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Abstract A lunar gravity field model up to degree and order
100 in spherical harmonics, named SGM 1004, has been deter-
mined from SELENE and historical tracking data, with an
emphasis on using same-beam S-band differential VLBI data
obtained in the SELENE mission between January 2008 and
February 2009. Orbit consistency throughout the entire mis-
sion period of SELENE as determined from orbit overlaps for
the two sub-satellites of SELENE involved in the VLBI track-
ing improved consistently from several hundreds of metres
to several tens of metres by including differential VLBI data.
Through orbits that are better determined, the gravity field
model is also improved by including these data. Orbit deter-
mination performance for the new model shows improve-
ments over earlier 100th degree and order models, especially
for edge-on orbits over the deep far side. Lunar Prospector
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orbit determination shows an improvement of orbit consis-
tency from 1-day predictions for 2-day arcs of 6 m in a total
sense, with most improvement in the along and cross-track
directions. Data fit for the types and satellites involved is also
improved. Formal errors for the lower degrees are smaller,
and the new model also shows increased correlations with
topography over the far side. The estimated value for the lunar
G M for this model equals 4902.80080 = 0.0009 km? /s> (10
sigma). The lunar degree 2 potential Love number k, was also
estimated, and has a value of 0.0255 4+ 0.0016 (10 sigma as
well).
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1 Introduction

Until recently, lunar gravity field models were determined
from either 2-way tracking (where the up- and downlink
stations are the same) or 3-way tracking (where they are
different) between stations on Earth and a satellite orbiting
the Moon. Due to the 1:1 spin-orbit resonance of the Earth—
Moon system, this leads to a gap in the tracking data when
the satellite flies over the far side of the Moon. This gap in
coverage severely hampers the determination of the global
lunar gravity field, and the standard way of dealing with this
is to impose additional constraints on the solution in the form
of regularisation to smooth the solution and make the inverse
problem stable [see Lemoine et al. (1997) and Konopliv et al.
(2001) for examples of gravity field solutions, and Flobergha-
gen (2002) for a thorough discussion of the lunar gravimetric
inverse problem].

The Japanese SELENE mission (Kato et al. 2008) has
filled in the tracking data gap by employing a tracking
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technique called 4-way Doppler (Namiki et al. 1999).
SELENE consisted of three satellites: a main orbiter in a
polar, circular orbit at an average altitude of 100 km above
lunar surface, and two sub-satellites in polar, elliptical orbits,
called Rstar and Vstar. One of these sub-satellites, Rstar, car-
ried communication instruments to forward a radio signal to
the main orbiter, and to receive the return signal. By estab-
lishing this link while the main orbiter was over the far side
of the Moon, the first tracking data over the far side were col-
lected. This has resulted in new lunar gravity field models.
Namiki et al. (2009) reported the first results, a 90th degree
and order spherical harmonics expansion of the lunar gravi-
tational potential based on data collected in the first 5 months
of the SELENE mission. This model named SGM90d clearly
resolves ring-shaped structures associated with basins on the
far side. Matsumoto et al. (2010) reported an updated model,
named SGM100h, a 100th degree and order spherical har-
monics expansion based on all 4-way tracking data that were
obtained. Owing to the tracking data over the far side, this
model can estimate the coefficients up to degree and order
70 without application of an a priori constraint.

In addition to the 4-way tracking data, SELENE collected
one more tracking data type not used extensively before in
planetary gravity mapping: same-beam differential VLBI
(Very Long Baseline Interferometry) tracking between the
two sub-satellites, and two stations on Earth. VLBI tracking
is based on the delay between the arrival times of a radio
source at two different stations constituting a baseline, and
as such, it carries information on the angular position of
the source (e.g. Thornton and Border 2000). Since 2-way
(Doppler or range) tracking has only sensitivity in the line-
of-sight direction from the station to the satellite, including
VLBI data improves the three-dimensional positioning of
the satellite. The accuracy of VLBI tracking is limited by,
amongst others, delay measurement accuracy, media effects
and clock offset errors. These errors can be largely removed
in differential measurements, where delay differences from
two sources close to each other in the sky are measured.
As a result of the differencing, clock errors and instrumen-
tal errors are cancelled, and if the propagation paths of both
sources are nearly identical, most media effects are removed
as well (Thornton and Border 2000). The benefits of using
differential VLBI were recognised early on (Counselman III
etal. 1972, 1973; Counselman III 1973), followed by a wide
range of successful applications. To list a few, differential
VLBI has been used to determine the relative position of the
Apollo 16 and 17 lunar rovers (Salzberg 1973), to determine
the lunar librations (King et al. 1976), to derive winds on
Venus from the Pioneer probes (Counselman III et al. 1979)
and from the VEGA balloons (Sagdeev et al. 1986; Preston
et al. 1986) and to observe the descent of the Huygens probe
on Titan (Witasse et al. 2006). Differential VLBI has further-
more been used in orbit determination of planetary satellites
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(Borderetal. 1992; Folkneretal. 1993), and VLBI tracking of
spacecraft contributes systematically to planetary ephemeris
solutions (e.g. Folkner et al. 2009).

The same-beam differential VLBI measurements on
SELENE have the goal to improve the orbit estimates of
the sub-satellites and to improve the estimate of espe-
cially the lower degrees of the spherical harmonic expan-
sion of the lunar gravitational potential (Heki et al. 1999;
Matsumoto et al. 2008). S and X-band signals broadcast
from artificial radio sources on board both satellites are
captured simultaneously at a station on Earth (hence they
are called same-beam observations), by tracking the mid-
point of the satellites in the sky seen from the Earth. The
differences of delay between arrival times of the signal
at different stations, further differenced between the two
satellites, constitute a doubly differenced 1-way range, where
most of the media effects and clock errors on the data
are cancelled through the differencing. The system used in
SELENE is further described in Hanada et al. (2008) and
in Hanada et al. (2010). Analysis of the actual VLBI data
collected from SELENE has shown that a picosecond accu-
racy (equivalent to a 0.3mm differential VLBI residual)
is possible with these data (Kikuchi et al. 2009), and that
media delays were indeed kept to a minimum (Liu et al.
2010a).

The orbit determination software used to process the track-
ing data into satellite orbits is GEODYN II (Pavlis et al.
2006). The same-beam differential VLBI data are modelled
in this software as follows, with S; — T; denoting a link
from satellite i to station i (i = 1, 2 in both cases):

[(S1—T1) — (S — TD] = [(S1 = T2) — (S2 — Tr)]
(D

It should be stressed that the differences in this equation
are different from those used in GPS double-difference
modelling (e.g., Seeber 2003). Light times are computed
so that ranges from the same satellite to different stations
have the same transmit epoch, instead of using the same
receiving epoch at different stations. These differences are
further denoted in this paper by singly-differenced VLBI
measurements.

The research presented here is the result of the analy-
sis of data of an extensive VLBI tracking campaign, lasting
14 months. All same-beam differential VLBI have been cor-
related and used for the purpose of orbit and gravity field
determination. The results presented here show how these
tracking data help to improve the orbit estimates of the sub-
satellites, and consequentially, how the data help to improve
the estimate of the lunar gravity field model.

This paper is structured as follows: Section 2 describes the
VLBI data. In Sect. 3, results for orbit determination using
these data are presented. Based on these results the lunar
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gravity field is determined, which is described in Sect. 4.
Discussion of the results can be found in Sect. 5, and the
paper ends with conclusions and an outlook in Sect. 6.

2 Brief description of VLBI tracking data

This section briefly describes the VLBI tracking components
(satellites and station-network), and characteristics of the
VLBI data used.

2.1 Satellites and network-stations

SELENE consisted of three orbiters: a main orbiter in a polar,
circular orbit at an average altitude of 100km above lunar
surface in its nominal mission (which lasted from Octo-
ber 2007 until October 31, 2008) and two sub-satellites in
polar elliptical orbits of initially 129 by 792 km (called Vstar)
and 120 by 2395km (called Rstar), respectively. The satel-
lites were launched on September 14, 2007, from Tanegashi-
ma Space Center. The sub-satellites were released in their
orbits on October 9, 2007 (Rstar) and October 12, 2007
(Vstar). The main orbiter was three-axis stabilised whereas
the sub-satellites were spin-stabilised satellites (so-called
“free-fliers”, as their orbit was not maintained by correc-
tion manoeuvres). The sub-satellites have an octagonal prism
body, with the side-panels covered by solar cells. S/X-band
dipole antennas are placed on top of the satellites, and they
are aligned with the spin-axis. The satellites measure 1 m by
I m by 0.65m and their total mass is about 45kg. The spin-
rate of the spacecraft was determined from high-rate (10 Hz)
Doppler data, and it was found to be 0.1833 Hz for Rstar (a
spin period of 5.46 s) and 0.1875 Hz for Vstar (a spin period
of 5.33 s) (Liu et al. 2010b). This spin induces a bias on the
Doppler data, in this case of about 1 mm/s, and this small
value comes from computing the bias due to the changing
polarisation of the signal and the remaining frequency dif-
ference due to the turn-around ratio at the spacecraft (see

Konopliv et al. (2001) for results concerning Lunar Prospec-
tor, also a spin-stabilised satellite). This bias was estimated
(see below) and it was found to be around the predicted value.

The sub-satellite Rstar served as the relay satellite for the
4-way Doppler data, and both sub-satellites were used in
the same-beam VLBI tracking campaign. During the entire
mission, standard 2-way data (range and Doppler) were col-
lected from all three satellites, in addition to the 4-way
data, whenever there was a chance (Matsumoto et al. 2008;
Matsumoto et al. 2010). There were no 3-way Doppler data
obtained.

The VLBI tracking campaign used the Japanese VERA
(VLBI Exploration of Radio Astronomy) network, which
consists of four stations, located in Iriki, Ishigaki, Mizusawa
and Ogasawara (Kobayashi et al. 2003). There were also
two international tracking campaigns, each of about 1 month
duration, during which stations in China, Germany and
Tasmania participated. For future reference, the coordinates
of all participating tracking sites are listed in Table 1. The
inclusion of the overseas stations means that longer base-
lines than can be achieved with the VERA stations only can
be used, and this means a better sensitivity to the motion of
the spacecraft, and should thus lead to a more precise orbit.
VLBI data were collected in tracking sessions of an average
of 8 h per day, 3 times a week for the VERA stations (Hanada
et al. 2008), complemented by the aforementioned intense,
1-month international tracking sessions.

Due to its natural orbital evolution, Rstar crashed into
the Moon on February 12, 2009, ending the collection of
both 4-way data and same-beam VLBI data between the sub-
satellites. The main orbiter ended its lifetime with a con-
trolled crash on the Moon on June 10, 2009, and tracking
for Vstar was stopped on June 29, 2009. The altitude his-
tory of both sub-satellites spanning the VLBI data period
is given in Fig. 1, in the form of perilune and apolune alti-
tudes above lunar surface. The eccentricity change for Rstar
(and its ultimate lunar impact) is due mostly to the third-
body gravitational perturbation of the Earth. The orbit for

Table 1 Earth-fixed coordinates
and antenna diameters for the
Japanese VERA stations and the

Station name

Antenna diameter (m)

Earth-fixed coordinates (km)

Sl : X Y z
overseas stations (i.e. not in
Japan, country listed) used in Iriki (VERA) 20 —3521.71958 4132.17467 3336.99422
the VLBI tracking of SELENE L
Ishigaki (VERA) 20 —3263.99472 4808.05629 2619.94922
Mizusawa (VERA) 20 —3857.24182 3108.78481 4003.90054
The coordinates refer to the Mizusawa® 10 —3857.23610 3108.80321 4003.88308
ITRF2000 system, epoch Jan 1, Ogasawara (VERA) 20 —4491.06881 3481.54479 2887.39957
2006 o _— Hobart (Tasmania) 26 —3950.23674 2522.34756  —4311.56254
In a few instances, when the Urumgi (China) 25 228.31072 4631.92279 4367.06397
Mizusawa 20 m antenna was
under maintenance, the Shanghai (China) 25 —2831.68691 4675.73366 3275.32769
Mizusawa 10m antenna was Wettzell (Germany) 20 4075.53988 931.73526 4801.62937

used instead
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Fig. 1 Perilune and apolune altitudes above lunar surface for both
Rstar and Vstar, during the VLBI data campaign

Vstar is much more stable. More detailed descriptions of the
SELENE satellites, orbits and 2-way and 4-way tracking data
can be found in Matsumoto et al. (2010).

2.2 VLBI data characteristics

The strength of the differential same-beam VLBI data derives
from the differencing out of common measurement errors,
resulting in a precise observation, but if the differential
measurement is performed using a carrier channel with a
single-frequency, then the total phase delay is ambiguous as
the phase delay can only be determined up to a fraction of a
cycle (e.g., Border et al. 1992; Thornton and Border 2000).
To overcome the cycle ambiguity, and increase the accuracy
of the measurement, a multi-frequency method was used,
with three carriers in S-band (2,212, 2,218 and 2,287 MHz)
and one in X-band (8456 MHz). Still, severe conditions on
the data must be met in order to determine the cycle ambigu-
ity, regarding the phase noise, a priori delay, and ionospheric
influences (Kono et al. 2003). Pre-mission analysis and tests
showed that the same-beam VLBI measurements as imple-
mented for SELENE should be able to meet these conditions
(Liu et al. 2007; Kikuchi et al. 2008).

Over the course of 14 months, starting in January 2008
with the full observations according to schedule (there were
test observations prior to this period), same-beam and switch-
ing VLBI data were collected. As opposed to same-beam
VLBI (which are taken when the separation angle between
the spacecraft is smaller than the beamwidth), switching
VLBI consists of tracking Rstar and Vstar consecutively,
switching back and forth between the two spacecraft. In
this way, most of the media delays can be cancelled as well
although fluctuations with periods shorter than the switch-
ing period (typically in the order of a few minutes) remain.
The results presented in this work, however, do not contain
the switching VLBI data, as their correlation was not fin-
ished at the time of this analysis. Initial tests of the data
showed that the differential phase delay of the X-band signal
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can be estimated within an error of below 1 ps (0.3 mm)
(Kikuchi et al. 2009). Due to the narrow beamwidth of the
X-band data, there were only few opportunities for collection
of these data. S-band data are available in larger quanti-
ties because of the wider beamwidth, and further analysis of
these data showed that the cycle ambiguity could be deter-
mined for a large portion of the data (roughly 85%), resulting
in a differential phase delay with an error of a few pico-
seconds (roughly 1 mm) for small separation angles of the
spacecraft, and about 10 ps (3mm) for larger separations
(Liu et al. 2010a). These accuracies include considerations
of the effects of the ionosphere and atmosphere. In Liu et al.
(2010a) it is shown that the combined (atmospheric, iono-
spheric and instrument) short-term effects are between 1 and
2.5mm for small and larger separation angles between the
satellites. Long-term ionospheric effects can be cancelled if
S-band and X-band data are taken simultaneously, but in the
case of S-band data only, corrections using GPS-data need to
be applied. Liu et al. (2010a) also showed that the long-term
ionospheric effects were mostly cancelled in the same-beam
observations. In the period of SELENE observations, the sun-
spot number was also relatively low. Considering long-term
atmospheric effects, their effect was shown to be reduced
to several cm through same-beam observations. Remaining
long-term effects will be dealt with by estimating a bias on
the data, see also further on in Sect. 3.

All the same-beam S-band data have been correlated,
resulting in roughly 430 h distributed over 192 days between
January 2008 and February 2009 (estimated from counting
the data points for one representative baseline for each obser-
vation day). The data were processed in 60 s integration inter-
vals during correlation. This resulted in 142,586 data points
to be used in orbit and gravity field determination. For contri-
butions to orbit and gravity field determination, this is to be
compared with 78,004 4-way data points, and several million
2-way Doppler data points, amongst which about 160,000
were for Rstar and 43,000 for Vstar (Matsumoto et al. 2010).
Geographical coverage of the VLBI data is given in Fig. 2.

3 Orbit determination for the sub-satellites
with VLBI data

Initial orbit determination tests of orbit overlap analysis for
Rstar and Vstar have shown the improvements that can be
achieved by including same-beam differential VLBI data:
from a few hundreds of metres when using Doppler/range
data only, to a 10-m level when including the SELENE VLBI
data, and a few metres better when the overseas stations
(constituting longer baselines) are included (from results pre-
sented in (Kikuchi et al. 2009) and (Liu et al. 2010a), using
isolated test cases with arcs of less than 3 days long). In this
work, the full set of same-beam S-band differential VLBI
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Fig. 2 Geographical VLBI data coverage, using the location of Rstar,
plotted on fop of gravity anomalies for the SGM100h model evaluated
at the lunar surface in a spherical approximation. The anomalies are
plotted in a Hammer projection centred on 270° eastern longitude, with
the near side on the right-hand side and the far side on the left-hand
side

data (hereafter simply called VLBI data) will be used con-
sistently over the span of the entire SELENE mission, thus
marking the first extensive and consistent use of such data.
This section deals with the results from orbit determination,
which will form the basis of using the VLBI data in lunar
gravity field determination, described in the next section.
First the data processing strategy and orbit determination
parametrization will be described, followed by discussion of
results concerning data fit and short-term orbit predictions.
Results are summarised at the end of this section.

3.1 Data processing and orbit parametrization

The tracking data are processed with the GEODYN II soft-
ware. The version of GEODYN II used here has been spe-
cifically modified to include interplanetary 4-way Doppler
data and the interplanetary singly differenced VLBI data as
described in the introduction. Tracking data are divided into
arcs, which are continuous spans of time during which the
orbit is integrated and over which parameters are estimated.
As always in the dynamical approach taken here, arc length
is limited due to the build-up of errors that occur when long

time spans are integrated. These errors build up because of
imperfect force modelling, and imperfect knowledge of for
example the state vector at epoch, and other parameters that
influence the orbit integration. If the errors grow too large,
the assumption of linearity on which the least-squares orbit
estimation procedure is based does not hold.

Previous lunar gravity field solutions using SELENE data,
but without the VLBI data, were based on arc lengths for
Rstar of on average 12 h (supporting online materials Namiki
et al. 2009) or 2.6 days (Matsumoto et al. 2010), and arcs for
Vstar of on average 2.4 days. Arc lengths were decided by
trading off sensitivity with respect to gravitational parame-
ters versus the aforementioned build-up of errors. This was
also largely driven by tracking data coverage in time. Rstar
and Vstar 2-way tracking data were obtained through the
64m antenna of Usuda Deep Space Center (UDSC). Due to
restrictions on the usage of UDSC, and its involvement in
4-way tracking, there was a limitation on the 2-way tracking
intervals to Rstar and Vstar (Matsumoto et al. 2010), leav-
ing only short passes for Rstar and Vstar. On average, passes
were 32 and 24 min long per day for Rstar and Vstar, respec-
tively, usually separated by at least 1 day. For comparison, the
orbital periods of Rstar and Vstar were roughly 4 and 2.5 h,
respectively. Figure 3 shows the time-wise data coverage for
1 week in April, 2008. During 4-way tracking Rstar was also
tracked with 2-way data, which led to increased tracking for
Rstar, with several passes close together. Through including
the precise VLBI data (as well as through simply including
more data), the expectation is that longer arc lengths can be
used, thus increasing the sensitivity to especially the lower
degrees of the spherical harmonics expansion of the lunar
gravitational potential (e.g., Matsumoto et al. 2008). The aim
here is to use nominal arc lengths of 1 week for both Rstar
and Vstar. The influence of arc length on the orbit and gravity
results is discussed in Sect. 5 as well.

Estimated parameters are, as usual, divided into arc (or
local) and common (or global) parameters, where the first are
parameters valid only for a particular arc (e.g. the state vec-
tor at epoch, bias parameters on the data, etc.), and the latter

Fig. 3 Time-wise data
coverage showing periods for
which there was Rstar and Vstar

Doppler and VLBI data, for VLBI 1 -
1 week in April 2008. Time

coordinates are in Universal

Time. Range data are left out Rstar Doppler 1 -

since they were always collected

together with Doppler data
Vstar Doppler

T T
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T
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are parameters common to all arcs (such as the gravity field
coefficients), respectively. As the current focus is on assess-
ing the precision of orbit determination, initially no global
parameters are estimated. Instead, this is deferred to the next
section. Estimated arc parameters per satellite are the state
vector at epoch, one scaling coefficient Cg for solar radia-
tion pressure per arc, biases per pass on both the 2-way range
data (because of ambiguities and unmodelled media effects)
and Doppler data (induced by the spin of the spacecraft),
and one set of empirical accelerations in along-track (in the
flight-direction) and cross-track (normal to the orbital plane)
directions with a once-per-orbital-revolution signature (i.e.
sine and cosine coefficients). The Cg coefficient and empir-
ical accelerations are mainly meant to absorb mismodelling
of non-conservative forces (solar radiation pressure). A pri-
ori uncertainties for Cg were 10 % (0.1 at a nominal value of
1.0), and those for the empirical accelerations were set high
at 1073 m/s? so that they can adjust almost freely. More about
the influence of these parameters on the orbit determination
will be mentioned in the results section.

When the VLBI data are included in the orbit determina-
tion, biases per pass per baseline are also estimated. These
biases are meant to absorb ambiguity cycles on the data
that slipped through in the correlation processing, and, to
a smaller extent, to absorb remaining media effects (as men-
tioned they are small, but they can be present nevertheless).
In principle the correlation process will indicate whether or
not the cycle ambiguity was determined, but since the data
are processed in batches of 30 min, there is the possibility
that there is an ambiguity cycle jump between consecutive
batches, or on the whole pass (Liu et al. 2010a). Inspection
of estimated biases after orbit determination will thus show
whether this was the case (see also Sect. 3.2.5).

The VLBI data are derived from the differences in delays
between two different satellites and stations, and this means
that when the VLBI data are used in orbit determination,
the orbits of Rstar and Vstar are determined simultaneously.
Their orbits are thus integrated at the same time, making
use of the same global parameters and force models (though
with satellite-dependent arc parameters, of course), assur-
ing consistency. Orbit determination with VLBI data is per-
formed by applying a full-scale force modelling, together
with precision measurement modelling. In addition to using
the VLBI data, the 2-way Doppler and range data for Rstar
and Vstar are also included. The SELENE 4-way data were
also collected through Rstar, but since they contain a link to
the main satellite, they are left out of the orbit determination
for the sub-satellites described here. They will of course be
included in the gravity field determination described in the
next section.

As reference gravity field, the SGMI100h model
(Matsumoto et al. 2010) was used. Although this model was
derived by including 2-way tracking data from the sub-satel-
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lites, it did not include the VLBI data, so they are independent
with respect to this model. The DE421 lunar ephemeris and
librations solution (Williams et al. 2008; Folkner et al. 2009)
was used to obtain the planetary positions when computing
third-body perturbations from the planets, and these ephem-
eris were also used to define the lunar coordinate system. The
tidal force of the Earth and Sun that affects the lunar gravity
field was modelled with a potential degree 2 Love number
ko = 0.024, which is the value derived with the SGM100h
model. Solar radiation pressure was modelled using a can-
nonball model, where the cross-sectional area of the satellite
is constant, scaled by a coefficient Cg. Displacements on
Earth stations due to solid Earth tides, pole tide loading and
ocean tides per site are included as well. Measurement correc-
tions coming from media and relativity effects are included
in the processing software.

3.2 Orbit determination results

Orbit determination for Rstar and Vstar was performed as
described above. Results are assessed in different ways: by
inspecting post-fit data residual levels, and by inspecting
results for orbit predictions. In addition, the effects of chang-
ing data weights and the effects of solar radiation pressure are
discussed, as well as the values and meaning of the estimated
biases on the VLBI data.

3.2.1 Post-fit data residuals

Figure 4 shows the RMS of fit per arc of the 2-way Doppler
data for both satellites. In order to assess the impact of the
VLBI data, orbit determination with and without these data
was performed. Data weights used in the orbit determina-
tion were chosen to be 1 mm/s for 2-way Doppler data, 2m
for range data and 1 cm for same-beam VLBI data. Figure 4
shows that the data fit for Rstar is well below the level of the
data weight: in general, a level of fit of 0.2 mm/s is achieved.
For Vstar the level of fit is worse when compared with Rstar,
at 0.4 mm/s, but overall this is also well below the chosen
data weight. Results for Vstar show more variations when
compared with Rstar. This is mostly due to having less track-
ing data, as can also be inferred from the example shown in
Fig. 3. For Rstar, towards the end of the mission, data fit levels
go up as Rstar’s perilune altitude decreased, see also Fig. 1.
This is also the case for Doppler residuals for Vstar when
including VLBI data, since these data tie the two satellites
together. Results for Doppler residuals when also including
VLBI data are higher for both satellites. This is the effect of
weighted least-squares, where changes in data weights for
one measurement type affect the fit of the others. Range data
are also included in the orbit determination process but their
data fit is not shown here. The pattern of fit levels for them
is similar to that of the Doppler data, with on average a level



Lunar gravity from SELENE VLBI data 211
Fig. 4 The RMS of Doppler 07 | | | |
data residuals for both Rstar '
(bottom) and Vstar (top), during 2.4 + Doppler/range only Vet r
the entire SELENE mission. 2.1+ * VLBlincluded sar
The labels are the same for both o
plots, so the legend is displayed é
just once =
@
©
o
. 1 1 1 | 1 |
2.4 L
Rstar
214 -
)
=~ 1 = I~
= 8
E 151 -
E 12 - -
3
8 0.9 -
0.6 L
0.3 4 -
0.0
W W W W W W
JAN MAR MAY JUL SEP NOV JAN

of fit of 1 m for both Rstar and Vstar, deteriorating slightly
when VLBI data are included.

The RMS of fit for the VLBI data are shown in Fig. 5. With
a data weight of 1 cm, the actual RMS of fit is quite close to
this level. Since the data were shown to have an even lower
intrinsic noise level (Kikuchi et al. 2009; Liu et al. 2010a),
a data weight of 1 mm was also used. This indeed brings the
level of fit of the VLBI data down as can be seen from the
Figure, but it never gets down to the 1- mm data weight level.
Towards the end of lifetime of Rstar the VLBI data fit levels
increase, as also for the Rstar Doppler residuals. The value of
1 mm might be too strict in terms of remaining atmospheric
and ionospheric effects, which are thought to be several cm
and several mm, respectively (Liu et al. 2010a). In the case of
atmospheric effects, the larger part of the long-term effects
are either modelled within the software or absorbed by the
estimated biases, as the RMS of the VLBI data residuals is
in general smaller than 1 cm.

For further inspection of the VLBI residuals, an example
of residuals during one arc is shown in Fig. 6. Residuals per
baseline are indicated with the names of the stations. Both
plots that are shown are from one and the same arc, showing
residuals mostly within the 41 cm level, but upon inspec-
tion they show different behaviour. In the bottom plot, show-
ing residuals during a relatively long pass, they are mostly
scattered around zero without systematic signals, as nor-
mally expected. The top plot, however, also for a relatively

month (in 2008/2009)

long pass, does show systematic behaviour, especially for
the Ishigaki-Mizusawa and Ishigaki-Iriki baselines. These
baselines show a sinusoidal form of the residuals, indicating
aresidual systematic signal in them. This was found for sev-
eral instances during the whole mission period, mostly when
passes were long, though not always, as the bottom plot indi-
cates. It should again be stressed that both residual passes
are within one and the same arc, meaning it is unlikely to be
a systematical error in the processing, since then a similar
signal should have been visible in the bottom plot as well.
One reason for the remaining signal could be effects of solar
radiation pressure mismodelling, but shorter arcs (where pre-
sumably the error in solar radiation pressure mismodelling
is smaller) produce the same results. Only shortening the
arc to the duration of the pass makes the signal disappear,
which means it is likely absorbed by a state-vector adjust-
ment, which strengthens the suspicions that it is a remaining
dynamical signal.

The sinusoidal signal has a period of slightly over 1.5 h,
which is roughly equal to the synodic period between Rstar’s
and Vstar’s orbit (using P, = 4 hfor Rstarand P, = 2.5 hfor
Vstar, one findsusing 1 /Py = 1/P-+1/ P, that P; = 1.53h).
This could perhaps be an indication that for certain geome-
tries, the orbits of Rstar and Vstar cannot be untangled using
the VLBI data (as they are in principle a data type using
the orbit differences between the two satellites), or that at
least some residual orbital signal remains. Anticipating the
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Fig. 5 The RMS of VLBI data ‘ |
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gravity analysis that will be discussed in the next section, it
can already be stated here that the signal did not disappear
when this arc was reprocessed with a gravity field model that
was derived using this arc and these data, indicating that it is
not directly related to a gravity feature.

3.2.2 Orbit precision assessment through overlaps
In order to establish some level of precision for the orbits,
orbit differences during overlaps are investigated. These orbit

differences are computed by propagating an estimated orbit
beyond its time span of tracking data used, forming an overlap
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with a consecutive arc. Orbit differences during the overlap-
ping part are then computed, and these predictions indicate
consistency of the computed orbits. From the 1 week arcs,
24 h predictions are chosen in order to ensure multiple orbital
revolutions of both satellites. Orbit prediction tests with 48 h
overlaps did not change the results. Results for both Rstar
and Vstar are shown in Fig. 7.

It is immediately striking how much the VLBI data con-
tribute to improving the orbit consistency: results for both
Rstar and Vstar with Doppler and range data only are at
the 100-metre level, whereas including VLBI data brings
the orbit differences down to several tens of metres or less.



Lunar gravity from SELENE VLBI data

213

Fig. 7 RMS of orbit |
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This is similar to what has been reported before on short (a
few days), isolated test arcs (Kikuchi et al. 2009; Liu et al.
2010a), except here the results are consistent for the entire
SELENE mission, for longer arcs. It is also striking that while
the orbit differences for Rstar and Vstar are different when
using Doppler and range data only, they become more con-
sistent with each other when the VLBI data are included.
This is because these data tie the orbits together.

The contribution of the international campaigns (that
lasted roughly from January 12-20 and May 22-July 02,
2008) was investigated by computing overlaps with and with-
out these data. The effect of the campaigns is small (which
is why Fig. 7 does not include these results): in general the
orbits get a few metres better with the foreign stations, as
was also shown in Liu et al. (2010a) for an isolated test case.
In the January period the effect is even reversed, with better
orbits without the foreign stations. This can point to either
different intrinsic accuracies due to different antenna char-
acteristics, or increased atmospheric and other effects for
the longer baselines. But overall, the biggest improvement
in orbit consistency comes from simply including the VLBI
data. The foreign campaigns did increase the data amount
and length of the baselines, but they did not fill in gaps in
tracking in time.

The results for the orbit differences are detailed further in
Table 2, which shows the average RMS of orbit differences in
the three separate directions in the local satellite frame, radial,
along and cross track, as well as the average of the total RMS
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Table 2 Average values for the RMS of orbit differences as shown in
Fig.7, separated per direction in the local satellite orbit frame

Data VLBI weight Orbit differences (m)
Radial Along Cross Total
Results for Rstar
DR - 5.72 88.30 61.46 112.83
DRV I cm 6.66 28.65 12.26 33.09
DRV I mm 11.91 40.17 13.37 45.20
DRV 20 cm 5.76 53.12 28.72 63.11
Results for Vstar
DR - 13.00 233.97 130.83 288.28
DRV lcm 7.15 31.00 13.05 36.08
DRV 1 mm 9.42 43.42 16.29 49.63
DRV 20 cm 7.15 55.62 33.57 68.9

Results shown later on in Fig. 8 are also included
DR stands for using Doppler and range data
DRYV stands for using Doppler, range and VLBI data

shown in Fig. 7. Results discussed further on from Fig. 8 are
also included. The results for the separate directions indicate
where the strength of the VLBI data lies: in improving espe-
cially the orbit consistency in along and cross track direction.
This is expected because the VLBI data have a plane-of-sky
sensitivity. Results for Rstar show a small deterioration in
radial direction when compared with the Doppler and range
only results, but this deterioration is overshadowed by the
drastic improvements in the other directions.
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Fig. 8 RMS of orbit |
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The plots for Vstar using VLBI data in Fig. 7 have one
more additional result: using arc lengths of nominally 1 week,
it was found that certain arcs resulted in large orbit differ-
ences, sometimes larger than when using Doppler data only.
For some arcs, this was for example because there were few
VLBI data. When comparing these results with orbit differ-
ences using arc lengths of 2 weeks (not shown here), it was
found that for these outliers, 2 week arcs actually performed
better, though on the whole they did not. So for those few
periods, arcs for Vstar were extended to 2 weeks, while arcs
for Rstar were kept the same.

The level of orbit differences for the sub-satellites using
Doppler and range data only is quite large, considering that
low-lunar orbiters typically have a precision at a level of
50-100 m, from Lunar Prospector orbit determination results
(e.g., Carranza et al. 1999; Goossens and Matsumoto 2007)
and from performance of SGM100h (Matsumoto et al. 2010).
The difference with Lunar Prospector here is twofold: first,
the amount of tracking data, and the ellipticity of the orbits of
the sub-satellites. Lunar Prospector had continuous tracking,
as opposed to the sub-satellites of SELENE, cf. Fig. 3. Orbit
prediction results in Fig. 7 thus show how sparse tracking
affects the orbit precision. This also explains the differences
between results for Vstar and Rstar when using Doppler and
range data only, as for Vstar the tracking was sparser than
that for Rstar. Improvements from using VLBI data thus stem
not only from using precise data, but also from simply using
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more data. And second, elliptical orbits have an inherently
larger uncertainty for the determined state: covariance tests
with the same amount of data for an elliptical and circular
orbiter showed a larger a posteriori state vector uncertainty
(a factor of about two in the test case considered) for the
elliptical orbit.

3.2.3 Solar radiation pressure modelling

The use of VLBI data allows the increase of arc length. For
longer arcs, however, non-conservative forces such as solar
radiation pressure start to become significant, and it could
very well be that mismodelling in that force is contribut-
ing to the orbit errors of Rstar and Vstar. To assess this,
solar radiation pressure has been modelled in different ways.
The standard way is to use a cannonball model, where the
cross-sectional area of the satellite is constant. Solar radiation
pressure is then scaled with a coefficient, Cr, as mentioned in
Sect. 3.1. This approach has been taken here, and one Cg per
arc per satellite is estimated. Additionally, one set of empiri-
cal accelerations in along and cross track direction per arc per
satellite, with a once-per-orbital-revolution signature is also
estimated. If these accelerations are not included, the orbit
differences as shown in Fig. 7 are much larger, even when
including VLBI data. Inspection of the estimated Cg values
shows that the results for Rstar are relatively stable, with a
value close to 1.0 most of the time, but values for Vstar show
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a lot of variation. This can be due to having less Doppler data
than Rstar. Inspection of the values of the estimated empir-
ical accelerations also show a difference between Rstar and
Vstar: for Rstar values are at about 10% of the solar radiation
pressure induced accelerations, whereas they are 50% of this
acceleration for Vstar.

Estimating additional Cg coefficients was also tested:
instead of estimating one per satellite per arc, one can try to
absorb changes in solar radiation pressure by estimating more
coefficients if the data allow this. The processing software
GEODYN II allows to constrain these coefficients in time by
supposing a correlation function between coefficients, with a
decay in correlation scaled by a correlation time. With a cor-
relation time of 1 day, and estimating one Cr per day, with
an a priori uncertainty of 10%, it was found that while this
greatly improved the data fit levels, this did not uniformly
improve the orbit prediction results. Estimated values for Cg
showed slightly more variation, but those for Vstar improved
overall, with smaller outliers.

Another way of modelling solar radiation pressure is
through taking into account the complex shape of the satel-
lite by modelling it, for example, as a set of plates (e.g.,
Marshall and Luthcke 1994; Luthcke et al. 1997). In
SELENE, both sub-satellites are of the same hexagonal
shape, with the side-panels covered by solar cells. By com-
puting the incident solar angle, the resulting solar radiation
pressure force per plate can be computed, and the net acceler-
ation is then obtained by summing the separate vector forces.
One does need to know the attitude of the satellite in inertial
space for this, and since Rstar and Vstar were free-flying sat-
ellites without any other instruments apart from transpond-
ers, their attitude was not measured directly. Apart from that,
reflective and absorptive properties of the satellite materials
also need to be known. Orbit determination tests were done
using pre-launch reflection and absorption coefficient values,
together with the spin-axis direction of one of the satellites
taken from the value at separation of the main satellite which
was then applied to both satellites, but these tests were incon-
clusive: data fit and orbit prediction results did not improve.
The property coefficients were also estimated from the data,
but it was also found this did not lead to reasonable values for
all coefficients, probably mostly due to the sparsity of track-
ing data (this was done without the VLBI data). The biggest
uncertainty factor, however, is the attitude of both satellites.
Future efforts might include trying to estimate the attitude
from the raw 10 Hz Doppler data. For now, for these spin-
ning satellites, the straightforward cannonball model gave
the best results.

3.2.4 Orbit precision and data weights

Just as was done when assessing the data fit, different data
weights for the VLBI data were used when computing the

orbits in the prediction tests. Chosen weights were 1cm,
I mm and 20 cm, in order to have a wide range of data weight
values. The weights for the other data were kept the same, i.e.
I mm/s for Doppler data and 2m for range data. The results
are shown in Fig. 8. The data weight has a large effect: by
changing it, orbit differences change, and in general, whether
the data weight for VLBI is 20cm or 1 mm, they get bigger.
A data weight of 1cm thus seems to be the one most appro-
priate, leading to the smoothest and most consistent orbit
overlap differences. This is further confirmed by the results
of the average RMS of orbit differences listed in Table 2. The
results in this table also further show the effects of the VLBI
data when their data weight is varied: by choosing 1 mm, the
results for the radial direction deteriorate further, while they
get closer to the Doppler and range only results for a weight
of 20cm. As in the data fit results shown in Fig. 4, this is
an effect of weighted least-squares, where depending on the
relative data weight, one data type will contribute more to
the solution than the others as the weights shift in favour of
that type.

3.2.5 VLBI data biases

As mentioned in Sect. 3.1, pass-by-pass biases were esti-
mated for the VLBI data for each baseline. A priori uncer-
tainties were set to 10 km, assuring a free adjustment of the
parameters. The estimated bias values, collected for all base-
lines throughout the SELENE mission, are shown in Fig. 9.
The bias values are grouped around basically three values:
+4, £0.13 (see the inset in Fig. 9) and 0 m. The a posteriori
uncertainties varied, depending on the strength and amount
of the VLBI data available: in general, they were 2 orders
smaller than the estimated values, but at times they were of
the same value as the estimated biases themselves. But as
Fig. 9 shows, the estimated values are consistent throughout
the mission period.

Values for the estimated biases around 0 are expected,
as they are small and indicate remaining media and other
unmodelled effects. Values of £0.13 m are explained by
ambiguity cycle slips of the phase delay of the S-band sig-
nal in the correlation process, since 0.13 m is the value of the
wavelength of the S-band carrier (computed as 1/(2212 MHz)
times the speed of light=0.135m). The largest outliers
around +4m have a similar explanation, except that they
correspond with ambiguity cycle slips of the group delay: a
bandwidth of 75 MHz was used for this (the span of S-band
carrier frequencies used as listed in Sect. 2.2), which cor-
responds to a wavelength of 1/(75 MHz) times the speed of
light=3.997m. This result was also indicated in the cor-
relation process, where first the group delay is determined,
and then the phase delay (e.g., Kono et al. 2003). Ambigui-
ties are determined from 1 min averages, and from compar-
ing values for these averages during an interval of 30 min
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Fig. 9 Values for the estimated
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(Kikuchi et al. 2009; Liu et al. 2010a). In the case that all
values are close together, the ambiguity is fixed at that level.
That might occasionally lead to cycle slips. And if one occurs
for the determination of the group delay, then that also affects
the phase delay. The ambiguity determination for the phase
delay part will then show large variations for the 30 one-
minute intervals, since one group delay cycle equals about
30 phase delay cycle slips (2212/75). And indeed it was found
that in several reoccurring cases, the phase delay ambiguity
could not be determined well, with differences of 30 cycles
between the one-minute averages (during a 30 min interval).
This occurred mostly for the Ogasawara station, and again
for some of the longer baselines. The 4 m outliers for the
estimated bias values were traced back to these instances, for
precisely these stations or baselines. It is thus reassuring that
even if cycle slips occur in the correlation processing, they
can be absorbed by estimating biases on the data.

Finally, the internal consistency of biases per baseline was
tested. In Kikuchi et al. (2009) and Liu et al. (2010a) the clo-
sure phase of the VLBI data was investigated. This is the
signed sum between three baselines that form a closed trian-
gle. If the delays are summed with the appropriate sign, the
total delay should be zero, since effectively a delay at one and
the same station is computed. A similar test was done here on
a sample subset of the estimated biases: signed-sums were
indeed found to be much smaller than the separate biases
per baselines, indicating consistency between the estimated
biases, without constraining them to behave in that way.

3.3 Summary

Orbit determination precision has been assessed by means
of the analysis of orbit differences during an overlapping
period of two consecutive arcs, where the first arc is propa-
gated (without the use of data) to overlap with the next arc.
Including VLBI data greatly improves the orbit consistency,
from a few hundred metres when using Doppler and range
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data only, to a few tens of metres when including VLBI data.
A data weight of 1 cm for the VLBI data in the orbit deter-
mination gives the best, most consistent orbit differences,
while retaining good level of post-fit residuals for all data
involved. Solar radiation pressure was found to be modelled
best by a simple cannonball model. The estimated biases on
the VLBI data were shown to be related mostly to ambiguity
cycle slips.

4 Lunar gravity field determination with VLBI data
The results from orbit determination as described above were
used in lunar gravity field determination including the VLBI
data. Historical tracking data, meaning data from satellites
prior to SELENE, were also included. This section describes
both the processing and the results.

4.1 Tracking data processing

The lunar gravitational potential U is modelled as a spherical
harmonics expansion with normalised coefficients following
lmax
GM
U(r’ A" ¢) =
-

Kaula (1966):
l
(%) 3 Antsing)
=0 m=0

x (Cpm cosmh + Sy, sinm)

de

.
@)

where r, A, ¢ are the spherical coordinates radius, longi-
tude and latitude, respectively, G M is the lunar gravitational
parameter, a, the reference radius (1738.0 km), C_‘l, m and S‘L m
the normalised Stokes coefficients of degree / and order m
that are to be determined, and f_’l, m are the normalised asso-
ciated Legendre polynomials.

For the determination of the spherical harmonics coef-
ficients, normal matrices per arc are generated, aggregated
over all arcs, and then the parameters are estimated. Normal
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matrices contain in general both common and arc parame-
ters, and through a partitioning scheme (e.g., Kaula 1966) the
arc parameters can be eliminated, leaving only the common
parameters to be estimated. Normal matrices per arc are gen-
erated from orbit determination runs: first the arc parameters
are adjusted until convergence is reached, keeping the global
parameters fixed to their a priori values, and then the partials
of the data with respect to all the parameters (both arc and
common) are computed and summed into the normal matrix
for that arc. That means that in principle with the precise
orbit determination results from the previous section, nor-
mal matrices for gravity field determination can be readily
made by writing out partials to the desired parameters.

However, for SELENE it is more complicated than that
because of the data types involving different satellites: the
4-way data tie the main orbiter to Rstar, while the VLBI data
tie Rstar to Vstar. In order to determine the lunar gravity
field using these data types, multi-satellite arcs must thus be
created. Initially, orbit determination results described in the
previous section were only between Rstar and Vstar because
the 4-way data were not used yet.

How to use the 4-way data in gravity field determination
has been described extensively in Matsumoto et al. (2010),
so the reader is referred there for most of the details. Gravity
field determination results here follow that strategy, with the
only difference that Rstar and Vstar arcs are now longer, and
tied together. Arc length is nominally 1 week, although there
are periods where Vstar’s arc is extended to 2 weeks, from
results in Fig. 7. Arcs for the main orbiter remain limited to
12 h until July 23, 2008, and are shortened to on average 6 h
afterwards, due to angular momentum desaturation events
on-board the main satellite. Using the decided arc length for
the R/Vstar combination, that period is then filled up with
consecutive arcs of the main satellite. Since the orbit deter-
mination described in the previous section was performed
with the goal to use later the same arcs for gravity field deter-
mination, care was taken not to have Rstar arcs start or end
in the middle of a 4-way pass so as not to disrupt them. The
orbits for all the satellites in one arc were iterated to conver-
gence using all the data types simultaneously, after which the
normal matrix for gravity estimation was generated. This, as
well as the orbit fitting part, was done using GEODYN 11,
while the normal matrices are aggregated with the accompa-
nying software package SOLVE (Ullman 2002), which was
also used for determining the parameters afterwards.

The arc parameters that were estimated were the state vec-
tors of all satellites involved, one solar radiation pressure
coefficient Cg per arc per satellite, empirical accelerations
for Rstar and Vstar as described in the previous section,
and biases on the following data types: all 2-way range
data, 2-way Doppler for R/Vstar due to spin, VLBI data
and 4-way data [see Matsumoto et al. (2010) for specifics
of the 4-way biases]. Estimated common parameters were

the Stokes coefficients of the spherical harmonics expansion
of the lunar gravity field up to degree and order 100, the lunar
gravitational constant GM and the lunar degree 2 potential
Love number k3. Force and measurement modelling was the
same as in the processing of the SGM100h model, except
that now the a priori field was SGM100h itself.

The chosen data weights for all Doppler and range data
were also the same as in the processing of SGM100h, i.e.
1 mm/s for 4-way Doppler data, and 2-way Doppler data from
UDSC, 2mm/s for 2-way Doppler data from the other sta-
tions (for the main orbiter) and 5 m for the 2-way range data.
Following the orbit determination results, it was chosen to
have the VLBI data weighted at 1 cm: the post-fit residual
was at or below this level, as shown in Fig. 5, and the orbit
prediction results were most consistent for this data weight,
as Fig. 8 showed. Considering that the intrinsic noise level for
the VLBI data was estimated to be around a few mm, depend-
ing on the frequency band and separation angle (Kikuchi et al.
2009; Liu et al. 2010a), the data are slightly downweighted.
This is the case for all data, as Doppler data also typically have
abetter accuracy than 1 mm/s [see for example Konopliv et al.
(2001) for discussions about Lunar Prospector]. Downweigh-
ting is done often in order to allow for remaining errors due
to the mismodelling of media effects and spacecraft dynam-
ics (e.g., Border et al. 1992). The influence on the estimated
covariance will be discussed later in Sect. 5.

Historical tracking data, referring to satellites before
SELENE in this case, were also included. This comprises
tracking data from the Lunar Orbiters (LO) I-V, the Apollo 15
and 16 sub-satellites, Clementine, Lunar Prospector’s (LP)
nominal mission data (taken in 1998) and some SMART-1
data. Similar to the processing for SGM100h, the LP
extended mission data are left out, because it was felt that
they contain too much information beyond degree and order
100, and they would thus disrupt the gravity field over espe-
cially the far side too much, although they remain extremely
valuable for future efforts using models with larger expan-
sions. Another reason is of course to have a better comparison
with SGM100h to assess the influence of the VLBI data and
longer arc lengths for R/Vstar, which is also why the data
weights for data types other than the differential VLBI data
(including historical tracking data) were kept the same. The
historical mission data are described excellently in Konopliv
et al. (1993) and Lemoine et al. (1997), and the LP data in
Konopliv et al. (2001). Processing of these data were exactly
the same as in Matsumoto et al. (2010).

SELENE solutions can be estimated up to degree and order
70 without the use of a priori information (Matsumoto et al.
2010). However, for reasons similar to those for SGM100h
(i.e., suppression of excessive power in coefficients of degree
and order higher than 70, resulting from a remaining gap in
4-way tracking data coverage over the northern far side), it
was chosen here to use a Kaula rule to smooth the gravity field
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coefficients, although unregularised solutions up to degree
and order 70 can also be constructed. This rule consists
of constraining the coefficient values towards zero with an
uncertainty given by o (Cy 1, Si.m) = B x 1074/1%. The con-
stant 8 was chosen here to be 3.6, in accordance with pre-
vious studies (Lemoine et al. 1997; Konopliv et al. 2001;
Matsumoto et al. 2010).

4.2 Gravity determination results

Gravity field determination as described above has resulted
in a gravity field model that is designated as SGM100i. The
Stokes coefficients of this model, together with the VLBI data
files, can be obtained from the RISE Data archive website
located at http://www.miz.nao.ac.jp/rise-pub/en or from the
SELENE Data archive website at http://www.soac.selene.
isas.jaxa.jp/archive/. There are various ways of assessing the
results, for example through formal errors for the coefficients,
examination of the resulting gravity anomalies, correlations
between gravity and topography and performance in orbit
determination. The focus here will mostly be on comparing
SGM100i and SGM100h and thus in establishing the influ-
ence of the VLBI data. More discussion on the results will
be given in the next section.

4.2.1 Power of the coefficients

Figure 10 shows the degree-wise RMS spectral power ampli-
tude for both the coefficients and associated errors for
SGM100h and SGM100i. The degree-wise RMS amplitude

RMS power

- SGM100h power/error

] - SGM100i power/error

1079 3 2
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Fig. 10 Degree-wise RMS spectral power amplitudes for both the
coefficients (labelled “power”) and their associated errors (labelled
“error”) for both SGM100h and SGM100i. The inset shows a close-
up for the lower degrees
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o7 is computed from
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where the amplitude for the associated errors is computed
by using the formal errors for the coefficients, which are
taken from the diagonal of the covariance matrix. The figure
shows very few differences in the RMS power between the
two models, suggesting that they are nearly similar. The for-
mal errors, however, are slightly different. Due to the longer
arc lengths and the precise VLBI data, it is expected that
the VLBI data mostly contribute to the lower degrees, up
to about 20 (Matsumoto et al. 2008). With formal errors
only slightly lower for the lower degrees, Fig. 10 confirms
this, but the improvement in formal error is only marginal.
Further discussion focusing on the lower degrees is given
in the next section, but it can already be said here that the
final model was chosen based on a number of criteria, such
as data fit and orbit prediction results, and because of this,
several VLBI arcs and a portion of Vstar-only arcs were
excluded, leading to increases in the formal errors for the
lower degrees.

4.2.2 Gravity anomalies and associated errors

Gravity anomalies at the reference surface (a sphere with a
radius of 1738km) are plotted in Fig. 11. These anomalies
again show clearly the far side circular basins, but differences
with SGM100h are difficult to spot, which was also con-
cluded from inspecting the degree-wise RMS spectral ampli-
tudes in Fig. 10. Hence, the differences in anomalies between
SGM100h and SGM100i are also shown in Fig. 11. The min-
imum, maximum and RMS value of the differences were
—151, 161 and 21 mGal, respectively (1 mGal = 1073 m/sz).
The largest differences are concentrated over the northern far
side, where the 4-way Doppler coverage was lower, due to
Rstar’s apolune being located over the southern hemisphere
(Matsumoto et al. 2010). It is thus likely that the differences
in the north part of the far side mostly stem from the effects
of the ill-posed inverse problem, and that they show the influ-
ence of the used Kaula rule, since this is likely to manifest
itself most clearly in parts less covered (and thus less con-
strained) by data. This means one should be careful to use
these models for geophysical interpretation in this part of the
far side, at the smaller scales. Differences in other parts, like
the southern far side and the poles, are more likely to be due
to the influence of the different processing such as longer arc
lengths of Rstar and Vstar, made possible by the inclusion of
VLBI data. However, the differences by themselves cannot
indicate whether there is an improvement.
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Fig. 11 Gravity anomalies at the reference surface (a sphere with
a radius of 1738km), computed in spherical approximation, for the
SGM100i model (top). Differences between SGM100i and SGM100h
are also shown (bottom). The minimum, maximum and RMS of the
anomaly differences are —151, 161 and 21 mGal, respectively. The
projection for both plots is the same as that used for Fig. 2

In addition to the gravity anomalies, the projected errors
in gravity anomalies at the reference surface as computed
from the full covariance matrix can also be investigated. For
comparison, both the anomaly errors from SGM100i covari-
ance and the difference between anomaly errors computed
as error(SGM100h) — error(SGM100i) are given in Fig. 12.
On average, the anomaly errors are 2.24 mGal higher for
SGM100i. The biggest differences occur at the limb areas
(an area of about £10° around 90° and 270° eastern lon-
gitude), where for SGM100i the anomaly errors are higher
(negative differences in the difference plot). This is some-
what surprising, as the VLBI data are at least expected to
contribute positively to especially the determination of the
gravity field over the limb areas, due to a better sensitivity
to satellite position when compared to 2-way data for orbits
covering those areas (where the angle between line-of-sight
and the orbital plane is close to 90°). The increase in anomaly
errors as computed from covariance, which is also clear from
the higher RMS power of the associated errors for SGM 1001
with respect to SGM100h as shown in Fig. 10, is likely due
to the longer arc lengths for Rstar and Vstar used in the pro-
cessing. This will be discussed further in the next section.
Data coverage in general, as shown in Fig. 2, corresponds to
differences in anomaly errors, for example for tracks on the
far side and over the limbs.

Fig. 12 Anomaly errors at the reference surface computed from the
full covariance matrix, for SGM100i (top). The differences in covari-
ance, computed as error(SGM 100h)—error(SGM100i), are shown in the
bottom plot. Negative anomaly error differences thus mean a larger
projected error for SGM100i

4.2.3 Correlations with topography

Correlations between gravity and topography are another
way to evaluate the gravity model: improved correlations
between the two are in general thought to show improvements
in either topography or gravity, as especially at the higher
degrees, uncompensated topography should be reflected in
the gravity field. The topography model used here is an
expansion in spherical harmonics up to degree and order
359, called STM-359_grid-03 and has been derived from
SELENE laser altimeter data. It is an updated version of
the model presented in Araki et al. (2009). Global correla-
tions between SGM100i and STM-359_grid-03 hardly differ
from correlations between SGM 100h and STM-359_grid-03.
Because the gravity differences were located over the far side,
localised correlations over the far side are computed (e.g.,
Wieczorek and Simons 2005). These are shown in Fig. 13.
SGM100i shows higher correlations for higher degrees. As
stated earlier, anomaly differences in the northern far side
are likely due to the effects of the ill-posed inverse problem.
However, localised correlations are computed here over the
whole far side area.

Compared with SGM100h, SGM100i consists of another
iteration over the whole data set. Nevertheless, increased cor-
relations are not thought of as an artefact of an extra iteration
(where extra information is extracted from the data through
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Fig. 13 Correlations between topography and gravity, localised over
the far side

reprocessing), because the increase in correlations between
SGM100h and its predecessor model are not as large as those
shown in Fig. 13. This means that the increase is likely to stem
from the different processing using different arc lengths.

4.2.4 Data fit and orbit determination performance

The new model has also been tested for orbit determination
performance, by computing data fit and orbit predictions for
a test period of Lunar Prospector arcs in its nominal mis-
sion period. The arcs for LP were 2 days long, like in the
gravity field determination processing, and for the orbit pre-
dictions, the orbit was propagated for 1 day, and then differ-
enced with a consecutive arc. The results for SGM100i are
compared with those for SGM100h and LP100K, the latter
of which is a pre-SELENE 100th degree and order spher-
ical harmonics expansion of the gravity field based on the

Fig. 14 RMS of Doppler data |

complete Lunar Prospector data set, including the extended
mission data (Konopliv and Yuan 1999).

Data fit results presented in Fig. 14 show that on average,
SGM100i has a better (lower) data fit. It is also more con-
sistent, as some of the peaks that were both visible in results
for LP100K and SGM100h are smaller. These data fit peaks
often coincide with edge-on orbits, where the satellite covers
the deep far side. Orbit prediction results are shown in Fig. 15.
Although there are instances for which SGM 100h or LP100K
have a better performance, in general SGM100i produces the
smallest orbit overlaps. Similar to what was shown in the plot
for the data fit, especially the peaks in the orbit differences are
smaller. Results for SGM100h showed that this model often
performed better than LP100K in edge-on orbits due to inclu-
sion of the far side tracking data (Matsumoto et al. 2010).
This is corroborated by the results shown here: there are fur-
ther improvement for edge-on orbits for SGM 1001, compared
with SGM100h. These orbits are over the deep far side, the
part of the gravity field that showed the largest differences
with SGM100h. On top of that, there are also improvements
for some of the face-on orbits, where the satellite flies over
the limb areas of the Moon, although those improvements
are much less drastic than the reduction of the peak values
for the edge-on orbits. As pointed out earlier, the SGM100i
model has larger anomaly errors in these areas. Table 3 shows
the average RMS of orbit differences in the local satellite
orbit frame, and this allows to further investigate differences
between the results using various models. This table shows
that the results for the three models are all similar, but that
SGM100i further improves the along and cross track direc-
tions, up to a total orbit error now less than 30 m, while it
was 36 m for LP100K.

The performance of the new model for the VLBI arcs
that were used in the gravity field processing is assessed
through RMS of data fit values. Post-fit values from pro-
cessing the VLBI arcs with the newly determined SGM100i
model are compared with the residuals prior to the gravity
field inversion and with post-fit residual levels as reported

fit for 2-day arcs for Lunar 09
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Table3 Average values for the RMS of orbit differences for 1-day orbit
predictions from 2-day arcs of Lunar Prospector data (as presented in
Fig. 15), separated per direction in the local satellite orbit frame
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Table 4 Post-fit RMS values per data type per satellite for the VLBI
arcs, before and after gravity field determination

Data type SGM100h Before gravity After gravity
Model Orbit differences (m) and satellite determination determination
Radial Along Cross Total VLBI data _ 0.666 0.508
LP100K 1.06 27.36 16.86 3593  RstarDoppler — 0.50 0.236 0.167
SGM100h 1.19 24.19 13.33 3165  Retarrange 158.0 86.976 75.273
SGM100i 1.05 23.07 11.38 29.15  VstarDoppler  0.18 0.676 0.239
Vstar range 103.0 152.375 95.561
Main Doppler 0.770 0.779 0.771
in Matsumoto et al. (2010) using SGM100h. The difference Main range 820 24.266 23,564
between those and the residuals prior to gravity inversionhere ay Doppler 048 0438 039

is the use of VLBI data and the accompanying longer arcs.
The RMS of data fit values are listed in Table 4. As expected,
the data fit is improved for the new model, since this model
was based on the arcs used to compute the data fit values.
The values for data fit for Vstar seem to benefit most from
using the VLBI, when comparing the results of before and
after gravity field determination, which is not that surprising
considering the few 2-way tracking data available for that
satellite. The results for Vstar in the SGM100h processing
gave a better data fit due to the shorter arc lengths used there.
Interestingly, the 4-way fit is better when using the VLBI
data, both before and after gravity inversion, although the
differences are not big. This can indicate a better positioning
for Rstar using the VLBI data, leading to a better residual on
the 4-way data. Range data types also benefit from using the
VLBI data. Redoing the orbit prediction analysis presented
in Sect. 3.2 (in Fig. 7) with SGM100i (thus reprocessing the
VLBI arcs with a gravity field model that was derived using
those same arcs) showed further orbit prediction improve-
ments for Rstar and Vstar: both are at a level of 20 m, when
including the VLBI data in the analysis.

4.2.5 GM and ky values

The lunar gravitational parameter GM and the degree 2
potential Love number k, were also estimated. The value

For comparison, post-fit RMS values for residuals taken from
Matsumoto et al. (2010) are also listed, labelled “SGM100h™. The dif-
ference with the results from before gravity determination is the use of
VLBI data and the longer arc lengths in the processing. Units are cm for
range data types (2-way range and VLBI) and mm/s for Doppler data

types

for GM did not change much with respect to SGM100h,
with a result of GM =4902.80080 £ 0.00009 km?/s? for
SGM100i, versus GM = 4902.80212 + 0.00013 km? /s>
for SGM100h. The listed errors are 1 sigma. The differ-
ences between the G M values for SGM100h and SGM100i
are still at a 10-sigma level, but interestingly, the value for
SGM100i is closer to that from the DE421 ephemeris, which
is 4902.80008 4 0.0001 km? /s> (Williams and Boggs 2008).
The difference is about 8§ sigma.

The lunar degree 2 potential Love number k3 is an impor-
tant parameter because it can be used to constrain mod-
els of the lunar interior structure (Williams et al. 2001;
Wieczorek et al. 2006). The use of SELENE far side data,
and the use of longer arc lengths for the sub-satellites, is
expected to contribute to decreasing the uncertainties in the
ko value (Goossens and Matsumoto 2008; Matsumoto et al.
2010). The value for k> for SGM100h was 0.0240 =+ 0.0015,
and the value for ko for SGM100i is a little higher, at
0.0255 +£ 0.0016. The listed errors for k, are ten times the
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formal error, following Konopliv et al. (2001) to allow for
optimistic formal errors from covariance. There is thus not
much change in either the value or error on k» when com-
pared with SGM100h. The discrepancy with the value from
lunar laser ranging (LLR), k» = 0.0209 % 0.0025 (Williams
et al. 2010), still exists, and the uncertainty is not below the
5% level needed to be able to distinguish the effects of the
presence of an iron core (Wieczorek et al. 2006). More dis-
cussion on the value for k, and its correlation with gravity
coefficients is given in the next section.

5 Discussion

The higher correlations with topography over the far side, the
better data fit and the better orbit prediction results for espe-
cially the edge-on orbits show that SGM 100i shows improved
performance for these different qualities when compared
with SGM100h. Yet, results such as the marginal improve-
ments in formal error for the lower degrees, larger anomaly
errors over the limbs and a slight increase in the formal error
for the degree 2 potential Love number k; show that the influ-
ence of the VLBI data is not as straightforward as perhaps
initially expected. Instead, the influence of the VLBI data
on the solution is more subtle, not necessarily limited to the
lower degrees through the orbits of Rstar and Vstar and their
intrinsic gravitational sensitivity, but also showing itself in
higher degrees, through Rstar’s orbit’s influence on the 4-way
data.

5.1 Limb areas

As mentioned earlier, the VLBI data are expected to contrib-
ute to the gravity field over the limb areas because of their
additional orbital sensitivity, when compared with 2-way
data alone. For SELENE however, there were also the 4-way
data, and some of them were taken over the limb areas, add-
ing a radial sensitivity to the gravity field in those areas
(Matsumoto et al. 2010). The higher anomaly errors for the
limb areas for SGM100i thus should not be seen as an unex-
pected negative side effect of the VLBI data, but rather, as
stemming from a decrease in contribution from the 4-way
data, likely due to the longer arc lengths used. This was fur-
ther corroborated by inspection of intermediate results using
1 week arcs but without the VLBI data. Plots of anomaly
errors from covariance then show signals similar to those in
Fig. 12, showing that the increase in anomaly error is an effect
of increasing arc length of Rstar that cannot be completely
undone by including VLBI data. But more importantly, the
slightly improved orbit consistencies over the limbs show
that the model performs better, despite the higher anomaly
errors from covariance, which points to calibration issues of
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the lunar gravity field models (see also later when the lower
degrees are discussed in this section).

The influence of the 4-way data on the limbs can also be
investigated in another way: when the localised correlations
between gravity and topography are computed over the Mare
Orientale region on the eastern limb of the Moon (results not
shown here), SGM100h shows improved correlations when
compared with LP100K. There are some further improved
correlations between SGM100i and SGM100h but they are
only minor, showing that most of the improvements between
SELENE models and previous models come from the 4-way
data for this area.

5.2 Lower degrees

By including VLBI data it has been possible to extend the
arc lengths for Rstar and Vstar, and through this it is reason-
able to expect improvements in especially the lower degrees
and orders of the gravity field expansion, since they mostly
drive the long-term changes in the orbit. Such improve-
ments were shown for example in pre-mission simulations
(Matsumoto et al. 2008). However, inspection of the for-
mal errors as depicted in Fig. 10 has shown only a marginal
improvement. One thing already mentioned in the previous
section is the final data selection for computing SGM100i.
In the gravity processing, results per arc were inspected for
data fit, and overlaps in between arcs. Inversions were done
with the full set of VLBI arcs and a subset where some arcs
were excluded, on the basis of higher VLBI residuals (close
to Rstar’s end-of-life), or relatively high overlaps (one arc in
December 2008, excluded from Fig. 7). All inversions used
all other data, both historical and SELENE tracking. Result-
ing models were then evaluated for orbit predictions with LP
data (Fig. 15) and consistency of the moment of inertia (see
below). It was found that the subset solution performed best
in all respects, yet this does mean leaving out a small part of
the data. Formal errors for the inversion with the full set were
lower. This might be interpreted as a hint that the improve-
ment in lower degrees is only due to including more data
(though not that much, compared with the amount of 2-way
data), but this is not the case: the shape of the RMS power
spectrum of the associated coefficient errors for SGM100i is
distinctly different, showing that there is an influence from
the longer arcs, made possible by the VLBI data.

However, even longer arcs are probably necessary to
improve the gravity field coefficients of especially the
lower degrees. The pre-mission simulations described in
Matsumoto et al. (2008) used an arc length of 2 weeks, and
assumed perfectly known orbits for the sub-satellites. Experi-
ence with processing the data shows that these expectations
cannot be met. Overlap analysis with 2 week arcs instead
of 1 week arcs showed worse results for the former, after
which 1 week arcs were selected. And despite the improved
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Fig. 16 Degree-wise RMS spectral power amplitudes according to
Eq. (3) for differences in coefficients between several models. For com-
parison, the formal errors for SGM100i are also plotted

orbit consistency when the VLBI data are included, there
are remaining orbit errors on the sub-satellites, cf. Fig. 7.
This, thus, has lead to a smaller improvement in formal errors
for the lower degrees than initially expected. Care should be
taken, however, not to attach too much meaning to the results
for the formal errors. Calibration of lunar gravity field mod-
els remains a delicate issue (see Floberghagen (2002) for
a good discussion, and also Mazarico et al. (2010) for a
recent example). It is not uncommon to add a safety fac-
tor to gravity uncertainties computed from the a posteriori
covariance matrix such as shown in Fig. 12. In the case of
LP, Konopliv et al. (2001) uses a factor of 2, which can be
applied here as well, because it matches the observed dif-
ferences shown in Fig. 11 with the aforementioned uncer-
tainties. This indicates that the current formal errors on the
SGM solutions might be over-optimistic, perhaps due to tight
data weights (Floberghagen 2002), despite downweighting
the data as was discussed in Sect. 4.1. Note also that in the
RMS spectral power plot in Fig. 10, the error never reaches
the signal.

Results in Matsumoto et al. (2010) also showed the diffi-
culties in determining the lower degree and order coefficients
precisely, by investigating coefficient differences between
models and plotting the degree-wise RMS spectral ampli-
tudes for them. The same is done here in Fig. 16, by com-
paring differences between SGM100h and the earlier model
SGM90d (Namiki et al. 2009), with differences between
SGM100i and SGM100h. The formal errors for SGM100i
are also included. The figure shows that for the lower degrees
the coefficients are indeed difficult to determine, since the
differences for these coefficients are still larger than the for-
mal errors. However, these differences are smaller than those
between previous SELENE-based models. The RMS spec-
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Fig. 17 Relative differences between SGM100i and SGM100h for the
coefficients of the spherical harmonics expansion (fop) and their asso-
ciated errors (bottom)

tral amplitudes for the higher degrees show a much flatter
signal, well below the 1 — o error of SGM100i. But more-
over, the differences in the lower degrees between SGM 100h
and SGM100i shown in this figure indicate the actual differ-
ences between the models due to data and processing, rather
than due to the effects of the ill-posed inverse problem, which
are expected to be in the higher degrees. Despite only a small
improvement in formal errors, this does show that the lower
degrees are affected. Differences from the lower degrees are
difficult to see in plots of surface gravity anomalies such as
shown in Fig. 11. These differences likely contribute to the
improved orbit and data fit results for SGM100i when com-
pared with SGM100h.
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5.3 Coefficient differences

One other way to compare SGM100h and SGM100i is to
have a direct look at the coefficient differences, to see which
coefficients are affected by the inclusion of the VLBI data,
and the longer arc lengths of the sub-satellites. Figure 17
shows the relative coefficient differences for both the spher-
ical harmonic coefficients and their associated errors. These
relative differences §{C, S‘}l,m are computed as

{C, Sim}somi00i — {C. Si.m}sGMi00n

8{C, Shm = “)

{C., Si,m}sGm100n

The relative coefficient differences show a large spread: the
smallest deviation is in the order of 10~° for 5'33,11, and the
largest deviation is in the order of 300 for 6_’49,42. Figure 17
shows that most differences are in the higher degrees and
orders, which is translated in the difference plot of Fig. 11 into
the high-frequency differences. This is also where the largest
differences are expected, due to the effects of the ill-posed
inverse problem, as discussed earlier. Figure 17 also shows
some differences for some of the lower order and degree
coefficients, which was also clear from Fig. 16.

The relative differences for the associated errors carry
information about how well the coefficients are determined,
relatively between the two models. Inspection of the sign
of the relative coefficient sigma errors, where a negative
value would mean a smaller associated error for that par-
ticular coefficient of SGM100i versus SGM 100h, shows that
some of the lower degree coefficients together with the sec-
torial terms (/ = m) have a smaller sigma. The clear signal
in the plot for the errors in Fig. 17, where a band of orders
close together are grouped, showing an enhanced coefficient
sigma between SGM100i and SGM100h (although the rela-
tive difference is in the order of 0.1), is likely to represent the
influence of using longer arcs for the sub-satellites. Note also
that the range of degrees with this signal is similar to that in
Fig. 10 where SGM100i had a higher RMS of power in the
associated errors than SGM100h. Although the broad groups
of orders with enhanced errors stand out in Fig. 17, alterna-
tively, the isolated smaller bands of orders can be thought of
as representing that part of the processing between SGM 100h
and SGM100i that was the same, which is mainly the histor-
ical data. The biggest changes occur up to about order 60,
which is equivalent to orbital periods of about half a day. This
follows from linear perturbation theory (LPT) that relates
orbital perturbations to the spherical harmonics coefficients
of the gravity field expansion (e.g. Kaula 1966), showing that
an order m induces perturbations with a period of 1 month
over m, the m-monthlies [see also Floberghagen (2002) for
further discussion]. Half a day is the arc length of the main
orbiter of SELENE.
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ious solutions. Errors for k» are based on ten times the formal error,
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gravity coefficients

5.4 Moment of inertia and lunar Love number

The consistency of the moment of inertia was also men-
tioned as a criterion against which models were evaluated.
Moments of inertia give information about the state of dif-
ferentiation of a body, and they can be computed from the
gravity coefficients J, Cz 2 and the librational parameters
B and y (e.g., Williams et al. 2001). This gives four con-
straints on the three principal moments of inertia, making
it possible to use different subsets of parameters to com-
pute them. In Bills (1995) it was shown that for pre-LP
lunar gravity field models, the results for the moments of
inertia varied more than 15 times the formal errors, depend-
ing on which subset was used. Subsequently, in Konopliv
et al. (1998) it was reported that with the LP data the
variation disappeared. When processing the SELENE data,
however, it was found that variations still existed, although
they were much less than 15 times the formal errors. Inter-
nal consistency of computed moments of inertia was thus
adopted as another evaluation criterion. Figure 18 shows
results for both the lunar degree 2 potential Love num-
ber k; and for the normalised polar moment of inertia
C/MR? with M the mass of the Moon and R the radius.
The polar moment of inertia was computed following the
equations given in Bills (1995), using values for 8 and y
from Konopliv et al. (1998). There are four different ways
of computing C/M R?, but two of them lead to the same
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equation, so Fig. 18 only shows the three different results.
Results for ky are also included, as corrections to the derived
gravity field coefficients J, and C,, are needed to make
everything consistent for rigid values; see Williams et al.
(2001) for how to correct. In the plot for k3, pre-SELENE
results come from Goossens and Matsumoto (2008) and from
Konopliv et al. (2001) (denoted LP150Q, which is the name
of a 150th degree and order lunar gravity field model based
on processing presented in the quoted reference). For com-
parison, one result based on LLR is also included, com-
ing from Williams et al. (2010). Pre-SELENE processing
explored various parameterizations for processing the data,
and the current SELENE processing, for both SGM100h and
SGM100i, does not use empirical accelerations in the pro-
cessing of LP (as labelled by “pre-SELENE, no 1 CPR” in
Fig. 18).

Results in Fig. 18 show that both SGM100h and SGM100i
have values for C /M R? that are very consistent, even more so
than those for LP150Q. Other inversions using the VLBI data,
for instance using the full set as mentioned earlier, resulted
in more scatter in the results for C/M R?. That scatter was
mostly caused by the C» > coefficient: one way for comput-
ing the moment of inertia is given as C/MR? = 4Ca0/y,
and it was always this value that produced the outlier. By
deleting arcs with outlying overlap results, the consistency
of C/MR? was found to be greatly improved. However,
Fig. 18 also shows that results from both SGM100h and
SGM100i give a substantially higher C/M R?; the value for
SGM100iis 0.39351 4 0.00007 (based on five times the for-
mal error for the gravity coefficients) and that for SGM100h
is 0.39348 £ 0.00008, compared with 0.3932 £ 0.0002
for the LP models (Konopliv et al. 2001). The result for k;
for SGM100i is also slightly higher than that for SGM100h.
Due to the corrections made on the J> and C» > coefficients
using k», the latter also influences the moment of inertia. See-
ing as SGM100i gives high values for both C/M R? and k;,
there can be a coupling between them. Inspection of corre-
lations between k; and gravity field coefficients showed that
ko has the highest correlations with C» 5, for both SGM100h
(—0.29) and SGM100i (—0.41). Such correlations between
k2 and C» 5 were also found in the pre-SELENE analysis
(Goossens and Matsumoto 2008). There, the use of empiri-
cal accelerations for the LP processing influenced the results
for kp, in terms of both its value and its correlation with
gravitational parameters. For the processing of SGM100h
and SGM100i, empirical accelerations were not applied to
LP, but they were used for Rstar and Vstar, which might
influence the results. As stated in Sect. 3.2, not including
the empirical accelerations resulted in larger orbit differ-
ences. Excluding them from the gravity processing as well
results in a gravity field model with a drastic loss of cor-
relation between gravity and topography over the far side,
and even larger correlations between kp and the gravity

field coefficients C3 9 and C2 2, of 0.13 and —0.53, respec-
tively. This could very well point to a separability issue
between these parameters. At an arc length of 1 week, there
should be a better sensitivity with respect to especially the
lower orders, following again from LPT and the m-monthly
signal.

The pre-SELENE analysis presented in Goossens and
Matsumoto (2008), and results from inversions with
SELENE data still show that LP data are of great impor-
tance for the lower degrees. Despite the relatively short arc
lengths that can be achieved for these data, the data are contin-
uous during the arcs. By stacking arcs covering a long period
with almost continuous data coverage, the lower orders and
degrees can be resolved up to certain precision. It is expected
that with the current SGM 100i model, arc lengths for LP can
be extended, due to inclusion of both the far side and VLBI
data that can both help to limit dynamical error build-up, and
that might lead to further constraints on the lower degrees
and Love number k5.

6 Conclusions and outlook

All same-beam S-band differential VLBI data collected in
the SELENE mission, covering a total of 14 months, from
January 2008 until February 2009, were processed and the
results were presented. Orbit determination using VLBI data
showed that orbit consistency is greatly improved: without
VLBI data, orbit prediction analysis resulted in orbit differ-
ences of several hundreds of metres, but including the VLBI
data brought these differences down to a few tens of metres.
Including these precise data also enabled extension of the arc
lengths of Rstar and Vstar. The rms of the VLBI residuals
was in general better than 1 cm. From previous analysis, the
intrinsic noise level of the VLBI data has been estimated to
be as low as a few mm, but orbit prediction analysis with
different data weights showed that the smallest (and most
consistent) orbit differences were obtained for a data weight
of 1 cm for VLBI data, combined with Doppler data weighted
at 1l mm/s and range data weighted at 2 m.

Using these results from orbit determination, and the full
set of SELENE tracking data, the lunar gravity field was
determined in a spherical harmonics expansion up to degree
and order 100. Other data included were pre-SELENE track-
ing data from the Lunar Orbiters I-V, the Apollo 15 and 16
sub-satellites, Clementine, Lunar Prospector nominal mis-
sion data, and some SMART-1 data. Compared with the pre-
vious SELENE gravity field model named SGM100h (that
used much of the same processing used in the work presented
here, except for the VLBI data and accompanying longer arc
lengths), the new model, named SGM100i, shows improved
correlations with topography over the lunar far side, the
area where also the largest gravity anomaly differences with
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SGM100h were found. Orbit determination analysis also
showed improved performance for the new model over previ-
ous 100 degrees and order models, indicating that the anom-
aly differences over the far side are an actual improvement.
This, thus, shows the subtle influence of the VLBI data in
the processing of SELENE data: through improved position-
ing of Rstar, the 4-way data were also affected positively.
Overall, the strength of the VLBI data was demonstrated,
including the benefits that can be obtained from including a
precise tracking data type such as differential VLBI data. The
new model can be downloaded through the following two
websites: http://www.soac.selene.isas.jaxa.jp/archive/ and
http://www.miz.nao.ac.jp/rise-pub/en.

Other future planetary missions might benefit from includ-
ing VLBI data as well. There are some limitations, how-
ever, to the method as used in SELENE. For example, due
to limitations on the usable bandwidth, the accuracy of the
group delay to determine the ambiguity of the phase delay is
not enough beyond lunar orbit, which means that SELENE’s
multi-frequency method cannot be used and different meth-
ods are needed for planetary orbiters. However, if the a priori
delays are precise enough, for example from an orbit deter-
mined with Doppler data, or if a bias is estimated on the VLBI
data, the ambiguities might be determined from this infor-
mation, yielding a precise measurement (e.g. Border et al.
1992; Folkner et al. 1993). If that is not an option, delay-
rates instead of delays might be used, although the ques-
tion whether the ambiguities are needed for this is currently
still under consideration. In terms of future lunar explora-
tion, proposed tandem-satellite missions might benefit from
same-beam differential VLBI, with the contribution of VLBI
depending on whether its precision complements an already
precise inter-satellite link.

The VLBI data were also expected to improve the esti-
mates of the lower degrees, but the formal errors of these coef-
ficients are only slightly smaller than those for SGM100h.
It was shown that these degrees remain difficult to deter-
mine from current limited arc lengths. Coefficient differences
between SGM100h and SGM100i are still proportionately
large for the lower degrees, compared with the accompany-
ing formal errors. On the one hand this shows that the lower
degrees were affected by the VLBI data and the extension of
the arc lengths of the sub-satellites, but on the other hand this
discrepancy is also an indication of issues with calibration,
which remains difficult for lunar gravity field models.

The lunar degree 2 potential Love number k» was also
determined, and including the VLBI data resulted in a slightly
higher value of 0.0255 £ 0.0016 versus 0.0240 £ 0.0015 for
SGM100h. Correlations between k> and the C; » coefficient
were, however, found to be high, at —0.41, indicating perhaps
a low separability between these parameters. Despite using
longer arc lengths for Rstar and Vstar, this could be due to
data quantities for these sub-satellites. As in previous analy-

@ Springer

sis, Lunar Prospector data still contribute a lot to the determi-
nation of the lower degrees and k. Future analysis will thus
focus on extending arc lengths for Lunar Prospector using
SGM100i as a priori gravity field model, which might lead
to further constraints on the lower degrees, Love number and
lunar moments of inertia.
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