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A global lunar topographic map with a spatial resolution of finer than 0.5 degree has been
derived using data from the laser altimeter (LALT) on board the Japanese lunar explorer
Selenological and Engineering Explorer (SELENE or Kaguya). In comparison with the previous
Unified Lunar Control Network (ULCN 2005) model, the new map reveals unbiased lunar
topography for scales finer than a few hundred kilometers. Spherical harmonic analysis of global
topographic data for the Moon, Earth, Mars, and Venus suggests that isostatic compensation is the
prevailing lithospheric support mechanism at large scales. However, simple rigid support is
suggested to dominate for the Moon, Venus, and Mars for smaller scales, which may indicate a
drier lithosphere than on Earth, especially for the Moon and Venus.

Knowledge of the lunar shape and to-
pography is fundamental for our under-
standing of the internal structure and

surface evolution of the Moon. However, laser
topographic mapping of the Moon had been
limited. Early experiments were carried out by
the Apollo 15 to 17 spacecraft for limited areas
below their near-equatorial orbits (1). More re-
cently, laser altimeter on the Clementine obtained
topographic data covering almost the entire South
Pole–Aitken Basin (2). Its coverage did not reach
beyond 80° latitude owing to the elliptic orbit of
the spacecraft, and the spatial resolution is 20 to
60 km (3). A full topographic map, including the
polar regions, ULCN 2005, was produced using
photogrammetric analysis of Clementine images
combined with data from historical control points
on the Moon (4). However, the map is known to
suffer from large systematic errors. Radar to-
pography from Earth includes gaps due to limi-
tations of viewing and illumination conditions,
whose effects are especially evident in the polar
regions (5, 6).

The LALT on board the Japanese lunar ex-
plorer Kaguya (SELENE) is designed to measure
distances to the lunar surface from the altitude
of 100 km (7). LALT measures the distance from
the spacecraft to the surface of the Moon by trans-
mitting Nd and Cr-doped yttrium-aluminum-

garnet (Cr-doped Nd:YAG) laser pulses every
second. The beam divergence is 0.4 milliradian,
resulting in the laser spot size on the lunar sur-
face of typically 40 m from the orbiter altitude
of 100 km. To exploit the instrument’s nominal
range resolution of 1 m, the range data are cal-
ibrated for thermal variations of the internal clock
frequency and the instrument delay. The errors
related to data quantization, thermal variation
of the clock and electronics, and instrument delay
measurement are estimated to be 0.55 m (1 SD)
(8, 9). The first ranging tests were carried out

successfully on 25 November 2007, and the
nominal mapping phase began on 30 Decem-
ber 2007. Topography data were produced by
incorporating precise orbits for the Kaguya main
orbiter. These orbits are calculated from two-
way Doppler data by the GEODYN-II software
using the latest lunar gravity model SGM90em
(SELENE Gravity Model) that is an adapted ver-
sion of the model SGM90d for the purpose of
orbit determination (10–12). Orbit precision is
determined from orbit differences during over-
lapping parts, showing that the radial orbit er-
ror is generally within 1 m (13) and the total
positioning error (computed using the root sum
square over the radial, along-track, and cross-
track directions) is found to be ~50 m. Thus,
the radial topographic error originated from the
orbit repeatability is 1 m (1 SD), the instru-
mental error is 0.55 m (1 SD), and the instru-
ment range shift is between +2.5 m and +12 m
(8, 9), which are summarized T4.1 m (1 SD) as
the final budget where the range shift is in-
corporated as 4 m (1 SD). In the same way, the
horizontal topographic error originated from the
orbit repeatability is 50 m (1 SD), the pointing
error is 175 m (maximum), and the time-tag error
is 1.5 m (maximum), which are summarized as
T77 m (1 SD) as the final budget (14). Attitude
and time-tag data are provided from the track-
ing and operation center of the Japan Aerospace
Exploration Agency (JAXA). The number of geo-
located points over the entire lunar surface is
about 6.77 × 106 as of 31 March 2008 (15).

Figure 1 shows the topographic map obtained
from LALT data. It clearly delineates the prom-
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Fig. 1. Lunar global topographic map obtained from LALT altimetry data shown in Hammer equal-area
projection. Lunar coordinates are based on the mean Earth/polar axis system. Reference of the height is a
sphere whose radius is 1737.4 km and whose origin is set to the center of mass (19). Themap center is 270°E,
with the nearside on the right and the farside on the left. Full range of the topography is about 19.81 km.
The highest point is on the southern rim of the Dirichlet-Jackson basin (–158.64°E, 5.44°N, +10.75 km), and
the lowest point is inside Antoniadi crater (–172.58°E, 70.43°S, –9.06 km) in the South Pole–Aitken Basin.
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inent lunar geologic landforms, especially the
FeldspathicHighlandTerrane (FHT),mare basins,
and the South Pole–Aitken Basin Terrane (SPAT).
Mare surfaces, which are covered with basaltic
lava, are remarkably flat. Ridge systems have ele-
vations of a few hundredmeters. InMare Serenitatis
and Imbrium, for example, ridges form concen-
tric circular patterns parallel to the outermost mare
cliff. Complex sinusoidal ridges are also seen in
Oceanus Procellarum and Mare Imbrium. These
ridge systemsmay be formed by subsidence of the
mare basalt modified by preexisting multiring or
smaller topographic features (fig. S1).

Because Kaguya is in a polar orbit, surface
trajectories appear approximately parallel at low
latitudes, with cross-track spacing less than 0.5°
(about 15 km at the equator) (fig. S2). In the polar
regions, the nearest neighbor distance between
ranged positions is no more than 2 km inside the
region of 1° from the poles (fig. S2). A compar-
ison between LALTandULCN2005maps shows
that the LALT topographic map far exceeds the
ULCN 2005 in resolution and accuracy for fea-
tures that are less than a few hundred kilometers
across (fig. S3).

On the farside of the Moon, the mean dif-
ference of topography is 10 km between FHT
and the SPAT (Fig. 1, and fig. S4). The highest
point on the Moon is on the southern rim of the
Dirichlet-Jackson basin, and the lowest one is in
the Antoniadi crater in the SPAT. The full-range
topography spans about 19.81 km, which is
greater than the ULCN 2005 result of 17.53 km
for the next highest and lowest points, the
positions of which are generally identical to our
highest and lowest points, with differences of less
than a few degrees (Fig. 1) (16).

Observations by LALT provide the first polar
maps with complete coverage (Fig. 2). Small de-
pressions or craters are observed for the first time
in the polar image. For example, our map of the
South Pole region disclosed a crater, with a di-
ameter of ~15 km, inside of de Gerlache crater
and a topographic depression on the farside of
Shackleton and de Gerlache craters. The new polar
map will be a valuable asset for planning future
lunar exploration, especially for the sun-lighting
conditions.

We have developed a spherical harmonicmodel
complete to degree and order 359 [STM359_grid-02
(SELENE Topography Model)] using the LALT
topographic data as of 31March 2008. Topographic
data were interpolated and assembled to 0.0625°
by 0.0625° gridded data, boxcar filtered and
resampled to a 0.25° by 0.25° grid (17), and then
converted to spherical harmonic coefficients (18).
TheN degree and order spherical harmonicmodel
of the global topography H is given as follows:

Hðl,ϕÞ ¼ ∑
N

l¼0
∑
l

m¼0
PlmðsinϕÞðClm cos ml þ

Slm sin mlÞ ð1Þ
whereϕ and l are the lunar-centric latitude and lon-
gitude, respectively, based on the mean Earth/polar

axis system (19). Plm is the normalized associated
Legendre function of degree l and order m. Clm

and Slm are normalized spherical harmonic co-
efficients with units in meters. Low degree and
order coefficients (0, 1, and 2) are listed in Table 1.
Considering our known ranging errors, C00, the
mean radius of the Moon is estimated to be
1737.15 T 0.01 km. It is considered that the error
of C00 resulting from the orbit and attitude errors
is averaged to be small in total. The mean radius
derived from ULCN 2005 is 1736.93 T 2.1 km,
which is in good agreement with our value (16).
The COM-COF (center of mass–center of fig-
ure) offset is derived from the C1m (m = 0, 1) as
(–1.772, –0.731, 0.239) km along three axes in
the mean Earth/polar axis coordinates or 1.93 km
in total. The direction of the COM-COF vector is
displaced 22.41°E from the prime meridian and
7.10°N from the equator on the farside. This is
slightly north of the highest elevation point of
the Moon, which suggests that irregular mass
distribution associated with shifted COM-COF

offset around the axis of lunar minimummoments
of inertia is virtually compensated due to the
variations in crustal thickness. Our results on the
COM-COF offset generally agree with those ob-
tained from Clementine LIDAR (light detection
and ranging) altimetry (3). The polar and mean
equatorial radii are derived to be 1735.66 km and
1738.64 km, respectively, from the lunar mean
radius (1737.15 km) and C20 coefficient. The
polar flattening is thus estimated to be 1/581.9
from the two radii.

We compared STM359_grid-02with theULCN
2005 spherical harmonic model developed using
the same procedure as for STM359_grid-02. The
amplitude spectrum, which is derived as the square
root of the total sum of squares of the spherical
harmonic coefficients for each degree (Fig. 3),
are nearly identical for degree and order less than
30 (half wavelength scale is more than 180 km on
theMoon). However, the STM359_grid-02 spec-
tral amplitudes are larger by a factor of two or
more for degree and order 100 or at smaller scales

Fig. 2. Polar topographic maps of the Moon produced by LALT. The projections are stereographic for the
North Pole (A) and the South Pole (B). Lunar coordinate system and the height reference are the same as
Fig. 1. Some craters are labeled and some are abbreviated: Ma, Malapert; Sh, Shoemaker; Fa, Faustini;
S, Shackleton; and dG, de Gerlache. The grid resolution is 0.015625° (1/64°) in latitude and 0.179° in
longitude (0.473 km at 85°).

Table 1. Normalized coefficients of degree and order 0, 1, and 2, obtained from the lunar shape model
(STM359_ grid-02) from the spherical harmonic analysis. Normalized associated Legendre function Plm is
Plm(sin ϕ) ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(2lþ 1)(2 − dl0)(l − m)!/(lþ m)!
p

Plm(sin ϕ), where Plm is an associated Legendre
function. Plm is used for our spherical harmonic analysis.

Degree: l Order: m C (m) S (m)

0 0 1,737,156.3 —
1 0 137.9 —
1 1 –1023.2 –421.9
2 0 –668.1 —
2 1 –769.5 –16.9
2 2 109.2 383.4
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(less than 55 km), indicating that the Moon is
rougher at scales of less than 180 km than is
indicated by ULCN 2005 model.

Topographic amplitude spectra Tp of the
Moon and three terrestrial planets are compared

in Fig. 4, where p is for theMoon (M),Mars (Ma),
Venus (V), and Earth (E). TM is calculated from
STM359_grid-02, and TMa, TV, and TE are from
results of spherical harmonic analysis of the three
bodies’ shape data (16). To plot and compare Tp

on the same horizontal scale, a half-wavelength
scale for theN-degree spherical harmonic function
is introduced as l/2 = (2pRp/2N) in place of N,
where Rp is the body’s radius. The relationship
Tp º (l/2) for l/2 ≥ 600 km is generally
confirmed for each body.

The compensation state of Earth’s interior is
well explained by an Airy isostatic model. For
the other three bodies, some degree of isostatic
compensation is known to be achieved for the
long-wavelength topography by comparing spectra
of the observed and calculated gravity field,
assuming that their short-wavelength topography
is not compensated (20). Lunar free-air anomaly
ismoderate on the FHTor SPAT,where l/2 is from
2000 to 4000 km, which indicates the isostatic
equilibrium by the upwelling of the lower crust
and/or upper mantle (2). However, TM for l/2 ≤
400 km exhibits a somewhat larger value than
the prediction from the simple linear relationship
[TM º (l/2)] and shows its virtually flat spec-
trum for 90 km ≤ l/2 ≤ 180 km. These two char-
acteristics contribute the excess of topographic
spectrum for l/2 ≤ 400 km. A similar profile is
observed forVenus (TV), where the excess and flat
spectrum is found for l/2 ≤ 300 km and 150 km ≤
l/2 ≤ 180 km, respectively. For Mars (TMa), the
excess spectrum is observed clearly for 400 km ≤
l/2 ≤ 600 kmand l/2≅ 300 km. The excess and/or
flat spectrum common to the Moon, Venus, and
Mars may indicate that the compensation mech-
anism by the buoyancy and elasticity of their litho-
sphere is changed to the simple rigid support. In
the same way, the lack of such characteristics for
the topographic spectra of Earth may suggest that
the compensation mechanism is valid for Earth at
least down to the topography whose horizontal
scale is several tens of kilometers.

Why do the lithospheres of the Moon, Venus,
and Mars seem to be more rigid for small-scale
topography than Earth? The reason may be that
volatile materials such as water, which weaken
the mechanical property of the lithosphere, are rel-
atively poor in the crust and/or upper mantle of
these three bodies compared with Earth. It is
confirmed that lunar surface rock does not have
any signs of water or other volatile alteration, and
the lunar lithosphere is considered to be extremely
dry, which is probably the case for Venus, too,
owing to its high-temperature surface environ-
ment (21). The interior of Mars may contain more
water and other volatile materials than the Moon
and Venus if we consider the hypothesis that a
vast amount of liquid water had existed on its
surface. However, based on the fact that no plate
tectonics is observed on Mars, the water inside
Mars would have very limited effects to weaken
the rigidity of the lithosphere. In contrast, the
water inside Earth plays an important role in the
formation of the continents and in plate tectonics.
Thus, the amount and activity of volatile materials
within the terrestrial planets is considered to be a
key parameter for understanding their global
isostatic state as well as the mechanical properties
of the lithosphere itself.

Fig. 3. Lunar topographic amplitude spectra from STM359_grid-02 (filled diamonds) and the
spherical harmonic model from ULCN 2005 (open diamonds) (4). The two plots have similar
characteristics for low-order coefficients. However, for scales smaller than 180 km, the Moon is
clearly rougher than was previously known.

Fig. 4. Topographic amplitude spectra Tp for the Moon and three terrestrial planets. Tp is compared
on the same horizontal scale l/2 = (2pRp/2N), where Rp is the radius of each body.
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Farside Gravity Field of the Moon
from Four-Way Doppler Measurements
of SELENE (Kaguya)
Noriyuki Namiki,1* Takahiro Iwata,2 Koji Matsumoto,3 Hideo Hanada,3 Hirotomo Noda,3
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The farside gravity field of the Moon is improved from the tracking data of the Selenological
and Engineering Explorer (SELENE) via a relay subsatellite. The new gravity field model reveals that
the farside has negative anomaly rings unlike positive anomalies on the nearside. Several basins
have large central gravity highs, likely due to super-isostatic, dynamic uplift of the mantle. Other
basins with highs are associated with mare fill, implying basalt eruption facilitated by developed
faults. Basin topography and mantle uplift on the farside are supported by a rigid lithosphere,
whereas basins on the nearside deformed substantially with eruption. Variable styles of
compensation on the near- and farsides suggest that reheating and weakening of the lithosphere
on the nearside was more extensive than previously considered.

In the beginning of the space age, Apollo
missions and their precursors discovered that
the topography and crustal thickness of the

Moon differed on the near and farsides (1). Post-
Apollo global mapping missions such as Clem-
entine, Lunar Prospector (LP) and Small Mis-

sions for Advanced Research in Technology–1
(SMART-1) further revealed that the near and
farsides also differ in their chemical composition

(2–4), which might be a consequence of asym-
metric crystallization of a primordial magma ocean
(5). Here, we present gravity data of the farside
from SELENE (Kaguya) (6), which helps resolve
the origin of this dichotomy.

The gravity field is a fundamental physical
quantity for the study of the internal structure and
the evolution of planetary bodies. The Moon was
the first target of planetary gravimetry. In 1966, the
Luna 10 mission began the study of the gravity
field from observed orbital motion of the space-
craft. It was followed by Lunar Orbiter missions
(LO) from I to V and Apollo 15 and 16 subsatel-
lites (A15/16ss), and more recently Clementine
and LP. Muller and Sjogren (7) discovered large
positive gravity anomalies called “mascons”with-
in maria basins on the nearside. The elliptic orbit
of the Clementine spacecraft improved the lower
degrees and sectorial terms of the gravity field (8).
The low circular, polar orbit of LP increased the
spatial resolution of the nearside gravity field (9),
and we will use the degree and order 100 model
(LP100K) (9) for comparisons with our model.

The most important problem of the previous
lunar gravity models is the lack of direct observa-
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Fig. 1. Four-way Doppler
residuals in pass from 23:17
UT on 5 November to 0:12
UT on 6 November 2007.
Solid and open symbols
indicate the visibility and
invisibility of Main from
UDSC, respectively. Four-
way data are separated into
two arcs by unloading of
momentum wheels between
00:03 and 00:08.
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