the
correct determination of both spacecraft and moon
positions at the time of the encounter, thus any bias on
these positions generate a bias on the moon mass
determination. The Phobos 2 solutions were difficult to
evaluate because of limited description of the data and of
their processing.
On the other hand, the Martian moon gravitational

attraction is regularly sensed by the spacecraft along its
orbit around Mars, even if the distance to the moons is
larger than during the flyby events. The associated force

Sebastien Le Maistre

Sebastien Le Maistre
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causes a small secular drift of the orbital elements of the
spacecraft from which the GM of the moons could be
estimated. This method has been first employed by Smith
et al. (1995) with tracking data of the former Mariner 9 and
Viking 1 and 2 spacecraft.1 The secular solution that they
have found has a formal error comparable to the flyby
ones, thus showing that estimates of the Martian moon
GM can also be obtained from the monitoring of the small
secular drift of the spacecraft orbit. However, their
solutions still differ from the flyby solutions by up to
40% (see Table 4 in Smith et al., 1995). One possible
explanation is that the resolution of Mars’ gravity field
used in that study was too weak to properly separate the
effect of the Martian moon gravitational attractions from
the effect of the shortest wavelengths of Mars’ gravity field
on the orbiter motion.

More recently Konopliv et al. (2006) have re-estimated
the GM of both Martian moons from the monitoring of the
MGS and ODY spacecrafts (secular solution) and from the
Viking flybys. Their secular solutions show better uncer-
tainties than the solutions from Smith et al. (1995) by a
factor of about 3, mainly because of the improvement of
Mars’ orientation and gravity model. Given the uncertain-
ties, their solutions are in agreement with most of the
previous solutions from flybys (see Table 8 in Konopliv
et al., 2006). Their Viking solution for the GM of Phobos is
remarkably close to the Phobos 2 solution found by
Berthias (1990) with a comparable uncertainty, providing a
similar solution obtained from two independent Doppler
data sets so far.

Since the MEX orbit has a semi-major axis about 3 times
larger than the semi-major axis of MGS or ODY, the
1In the rest of the paper, we choose to employ the terminology of

‘secular solution’ to refer to the solution based on this approach.
secular drift of its orbit, due to both Martian moon masses,
is larger than the secular drift of MGS/ODY orbits. We
have re-estimated the Martian moon GM by stacking
together the normal equations resulting from the least
squares fit performed on each MEX data-arc. The
dynamical parameters for each data-arc (or local para-
meters) have been fitted together with the two GM (global
parameters). No a priori constraint has been used for the
GM parameters. We obtained a value of 0:711� 0:002�
106 m3=s2 and 0:10� 0:06� 106 m3=s2 for Phobos and
Deimos, respectively. The formal uncertainties have been
multiplied by a factor of 10 as done in Konopliv et al.
(2006) for the MGS/ODY solutions. As expected, our
solutions are in agreement with the secular solutions found
by Konopliv et al. (2006), providing a smaller error for the
GM of Phobos (Fig. 8). Our Phobos GM solution is,
however, slightly different from the value of 0:716�
0:0005� 106 m3=s2 found by Konopliv et al. (2006) from
the Viking flyby data. Their formal error is, however,
comparable to our formal error since these authors have
scaled up the formal uncertainty of their Viking solution by
a factor of only 2. In contrast to these authors, we did
not adjust the Martian moon ephemerides together with
the GM parameter. However, we have used up-to-date
ephemerides, and their residual errors may not significantly
contribute to the errors on the estimated GM. The small
discrepancy between the MEX and Viking solution may
also come from the two different approaches that have
been used: secular versus flyby approach. In the latter
approach the signal is largely dominated by the effect of
the GM of the moon while in the former approach the
signal is smaller and a part of it can be absorbed in the fit of
the data-arc local parameters such as the initial state
vector. The formal uncertainty on the GM of Deimos is
(2006), the Phobos 2 solutions to Kolyuka et al. (1990) and Berthias

(1990), and the ROB solution to this paper. The MGS, ODY, and MEX

formal errors have been scaled up by a factor of 10 and the JPL Viking

error by a factor of 2.
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larger than the uncertainty from the secular solution
obtained by Konopliv et al. (2006) (Fig. 9). This is certainly
due to the weaker signal of the mass of the more distant
Deimos, which could not be well resolved from the stacking
of only one Martian year of MEX tracking data, as
performed in this study. A significant improvement is,
however, expected when the stacking of more data-arcs will
be achieved with the extended phase of the mission (at the
end of 2009). In spite of its large uncertainty, our secular
solution is in accordance with the solution from the single
Viking 2 flyby at a distance of 30 km (Konopliv et al.,
2006).

The estimates of the GM of the Martian moons from our
MEX orbits are especially limited by the resolution of the
acceleration at each WoL event. Indeed, when increasing
the value of the a priori constraints on these local
parameters, the values of the secular solution for the two
GM slightly decreases. However, the error bars for these
values still overlap with the error bars shown in Figs. 8 and
9. This means that part of the information coming from the
GM is also absorbed in the fit of the WoL residual
accelerations. This is particularly the case for the GM of
Deimos since its larger distance from MEX provides lower
perturbations on the MEX motion than the GM of Phobos
does. Nevertheless, this limitation may be overcome by
stacking more data-arcs.

Up to now, tracking data of MEX have been acquired at
the closest MEX-Phobos distance of 465 km that occurred
on March 23rd, 2006. A preliminary study by Andert et al.
(2006) has used the MEX Doppler data at this closest
encounter event only, and found a value of 0:77� 0:04�
106 m3=s2 (formal error equal to the formal uncertainty).
However, this solution was difficult to obtain from the
tracking data because the expected signal of the Phobos
mass at a distance of 465 km is just above the noise of the
tracking data. A refinement of this estimation is being
performed, and a new solution tends toward a value of
0:72� 106 m3=s2 (T. Andert, pers. comm., 2007), which is
more in agreement with the secular solution found in this
paper. This gives us confidence in the ability to significantly
improve the determination of the Phobos mass from a close
MEX flyby at a distance below the closest distance of
465 km performed so far.

6. Conclusions and perspectives

The tracking data of the Mars Express (MEX) space-
craft, performed by the Mars Express Radio-Science
(MaRS) experiment, allows computing a MEX orbit with
an average accuracy of 20–25m. This accuracy is limited by
the non-uniform distribution of the tracking data. The
masses of the Martian moons have been re-estimated, and
the uncertainty on the mass of Phobos is better than the
uncertainty of the solution from the Mars Global Surveyor
(MGS) and Mars Odyssey (ODY) spacecraft due to the
higher semi-major axis of the MEX orbit. Better estimates
are expected thanks to the additional tracking data of
the next extended phase of the mission (up to 2009).
A possibility to improve the accuracy of the MEX orbits
would be to perform MEX orbit determination with non-
successive data-arcs with variable duration in order to
avoid periods when gaps in the tracking coverage are too
numerous and/or too long. Such possibility will be
investigated in order to improve the determination of the
seasonal changes of the first zonal harmonics of Mars’
gravity field from a combination of both MGS, ODY and
MEX tracking data sets (Rosenblatt et al., 2005). In
addition to the refinement of the Phobos mass determina-
tion, future MEX-Phobos close flybys would also provide
the opportunity to determine the second-order coefficients
of the gravity field of Phobos. Lainey et al. (2007) tried to
estimate the C20 and C22 coefficients from the fit of their
ephemerides, but they could not provide reliable results. At
a MEX-Phobos distance of about 100 km, these coefficients
are expected to produce a perturbation of the MEX
motion, which is within 1% of the perturbation associated
with the GM. As the mass is already known at a precision
of less than 0.1%, it would be possible to improve the
determination of these second-order coefficients from
tracking data of future MEX-Phobos close flybys (at a
distance of less than 100–150 km). Such improvement
would allow better constraining the repartition of the
distribution of mass within Phobos.
This paper has also shown the interest to merge both

space geodesy and the orbital dynamics approaches to
enhance the information contained in both astrometrical
observations and spacecraft tracking data. Such strategy
could be applied to increase the scientific return of the
future missions like the Europa orbiter of the Laplace
mission proposed for the ESA cosmic vision.
Our MEX ROB orbits are available as SPICE kernels at

the NAIF web site (http://naif.jpl.nasa.gov/naif).

http://naif.jpl.nasa.gov/naif
Sebastien Le Maistre



ARTICLE IN PRESS
P. Rosenblatt et al. / Planetary and Space Science 56 (2008) 1043–1053 1053
Acknowledgments

The authors are greatly indebted to K. Willner and
J. Oberst for providing the latest Martian moon observa-
tions, including the newest reductions of the SRC instru-
ment data. The authors also thank T. Morley, F. Budnik
and their colleagues of the ESOC Flight Dynamics team
for providing all the needed information about the MEX
spacecraft and for fruitful discussion about the ESOC
MEX orbit. The authors thank R. Simpson for providing
as much MEX DSN-tracking data as possible. The reviews
by A. Konopliv and an anonymous reviewer have been
helpful to clarify some points in the paper. The Belgian
team, and in particular P. Rosenblatt and S. Le Maistre
are financially supported by the Belgian PRODEX
program managed by the European Space Agency in
collaboration with the Belgian Federal Science Policy
Office. M. Pätzold acknowledges support from Bundesmi-
nisterium für Wirtschaft (BMWi) via DLR under Grant
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