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話の流れ

背景：なぜ視線加速度？ LP の場合

GRACE の概要と Level 1B データ

Sugano & Heki(2004) の拡張・一般化

地球重力地図の作成

まとめ

2



背景：なぜ視線加速度？

3

Sugano and Heki (2004)

- Lunar Prospector の場合
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Fig. 2. Example of the LOS acceleration profiles along the longitude ∼0◦ at relatively high (a) and low (b) altitudes. The amplitude of “residual” becomes
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 gravity fields 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 profile 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 gravity fields can be approximated by
those due to a point mass at the lunar center-of-gravity, which
we call the “reference field”. This is different from the
Earth’s reference gravity field 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 field from the orbit rather than on the surface. We as-
sume that excess masses (or mass deficits), responsible for
the anomalous gravity (difference from the reference field),
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 as J2 and C22, 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◦ “large blocks”.
They are subdivided into 0.8◦ × 0.8◦ “small blocks” (about
25 km × 25 km). The “large block” is a unit of least-
square estimation runs, and the “small block” corresponds

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 gravity fields 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 Newton’s theory,
is

alos i =
M∑

j=1

G
m j

r2
i j

cos θi j , (1)

where M is the number of small blocks within a large block,
G is the universal gravitational constant, m j is the mass
anomaly at the j th small block, ri j is the distance between
the satellite and the j th small block, θi j is the angle between
gravitational acceleration from the j 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 Earth’s spin, and (3) parallax due to
the orbital motion of the satellite. Here we evaluate the in-
fluences 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 Earth’s direction in the moon-fixed
coordinate given in the header part of the LOS data files.
Roughly speaking, the LOS acceleration is the projection of
gravitational acceleration of the Moon gmoon (about 162 gal)
onto the LOS direction, i.e., gmoon cos δ where δ is the an-
gle between LOS acceleration and the lunar vertical. Then
the effect of the error in LOS is −gmoon#δ sin δ. Hence the
error does not exceed gmoon#δ. 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 matrix A is calculated as,

Ai j = ∂alos i

∂m j
= G

1
r2

i j

cos θi 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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Sugano and Heki (2004)



従来の方法との比較

重力場モデル Sugano and Heki (2004)

モデル 複雑 シンプル

推定パラメータ Cnm, Snm Δg

領域 全球的 局所的

解像度 49 km 24 km

ソフトウェア GEODYN II/SOLVE, ODP 自作

計算時間 長い 短い



本研究の目的

GRACE Level 1B データを解析し
重力異常地図を作成

Sugano & Heki (2004) の方法を
双子衛星に拡張・一般化
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http://www.csr.utexas.edu/grace/mission/flight_config.html

500 km
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K-Band Ranging 
Data

(KBR1B)

Line-of-Sight
Acceleration

Accelerometer 
Data

(ACC1B)

non-grav.
Acceleration

GPS Navigation 
Data

(GNV1B)
(x, y, z, t)

使用する Level 1B データ
必要なデータ GRACE L1B



視線加速度データを見る
K-Band Range Acceleration (KBRA)
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rBrA

rAB

rACi rBCi

O

GRACE A GRACE B

Ci

rCi

mi

モデルの拡張・一般化
r̈ − (gcorr. + acorr.) · eAB = −G

N�

i=1

(
mi

r3
ACi

rACi −
mi

r3
BCi

rBCi) · eAB

小セルの合計：N個
小セルの大きさ = 解像度



テスト解析

使用データ GRACE Level 1B (KBR, GNV, ACC)

期間 2003年7月1日～31日

場所 アマゾン周辺（0ºN, 60ºW）

大セルの大きさ 60º × 60º

小セルの大きさ 3º × 3º

データ点数 29,700点

a priori J2 GRACE GSM
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地域的な重力場の復元

Inversion O - C

Post-fit RMS : 7.74 μm/s2
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切取り、張り合わせる
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まとめ

GRACE Level 1B データの解析し

地球重力地図を作成

Sugano & Heki (2004) の方法を
双子衛星に拡張・一般化

一ヶ月分のデータ、空間解像度 3º×3º

Post-fit RMS : 7.74 μm/s2
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