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Fig. 2. Example of the LOS acceleration proÞles along the longitude∼0◦ at relatively high (a) and low (b) altitudes. The amplitude ofÒresidualÓbecomes
large when the satellite altitude is low.

procedure (see Simpson, 1999, for detail). First, the LOS
velocities based on the satellite orbits and the lunar gravity
model (LP100J) are subtracted from the observed Doppler
data. These velocity residuals contain information on short-
wavelength gravityÞelds not represented by spherical har-
monics with degrees and orders up to 100. Second, the
time series of residuals are modeled using cubic polynomial
spline functions so that accelerations can be obtained as their
temporal differentiation. Finally, such residual accelerations
were added back to accelerations at the satellite positions
predicted by the LP100J model in order to obtain the total
LOS acceleration. The processed LOS data are available at
the PDS Geosciences Node web site as described above. We
downloaded the LOS data product from PDS web site, and
used them for the present study. Examples of an LOS accel-
eration proÞle along longitude∼0◦ are shown in Fig. 2 (The
satellite trajectory is plotted in Fig. 1(b)).
2.2 Inversion method

The bulk of lunar gravityÞelds can be approximated by
those due to a point mass at the lunar center-of-gravity, which
we call theÒreferenceÞeldÓ. This is different from the
EarthÕs reference gravityÞeld in several aspects. First, it is
calculated assuming a sphere instead of an ellipsoid because
the lunar equatorial bulge is much smaller than the Earth.
Secondly, it does not include centrifugal forces coming from
the lunar spin. This is because we measure the lunar grav-
ity Þeld from the orbit rather than on the surface. We as-
sume that excess masses (or mass deÞcits), responsible for
the anomalous gravity (difference from the referenceÞeld),
are condensed in a thin layer on the lunar reference surface
(a sphere with a radius 1,738 km). This is untrue for long
wavelength components such asJ2 andC22, and the results
would be somewhat biased in these components. This, how-
ever, does not affect our purpose to study short-wavelength
gravity anomalies. This approximation also assumes that
satellite altitudes are much larger than vertical scales of lunar
topographic features. Validity of this assumption will be ex-
amined by performing inversion calculations for synthesized
data in Section 2.3.

We divide the lunar surface into 20◦ × 20◦ Òlarge blocksÓ.
They are subdivided into 0.8◦ × 0.8◦ Òsmall blocksÓ(about
25 km × 25 km). TheÒlarge blockÓis a unit of least-
square estimation runs, and theÒsmall blockÓcorresponds

to a parameter (point mass at the center of the block) to be
estimated. The east-west extent of small blocks are increased
by a factor of 1/ cos(lati tude) in order to keep physical sizes
of small blocks uniform.

Assuming that anomalous gravityÞelds at satellite posi-
tions are the sum of the gravitational pulls of individual small
blocks, we estimated their masses so that they explain the ob-
served LOS acceleration best in a least-squares sense. The
observation equation, based on the simple NewtonÕs theory,
is

alos i =
M!

j= 1

G
m j

r2
i j

cos! i j , (1)

whereM is the number of small blocks within a large block,
G is the universal gravitational constant,m j is the mass
anomaly at thej th small block,ri j is the distance between
the satellite and thej th small block,! i j is the angle between
gravitational acceleration from thej th small block and the
LOS vector at the observation time.

The LOS direction is almost stationary but slightly
changes in time due to (1) optical libration of the Moon,
(2) parallax due to the EarthÕs spin, and (3) parallax due to
the orbital motion of the satellite. Here we evaluate the in-
ßuences of the three factors. Due to the optical libration,
the apparent position of the Earth in the lunar sky changes
in monthly periods by about± 5◦ (North, 2000). This can
be calculated using the EarthÕs direction in the moon-Þxed
coordinate given in the header part of the LOS dataÞles.
Roughly speaking, the LOS acceleration is the projection of
gravitational acceleration of the Moongmoon (about 162 gal)
onto the LOS direction, i.e.,gmoon cos" where" is the an-
gle between LOS acceleration and the lunar vertical. Then
the effect of the error in LOS is−gmoon#" sin" . Hence the
error does not exceedgmoon#" . For the factor (1), the er-
ror become± 14.1 mgal, a few times as large as the LOS
acceleration accuracy. However, the factors (2) and (3) are
within ± 0.75◦ (± 2.19 mgal) and± 0.25◦ (± 0.71 mgal), re-
spectively. Therefore, we took account of only the factor (1)
in our study.

An element of the Jacobian matrixA is calculated as,

Ai j =
$alos i

$m j
= G

1

r2
i j

cos! i j . (2)
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Fig. 1. (a) Lunar nearside free-air anomaly map from the LP165P gravity model using spherical harmonics up to 165th degree/order. (b) Result from
direct inversion of LP LOS acceleration data. Thick dashed line in (b) indicates satellite trajectory shown in Fig. 2. (c) Absolute value of the difference
between (a) and (b).
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