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ABSTRACT

Context. Chinese lunar missions have grown in number over the last ten years, with an increasing focus on radio science investiga-
tions. In previous work, we estimated two lunar gravity field models, CEGMO1 and CEGMO2. The recently lunar mission, Chang’e
5T1, which had an orbital inclination between 18 and 68 degrees, and collected orbital tracking data continually for two years, made
an improved gravity field model possible.

Aims. Our aim was to estimate a new lunar gravity field model up to degree and order 100, CEGMO3, and a new tidal Love number
based on the Chang’e 5T1 tracking data combined with the historical tracking data used in the solution of CEGMO02. The new model
makes use of tracking data with this particular inclination, which has not been used in previous gravity field modeling.

Methods. The solution for this new model was based on our in-house software, LUGREAS. The gravity spectrum power, post-fit
residuals after precision orbit determination (POD), lunar surface gravity anomalies, correlations between parameters, admittance and
coherence with topography model, and accuracy of POD were analyzed to validate the new CEGMO03 model.

Results. We analyzed the tracking data of the Chang’e 5T1 mission and estimated the CEGMO3 lunar gravity field model. We found
that the two-way Doppler measurement accuracy reached 0.2 mms~! with 10 s integration time. The error spectrum shows that the for-
mal error for CEGMO3 was at least reduced by about 2 times below the harmonic degree of 20, when compared to the CEGMO02 model.
The admittance and correlation of gravity and topography was also improved when compared to the correlations for the CEGM02
model. The lunar potential Love number k, was estimated to be 0.02430+0.0001 (ten times the formal error).

Conclusions. From the model analysis and comparison of the various models, we identified improvements in the CEGMO03 model
after introducing Chang’e 5T1 tracking data. Moreover, this study illustrates how the low and middle inclination orbits could contribute

better accuracy for a low degree of lunar gravity field.

Key words. Moon — gravitation — planets and satellites: detection — methods: data analysis

1. Introduction

The study of the lunar gravity field has developed rapidly over
the last half century. The Luna 10 mission from the Soviet Union
and Lunar Orbiter 1 mission from the United States launched
in 1966 heralded the beginning of lunar gravimetric research
(Akim 1967). Using the tracking data from Lunar Orbiter 2 in
5 missions in 1967, Lorell & Sjogren (1968) presented a prelim-
inary gravity model that included a set of harmonic coefficients
through degree 8 in the zonal and degree 4 in the tesserals.
Combining these data with those from the Apollo 15 and 16
missions, Bills & Ferrari (1980) presented a lunar gravity field
model with degree and order of 16. In the 1990s the Clementine
and Lunar Prospector (LP) missions enhanced lunar gravity field
recovery at a high-resolution degree and order. Based on the
LP100J lunar gravity field model, Konopliv et al. (2001) calcu-
lated the LP165P lunar gravity field model with a degree and

* Data and models are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or viahttp://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/636/A45

Article published by EDP Sciences

order of 165 by exploiting LP tracking data collected during
the LP extended mission phase. Going into the 21st century, the
Japanese SELenological and Engineering Explorer (SELENE)
mission raised the study of the lunar gravity field and interior
structure to a new level.

In the SELENE mission, the Rstar relay satellite provided
direct Doppler shift measurements from the farside gravity field
for the first time. Namiki et al. (2009) derived the SGM90d using
the first three months of SELENE tracking data. By integrating
the four-way Doppler measurement data from the SELENE mis-
sion collected over one year, Matsumoto et al. (2010) estimated
a gravity field model with a degree and order of 100, SGM100h.
Following the SELENE mission, NASA’s Gravity Recovery and
Interior Laboratory (GRAIL) mission was launched in 2011. It
was designed to accurately map the lunar gravity from low to
very high wavelengths from a polar orbit (Zuber et al. 2012).
Only using three months of primary mission phase data from
GRAIL, Zuber et al. (2013) published a gravity field model,
GLO0420A, up to a degree and order of 420. Meanwhile, the Jet
Propulsion Laboratory (JPL) and Goddard Space Flight Center
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Table 1. Classical gravity field models and their data sources.

Models Maximum order  Valid order Data sources References
LP150Q 150 15 LP (100 km, 20-30 km ); Lunar Orbiters; Konopliv et al. (2001)
Apollo 15-16; Clementine.
GLGM-3 150 15 LP (100 km, 20-30 km ); Lunar Orbiters; Mazarico et al. (2010)
Apollo 15-16; Clementine.
SGM100h 100 70 SENELE; LP (100 km, 20-30 km); Matsumoto et al. (2010)
Lunar Orbiters; Apollo 15-16; Clementine.
CEGMO01 50 18 Chang’e 1. Yan et al. (2010)
SGM150J 150 70 SENELE; LP (100 km, 20-30 km); Goossens et al. (2011)
Lunar Orbiters;Apollo 15-16; Clementine.
CEGMO02 100 70 Chang’e 1; SENELE; LP (100 km, 20-30 km); Yan et al. (2012)
Lunar Orbiters; Apollo 15-16; Clementine.
GL0420A 420 330 GRAIL’s PM data set. Zuber et al. (2013)
GL0660B 660 330 GRAIL’s PM phase data set. Konopliv et al. (2013)
GRGM660PRIM 660 330 GRAIL’s PM phase data set. Lemoine et al. (2013)
GRGM900C 900 600 GRAIL's PM and EM phase data set. Lemoine et al. (2014)
GrazLGM200a 200 190 GRAIL’s PM phase data set Klinger et al. (2014)
AIUB-GRL200A/B 200 200 GRAIL’s PM phase data set. Arnold et al. (2015)
GRGM1200A 1200 650 GRAIL’s PM and EM phase data set. Goossens et al. (2016)
GrazLGM420b 420 420 GRAIL’s PM phase data set. Wirnsberger et al. (2019)
CEGMO03 100 90 Chang’e 5 T1; Chang’e 1; SENELE,; This work

LP (100 km, 20-30 km ); Lunar Orbiters;

Apollo 15-16; Clementine.

(GSFC) developed the GL0660B model (Konopliv et al. 2013)
and the GRGM660PRIM model (Lemoine et al. 2013) each with
degree and order of 660. After adding the tracking data from
GRAIL’s extended phase mission, JPL and GSFC published two
additional gravity field models, GLO900D (Konopliv et al. 2014)
and GRGM900C (Lemoine et al. 2014), up to a degree and order
of 900. After that, two gravity field models with a degree and
order of 1500 (Park et al. 2015) and 1200 (Goossens et al. 2016)
were separately calculated by JPL and GSFC. Although the study
of lunar gravity fields has risen to unprecedented heights, other
research groups are still working on gravity field recovery from
different views.

With the help of the orbit products (GNI1B) provided by
the GRAIL Science Team, Arnold et al. (2015) released two
lunar gravity field models up to degree 200, AIUB-GRL200A/B.
Klinger et al. (2014) provided the Graz lunar gravity field
models, GrazZLGM?200a, which relies on the official orbit data
retrieved from GNI1B. Wirnsberger et al. (2019) presented the
first completely independent Graz lunar gravity model com-
piled with no involvement of the GRAIL Science Team, denoted
GrazLGM420b. They estimated this gravity field model based on
an in-house software package, the Orbit Re-Construction Appli-
cation. The Chinese lunar exploration program has been going
for over 10 yr, beginning with the Chang’e 1 mission launched
in 2007 (Wei et al. 2018). Regardless of the limited accuracy
and coverage of tracking data from the Chang’e 1 mission, a
lunar gravity field model, CEGMOI, up to degree and order 50
was estimated using one year of tracking data (Yan et al. 2010).
A new gravity field model CEGMO02 with degree and order of
100 was developed (Yan et al. 2012) using the Chang’e 1 orbital
tracking data in combination with orbital tracking data from
SELENE, LO-I to LO-V, Apollo 15 and 16, Clementine, LP,
and SMART-1 (hereafter historical spacecraft). These two solu-
tions for the gravity field model were estimated using the GSFC
GEODYN-II package (Pavlis et al. 2006). The details of their
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derivation are given in Table 1. Moreover, based on the GRAIL
mission, many local solutions for lunar gravity fields have also
been derived (Goossens et al. 2020, 2018, 2014).

As shown in Table 1, the GRGM series models have already
reached an unprecedented level of accuracy and resolution with
the inclusion of the GRAIL data set. Although the GRGM series
models have very high resolution, there are still discrepancies
in the low degree coefficients and long-wavelength components
of the solutions developed by two space research centers (JPL
and GSFC) (Yan et al. 2018). The fourth Chinese lunar probe,
Chang’e 5T1, was launched on October 23, 2014, with the goal of
testing the Earth atmosphere reentry technology. It is still orbit-
ing the Moon at the time of writing. In this study, we present a
new lunar long-wavelength gravity model, CEGMO3, including
tracking data from the Chang’e 5T1 mission and the historical
tracking data used in the solution of CEGMO02.

This Chang’e 5T1 mission collects long-period radio track-
ing data, unlike previous Chinese missions. During tracking
by Chang’e 5T1, there were fewer maneuvers than during the
Chang’e 1 mission. In addition, the inclination of Chang’e 5T1
is about 18-68°, which is very different from the polar orbits
employed in previous lunar gravity field solutions. Another high-
light of this work is that our new gravity field model was solved
based on our in-house software, LUGREAS (Ye et al. 2016),
which we thoroughly validated via the GEODYN-II software as a
reference on precision orbit determination (POD). With the help
of the Chang’e 5T1 tracking data, we also derived a solution for
the k, value.

A brief summary of this paper is as follows. In Sect. 2 we
describe the Chang’e ST1 mission, focusing on technical details
and orbits. In Sect. 3 we present the methods and procedures
used for the gravity modeling from the Chang’e 5T1 Doppler
data. In Sect. 4 we assess the accuracy of CEGMO3 in multi-
ple ways. We summarize and make some concluding remarks in
Sect. 5.
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Fig. 1. Experimental mission orbits of the Chang’e 5 T1

2. Chang’e 5 tracking data
2.1. Description of orbits

The Chang’e 5 T1 spacecraft was launched at 18:00 UTC on
October 23, 2014, from the Xichang Satellite Launch Center.
The separation between the service module and the Earth return
vehicle was executed on October 31, 2014. The service module
carried out the Moon mission, as well as a series of extended
experiments (see Fig. 1).

As illustrated in Fig. 1, the service module started its
extended mission after separation, which included three orbital
phases: high eccentric parking orbit, trans-lunar orbit, and a
Lissajous trajectory in the vicinity of the Earth-Moon Lagrange
point L,. The probe continued to orbit the Moon after concluding
the extension mission. Figure 2 shows the state of the Chang’e
5T1 spacecraft in terms of mass (a), orbit inclination (b), and
eccentricity (c), from October 2014 to December 2016; the track-
ing data were used to estimate a new lunar gravity field model
after the extended mission. During the extension mission, the
orbit of Chang’e 5T1 at middle inclination was a relatively sta-
ble orbit with an eccentricity of approximately 0.02, and it was
close to circular like the orbit of the Chang’e 1 spacecraft. A
combination of orbit inclinations and eccentricities like this has
never been tried for a lunar gravity field modeling mission. In
the next chapter, we present the radio tracking data set used to
estimate our lunar gravity field model.

2.2. Observation strategies and data set

To support the Chang’e 5T1 mission, the Chinese Deep Space
Network (CDSN) and Chinese Very long baseline interferome-
try Network (CVN) have upgraded in performance and provided
continuous tracking for the spacecraft, as shown in Fig. 3. We
should mention that there are two antennas at the Kashi station

spacecraft.
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Fig. 2. Time evolution of the Chang’e 5 T1 spacecraft’s mass (a), orbit
inclination (b), and eccentricity (c). The green shaded areas in this
graph indicate the trajectory-correction maneuvers. At the beginning the
maneuvers are frequent with abrupt mass losses, after which the mass
change slowly. The inclination oscillates between 18 and 68 degrees,
which is different from the Chang’e 1 probe (from 87 to 91 degrees).
The eccentricity evolution is small (below 0.05) in the orbiting period,
and a stable orbit is maintained.

(KS), named KS1 and KS2, for Chang’e ST1. There is a small
difference in coordinates between these two antennas.

During whole mission, S-band radio links were used to
obtain tracking data. The closed-loop §-band round-trip signal
was received and coherently transponded by phase-lock-loop.
The tracking data used to estimate a new lunar gravity field
period are plotted in Fig. 4.
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Fig. 3. Chinese stations: geographical distribution of CDSN and CVN sites. Red spots indicate Chinese radio tracking stations and yellow spots
VLBI stations. In China the CDSN includes two stations at Qingdao (QD) with 18 m antennas, one at Kashi (KS) with a 35 m antenna, and one at
Jiamusi (JMS) with a 66 m antenna; in Argentina there is one station with an antenna diameter of 35 m. Each site is indicated by a red point on the
map. The CVN includes four stations, one each at Urumgi (25 m antenna), Kunming (40 m antenna), Beijing (50 m antenna), and Shanghai (65 m
antenna). Background: https://ngdc.noaa.gov/mgg/image/color_etopol_ice_low. jpg
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Fig. 4. Tracking time span from CDSN. Purple points indicate effective
tracking time, and the blank spaces indicate no observations.

During the tracking period shown in Fig. 4, when the
Chang’e 5T1 spacecraft was in a routine orbit of the Moon, the
Argentina station was not used for tracking. In 2015, four track-
ing stations, KS1, KS2, JMS, and QD, worked together. After
May 2016, only the JMS and KS1 antennas were used to track
the spacecraft. The effects of ionospheric and tropospheric cor-
rections in the observation data were removed using co-located
GPS observations and meteorological data. The sampling rate of
two-way Doppler was one second, while filtered Doppler data at
intervals of 10 s were used in the research discussed in this paper.

3. Gravity field recovery
3.1. Dynamic modeling in POD

Dynamic orbit determination and gravity field recovery relies on
the integration of the equation of motion in inertial space, and the
equation for the motion dynamics of the Chang’e 5T1 spacecraft.
We refer to Moyer (1971).
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The lunar gravity potential V is given in a body fixed
reference frame in terms of spherical harmonics expansion
(Heiskanen & Moritz 1967; Hobson 1931), as

Nma N
GM max R n+l1 max )
Vi) === > (—) D Pun(sing)

n=0 m=0

(a,mcos(m/l) + E,,msinm/l))

ey

where r, ¥, and A are the height, latitude, and longitude of the
spacecraft; GM is the gravitational parameter of the Moon with
the reference radius R of 1738 km; p,,,(siny) is a latitude depen-
dent function and indicates the normalized associated Legendre
functions of degree n and order m; and C,m and S, are the cor-
responding spherical harmonics coefficients. In this study Np,x
is the maximum spherical harmonic degree, which is 100.

The spacecraft is subject to acceleration induced by direct
solar radiation pressure as well as small perturbative acceleration
due to sunlight reflected from the lunar surface. In addition to the
indirect radiation pressure, thermal infrared emission from the
lunar surface should also be considered. In computing the albedo
and emissivity, LUGREAS uses the Knocke second-degree
zonal spherical harmonic representation of the lunar albedo and
emissivity. Detailed information can be found in the GEODYN
Systems Description (Pavlis et al. 2006). We introduced empir-
ical parameters with a priori assigned stochastic properties to
account for mismodeled or unmodeled non-gravitational accel-
erations. The empirical accelerations are estimated per arc with
a priori amplitudes of 10~ ms=2.

3.2. Computing environment

A flowchart with details for all LUGREAS modules is shown in
Fig. 5. The prediction and batch modules are the core processing
parts of this software. The prediction part focuses on force model
building, an integrator configuration, and related parameter ini-
tializations, while the batch part carries out matrix allocation,
storage, calculation of observation residuals, and inversion of
normal equations.

The numeric integrator combines dynamic and variational
equations, as illustrated in the flowchart shown in Fig. 5. The
solution parameters can be divided into global and arc-related
parameters. The global parameters include lunar gravity field
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Fig. 5. Computation chain for lunar gravity field in LUGREAS software. A 12-order Adams-Cowell prediction-correction integrator (Thornton &
Border 2003) is used to obtain the spacecraft ephemeris, the state transition matrix and the parameter sensitivity matrix. The C means theoretical

values. Observations provided by Earth tracking stations are labeled O.

Table 2. Configurations for POD and gravity field recovery in LUGREAS.

Models Types

Details

Dynamic model A priori gravity field
N-body perturbation
Lunar solid tidal perturbation
Perturbations
from Earth-Moon oblateness
Relativity perturbation
Solar radiation
Correction model ~ Relativistic acceleration correction
Earth tropospheric correction

TDB-TT translation model
Tracking station correction
Others Earth rotation model

Lunar rotation model
Data and weighting
Ephemeris
Solution parameters Arc parameters
Global parameters

SGM100g (Matsumoto et al. 2010)
Sun and eight planets from JPL DE421 (Williams et al. 2008)
k> =0.0240 (Love Numbers from Matsumoto et al. 2010)
Moon J2 indirect perturbation
Earth J2 perturbation
Schwarzschild (Sun only)
Fixed ratio of area to mass
Moyer (2005)
Hopfield model (Hopfield 1963) +
CfA2.2 mapping function (Davis et al. 1985)
Moyer (1981)
Earth solid tide, ocean tide, and polar tide correction
IAU 2006 precession-nutation Seidelmann et al. (2007);
Polar motion parameters from IERS C04
JPL DE421 (Williams et al. 2008)
Two-way Doppler with fixed weight
JPL DE421 (Williams et al. 2008)
Initial orbit values; empirical accelerations; S -band bias
Spherical harmonics up to degree and order of 100; &,

model coefficients and k, values. The arc parameters include
empirical accelerations, §-band measurement bias, and initial
orbital elements. These parameters are estimated using weighted
least-squares batch processing. During the derivation of arc
parameters, the LUGREAS generates a normal matrix of global
parameters. Each normal matrix for every arc is stacked to esti-
mate the global parameters (Kaula 1966). The whole process
is iterated to obtain a converged solution. In the next section,
we present the detailed LUGREAS configurations used for the
Chang’e 5T1 data processing.

3.3. Configurations

We determined a lunar gravity field model based on Chang’e
5T1 spacecraft from 2015 to 2016. The arc length was set to one
day depending on the unrecorded time of the momentum wheel
during spacecraft tracking. Table 2 summarizes all the dynamic
models, correction models, and estimated parameters.

In Table 2, the dynamic models include a priori lunar gravity
field (SGM100g), N-body perturbations, perturbations stem-
ming from Earth-Moon oblateness, relativity perturbations, solid
tidal perturbations, and solar radiation. The DE421 ephemerides
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Fig. 6. DSN S -band Doppler post-fit residuals per arc in terms of root mean square (RMS).

was used to obtain the positions of all planets, and to define the
lunar reference system in which we estimate the gravity field
(Williams et al. 2008). The correction model incorporates rel-
ativistic acceleration correction, Earth tropospheric correction,
TDB-TT translation model in light time calculation, and tracking
station coordinate correction.

The parameters we estimated can be conveniently divided
into arc and global parameters. The arc parameters are those
that influence only the data in an arc, and global parameters are
those that influence all data. The arc parameters include the ini-
tial orbital elements of the Chang’e 5ST1 spacecraft, three-axis
empirical accelerations, and S -band two-way Doppler measure-
ment biases. The pass-dependent biases of the two-way Doppler
were estimated to account for measurement modeling errors. The
global parameters include lunar gravity field coefficients up to
degree and order 100, and the degree 2 tidal Love number k,. Of
note, we used the CEGMO02 covariance matrix in the solution,
which means we adopted the Kaula constraint indirectly. The
initial orbital elements were retrieved from a reconstructed initial
ephemeris of the Chang’e 5T1 provided by Beijing Aerospace
Control Center.

In our combined solution, the weight of the Chang’e 5T1
two-way Doppler was set to 1cms™! for a Doppler window of
10 s. In addition to the two-way Doppler tracking data from
the Chang’e 5T1 orbiting mission, we also combined the orbital
tracking data of Chang’e 1 and other historical spacecraft that
were used in estimating SGM100h. The weights of the data used
in solving the CEGMO03 model are provided in Table 3. The
details of the data and processing for Chang’e 1 and other histor-
ical spacecraft can be found in Yan et al. (2012) and Matsumoto
et al. (2010), respectively. The estimated solution is discussed in
Sect. 4.

4. Results and discussion
4.1. Residuals analysis

For our gravity model, 308 arcs were collected altogether. In
2015, the CDSN tracked Chang’e 5T1 for 246 days and we
obtained 182 arcs, which can be used in the solution of grav-
ity field model. In 2016, Chang’e 5 T1 was tracked for about
202 days and we achieved 126 arcs. There are two factors lead-
ing to rejected arcs. The first is a large orbital maneuver or too
few observations in the arc. The second is loss of information
on spacecraft outgassing or possible propulsion leaks in original
data records. Figure 6 shows the post-fit residuals of the 308 arcs
used in our CEGMO3 solution.
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Table 3. Summary of tracking data used in the CEGMO03 model.

Mission Data Type Amount Weight
Chang’e 5T1 2—way Doppler 278 000 1cms™!
Chang’e 1 2—-way Doppler 309 441 lcms™!
2—way range 312170 Sm
SELENE Kaguya 4-way Doppler 78004 1 mms™!
2-way Doppler 1786747 1,2 mms™!
2-way range 62438 5m
SELENE Rstar ~ 2-way Doppler 159225 I mms~!
2-way range 150470 Sm
SELENE Vstar  2—-way Doppler 42502 1 mms™!
2—way range 35567 5m
LO-ItoLO-V  3-way Doppler 15234 4.5 mms~!
2-way Doppler 127073 4.5 mms™!
Apollo 15 ss 3—way Doppler 16522 4.5 mms~!
2—way Doppler 28986 4.5 mms™!
Apollo 16 ss 3—way Doppler 15584 45mms!
2-way Doppler 15459 4.5 mms™!
Clementine 2—way Doppler 354020 3mms™!
2-way range 5091 6 m
Lunar Prospector ~ 2—way Doppler 3155182 2 mms™!
2—way range 430414 4m
SMART-1 2—way Doppler 35023 10 mms™!

In Fig. 6, we can see that the mean values of the Doppler
residual RMS were about 0.29 mms~! for 2015 and 2016, com-
pared to 4 mms~' of the Chang’e 1 Doppler tracking data (Yan
et al. 2010). Actually, for most of the arcs, the RMS of post-fit
residuals was about 0.2 mm s~!. The Chang’e 5T1 Doppler resid-
ual results show improved performance in tracking accuracy and
CDSN stability.

4.2. Power spectrum of lunar gravity field model coefficients

We used a power spectrum to represent the accuracy of the
CEGMO03 model. The RMS coefficient sigma degree variance
o, is labeled “o”” and RMS coefficient error degree variance 9,
is labeled “6”. The formulas used for computing these values are
as follows (Kaula 2013):

x_ (C? + 852 3 (6C2, + 652
m:()( nm nm) 6 :J m:()( nm nm). (2)

2n+1 2n+1
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Fig. 7. Power spectra of gravity field solutions. Solid lines: signal
degree-RMS (labeled “o™) and dashed lines: formal error degree-
RMS (labeled “0); the orange solid line corresponds to Kaula’s rule,
3.6 x 1074/2.

2 2
Here o » and o 5

coefficients C,,, and C,,, respectively. The RMS coefficient
sigma degrees variances show the frequency intensity of the
gravity field model. The RMS coefficient error degree variances
are formal errors retrieved from the posteriori covariance matrix
of the model. Figure 7 shows the power spectrum curves of the
SGM100h, CEGMO02, and CEGMO03.

The variance curve of the RMS coefficient error degree in
Fig. 7 shows that the Chang’e 5 T1 orbit tracking data mostly
contribute to lower degree and order coefficients. The orbital
height of Chang’e 5 T1 ranged from about 195 to 200 km, which
was similar to the Chang’e 1 orbital height of about 200 km, so
they were not as sensitive to short-wavelength gravity informa-
tion as the GRAIL mission. Thus, CEGMO3 coefficients with a
degree and order higher than 25 were calculated mainly from LP
data and SELENE data. The contributions from Chang’e 5 T1
were concentrated in the lower degrees and orders, in contrast to
the CEGMO02 and SGM100h gravity field models. Below degree
5, the formal error in the CEGMO02 model was reduced by a fac-
tor of about two relative to the SGM100h model, while below
degree 20 the formal error for the CEGMO03 model was reduced
by a factor of about 2 compared to the CEGMO02 model.

Together with the gravity coefficients, we also estimated the
k> value, which was found to be 0.02430 +0.0001 (ten times
the formal error). This value agrees with the averaged k, solu-
tions from previous missions (0.02416 +0.00022; see Williams
et al. 2014; Williams & Boggs 2015; 0.02427+0.0004 (ten
times the formal error), see Yan et al. 2012). The GM value is
4902.801743 + 0.637 x 1073 km? s72.

are error variances of the normalized Stokes

4.3. Gravity anomalies

Gravity anomalies are a major source of data in studying the
lunar internal structure. The Free-Air gravity Anomalies (FAA)
is defined as

ov. 2V

FAA(}’, ¢, /l) = E - T

=— Z(n -1) (?)n i P (sing)(C pmcos(m)
m=0

n=0

+ S sinmA)). 3

mGal
-400 -300 -200 -100 0 100 200 300 400

CEGMO02 Free Air Anomalies

mGal
-400 -300 -200 -100 0 100 200 300 400

CEGMO03 Free Air Anomalies

- — mGal
T T T
-25 0

-50 25 50
Difference Anomalies between CEGM03 and CEGM02

Fig. 8. From top to bottom: maps of the free-air gravity anomalies
of CEGMO02 and CEGMO03, and the differences between CEGMO03
and CEGMO02. The maps are centered on 0°E longitude (Hammer
projection).

The FAA values are computed with respect to a reference
sphere with radius of 1738.0 km (R), and with full expansion
degree and order up to 100. V represents the lunar gravity poten-
tial. For explanation of the other parameters see Eq. (1). Figure 8
shows the FAA for the CEGMO03 and CEGMO02 models.

There are slight differences in gravity anomalies between the
CEGMO02 and CEGMO03 gravity field models, which reflect lat-
eral variations in lunar internal mass and density distributions.
The color scale is truncated at about £400 mGal, while the max-
imum and minimum anomalies in the CEGMO03 model were 646
and —776 mGal located at (32.079° E, 85.545° S) and (273.564°
E, 80.198° S), respectively. On the far side, however, the resolu-
tion of gravity anomalies remains low, since the amount of the
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®) CEGMO02
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0.0

Fig. 9. Gravity anomaly error distribution (a) and selenoid error distribution (b) at degree n = 30. The maps are centered at 180° E and with the

Hammer projection.

farside tracking data employed in the CEGMO03 and CEGM02
solution is still limited. The SELENE farside tracking data were
used, and no new farside tracking data were added to solve the
CEGMO03 model.

The respective quality of the CEGMO02 and CEGMO03 grav-
ity models can be partially assessed using the formal standard
deviation maps of the gravity anomaly error and selenoid error
maps (Fig. 9), computed from the posterior covariance matrix
of each model, up to degree and order 30. The RMS value is
0.256 and 0.221 mGal respectively for CEGMO02 and CEGMO03,
and 0.121 and 0.103 m for the selenoid undulations. We also cal-
culated the global RMS of anomaly error and selenoid error up
to degree n, with n = 2,...,30. Figure 10 shows the evolution
of the error spectrum of CEGMO02 and CEGMO03 with the har-
monic degree (solid lines). We can see that the CEGMO03 model
performs better than the CEGMO02 model. It should be noted that
we cut off the degree and order 30, since this new lunar gravity
model improvement on the low degree is more significant than
the high degree.

To further study the influence of the orbit inclination on the
new gravity model!, the correlations between the zonal coef-
ficients and the other coefficients are shown in Fig. 11. The
correlation values for the CEGMO03 model (Chang’e 5T1 orbit
inclinations from 18 to 68 degrees) are a little smaller than the
CEGMO02 model overall (the Chang’e 1 orbit was nearly polar).

4.4. Correlation with topography

For the Moon, the high degree of gravity anomalies stem pre-
dominantly from uncompensated topography. In this section,
our CEGMO03 model is evaluated using admittance and corre-
lations with respect to the Lunar Reconnaissance Orbiter (LRO)
topography model LRO_LTMO05_2050_SHA.TAB (Smith et al.
2010). The admittance and correlations are computed according
to Wieczorek (2007), which can indicate lunar isostatic compen-
sation. If we define Sy¢(/) and S, (/) as the power of topography
f and gravity g, respectively, and Sy,(/), as their total cross-
power spectrum, the gravity/topography admittance Z(I) and

! The covariance matrix of the CEGMO03 model is publicly
available at https://www.dropbox.com/sh/oirzbq7zpnlk4zm/
AAD5023j9-LKEoVINL2WVy-Tga?d1=0.
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Fig. 10. Gravity anomaly error (@) and selenoid error (b) from 2 to
30 degree and orders. Solid lines: the RMS of global anomaly error
or selenoid error; plus signs: minimum value of global anomaly error
or selenoid error; stars: maximum value of global anomaly error or
selenoid error.

correlation spectrum (/) at degree / are computed as

Syy(0) Syy(0)
Z(l) = ) = —2 4
(0] S,/ 0) (D 5050 (€]

Gravity and topography are independent when the correlation
has the relationship y(/) = 0. In general, a higher correlation
between topography and gravity point to better models (Lemoine
et al. 2001; Han et al. 2009). Four gravity field models are
presented in Fig. 12: GRGM660, SGM100h, CEGMO02, and
CEGMO3.

The CEGMO03 model yields higher admittances and corre-
lations with topography in the degree and order 80-100 range
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Fig. 11. Correlation between the zonal coefficients and other harmonic coefficients of the gravity models, CEGMO02 (a) and CEGMO3 (b). For
each plot the left part is the correlation between the zonal coefficients and C,,, coefficients, and the right part is the correlation between the zonal

coefficients and S ,,,, coefficients.

with respect to the CEGM02 and SGM100h models (Fig. 12a).
The GRGM660 GRAIL model performs better, due to the gra-
diometer nature of the gravity measurement for this model. A
negative correlation arises at degree 10, and is certainly related
to the presence of the nearside mascons (Fig. 12b).

4.5. Orbital performance

In this section, we compare the performance of the CEGMO03
model with other gravity field models, GRGM660, SGM100h,
and CEGMO02, in terms of orbit determination for Chang’e 5T1.

The maximum degree and order expansion for each gravity field
model is limited to degree and order 100. It should be noted that
the GRAIL model is tailored to the modeling of high degree and
order coefficient. The selected arcs span the period from 25 May
to 25 July 2015. Figure 13 summarizes the per-arc post-fit resid-
ual RMS values, and the orbit determination software used was
LUGREAS.

From Fig. 13 we can see the mean RMS of post-fit residuals
is about 0.37 mm s~! for the GRGM660 gravity field model. The
corresponding post-fit residuals are about 0.43 mms~! for the
CEGMO03 model, 0.66 mms~' for SGM150, and 0.72 mms™!
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Fig. 14. Average differences of orbit overlaps in R (radial), N (normal), and T (tangential) directions.

Table 4. Average differences in R (radial), N (normal), and 7' (tangen-
tial) directions for the selected 16 overlaps.

Gravity field models ~ R(m) N(m) T(m)
SGM100h 0.226  -231.056 -8.205
GRGM660 0.070 5.856 0.691
CEGMO02 0.082 —-241.963 -1.563
CEGMO03 -0.099 -9.536 5.258

for CEGMO2. Figure 14 shows the orbit overlaps of the Chang’e
5T1. Overlaps mean that we extended one-day arcs constrained
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by observations by 12 h (unconstrained) to compare them with
the one-day (constrained) neighboring arcs.

We can see in Fig. 14 that there are significant improvements
in the CEGMO3 model in the along-track component direction
when compared with the CEGMO02 and SGM 100h models. There
are no improvements when comparing CEGMO3 overlaps with
GRGM660 overlaps. It should be noted that the SGM100h and
CEGMO02 models for the orbit determination have strong similar
points because of the similar data used. With the Chang’e 5T1
data combining, it contributes to improving the accuracy of orbit
determination for low and middle orbital spacecraft. The average
values of the overlaps are listed in Table 4.
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5. Conclusion

The present study introduces a new solution, CEGMO3, for the
lunar gravity field model using the Chang’e 5T1 mission data.
During the POD, we found that the two-way Doppler measure-
ments post-fit residuals could reach the 0.2 mms™' level for a
Doppler window of 10 s for most of the arcs, while the noise
level of the Chang’e 1 mission was about 4 mms~! for the
same Doppler window. The CEGMO03 model outperforms the
SGM100h and CEGMO2 models for Chang’e 5T1 orbit deter-
mination, but is outperformed by the GRGM660 model for this
task. Nevertheless, our CEGMO03 model is built from a wide
range of orbit inclinations (18 and 68 degrees) of the Chang’e
5T1 spacecraft, while the GRGM660 model uses only polar
orbits. This work demonstrates that our CEGMO03 model is
state-of-the-art in its ability to extract gravity information from
two-way Doppler tracking. The next step is, without doubt, to
combine Chang’e 5 Doppler tracking data with its unique range
of orbital inclination with the Doppler and gradiometric track-
ing from GRAIL or GRAIL-like polar-orbit future missions, to
obtain a highly precise lunar gravity field at all wavelengths and
a better k, estimate.

In the near future, China will continue to launch lunar mis-
sions, including Chang’e 5/6/7/8. The CDSN plans to use X or
Ka band measurement, and employ highly precise ground atomic
clocks. These missions will provide more accurate and stable
orbital tracking data, making it possible for us to make further
improvements to the long wavelengths of the lunar gravity field
and k, solutions.
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