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system,

The accuracy of Earth's gravitational field from the Gravity Recovery and Climate
orbital

Experiment (GRACE) Follow-On satellite mission is efficiently and rapidly estimated for the first
position

time based on the analytic method. Firstly, the new single and combined analytic error models of
ranging

cumulative geoid height influenced by four error sources including the intersatellite range-rate of
velocity of GPS

and and
nonconservative force of accelerometer from GRACE Follow-On satellites are established using the

receiver
power spectrum principle, respectively. Secondly., the dependability of analytic error model is
validated according to the consistency of the matching accuracy indexes of GRACE key payloads from
the single analytic error models and the GRACE Level 1B provided by the American Jet Propulsion

Laboratory (JPL), and the conformity of GRACE cumulative geoid height errors from the combined
German GeoForschungsZentrum Potsdam (GFZ).

analytic error model and the Earth's gravitational field model EIGEN-GRACE02S released by the

Finally, the influences of different matching
accuracy indexes of key payloads and orbital altitudes from GRACE Follow-On satellites on the
accuracies of Earth' s gravitational field are demonstrated contrastively.

At the 360 degree,

cumulative geoid height error is 1. 231X 10 ' m using combined analytic error model based on orbital
This work not only can provide the theoretical foundation and calculational guarantee for the efficient
Keywords

altitude 250 km, intersatellite range 50 km, intersatellite range-rate error 1 X10° m/s, orbital position

error 3X 1077 m, orbital velocity error 3X 10 * m/s and nonconservative force error 3 X10 " m/s

2

and rapid determination of the accuracies of current GRACE and future GRACE Follow-On Earth's
Earth's gravitational field

gravitational field, but also has some reference significance to the successful execution of the future
Gravity Recovery and Interior Laboratory (GRAIL) lunar satellite gravity exploration mission.

GRACE Follow-On, Analytic method, Error model, Satellite-to-satellite tracking model,
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Table 6 The statistics of cumulative geoid height error using different matching relationship of key payloads
BT KK TR B (m)
[ %k EIGEN-GRACE02S
GFO-1 GFO-2 GFO-3 GFO-4
20 7.607X10* 1.391X103 1.391 X101 1.391X10°° 1.391X10°6
50 2.282X107° 2.688X107° 2.688X10°! 2.688X107° 2.688X107°¢
90 3.018X107?2 8.227X10°° 8.227X10* 8.227X107° 8.227X10°°
120 1.894 X101 2.178 X102 2.178X10° 2.178X10°* 2.178X10°°
200 — 3.551X 10! 3.551X10 2 3.551X10°° 3.551X10*
300 — 1. 344 X 10! 1.344X10° 1.344 X101 1.344X10°2
360 — 1. 231X 10?% 1.231X10! 1.231X10° 1.231X10°!
®7T ETARRESEMTRIT R KEABENRITER
Table 7 Statistics of cumulative geoid height errors based on different orbital altitudes
FA Kb K TR B (m)
[ % EIGEN-GRACE02S
250 km 300 km 350 km 400 km 450 km
20 7.607X101 1.391X10°¢ 1.503X 1076 1.629X10°6 1.772X10°6 1.934X10°°
50 2.282X10°° 2.688X10°¢ 3.455X10°°¢ 4.533X10°°¢ 6.041X10°° 8.148X10°°°
90 3.018X 1072 8.227X10°°° 1.456X10°° 2.625X10°° 4.786X107° 8.776X107°
120 1.894 X 10! 2.178X10°° 4,883X10°° 1.109 X104 2.535X10* 5.811x10*
200 — 3.551 X107 1.465X107% 6.077X10"° 2.521X107? 1.044 X101
300 — 1. 344 X102 1.180X 10! 1. 035X 10° 9.019X10° 7.800X 10!
360 — 1.231X10°! 1. 698X 10° 2.332X10! 3. 173X 10? 4.268X10°
10— TR R R PEBR . LRI T
—— H=450 km,P=50 km (D#E 7. T GRACE Follow-On TR ¥ 5% T
£ | A0S0k e S5 ] WUt 37 95 2 EE L GP'S Mg LB i (2
S| = o300 k=50 kim s A DA B A DR ) SR B B TRk
T W m—EtmPstm L T 0 4 0050645 A9 152 22 B8 IO ) P 2 5
2 s /,/ ) GRACE T 56 45 A UG LA FE 48 b i 9%
£ e JPL A4 it GRACE Level 1B 900K B H6 43 (0 45
E - P2 L BA SR GRACE Bk Ho K e 1
© = E GFZ A i i) EIGEN-GRACE02S i 3k
S SO SRS RS B2 10— B W T A SC R S 0
Degree

K 6 3T GRACE Follow-On T2 941 [ &2 8] JF &
AN [F) 03 785 B Ay T B2 3 K b K o T RS 32 4 L
Fig. 6 A comparison of cumulative geoid height errors from
GRACE Follow-On based on the same intersatellite

range and different orbital altitudes
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JEW bR T AUR Z 2 AR SF 7.



804 H Bk ¥ B % R (Chinese J. Geophys. )

53 %%

(3)%@*)??25:7@11%%%%75%%%@“1Eﬁﬁﬁ\EJ
Z5 57 BT R SR i = B Bk ) S A A R

ﬁaﬁ%ﬂﬁ%@dﬂl%%vﬂﬂ%ﬁ\E%’miﬁ%é&\%%
AT DT FOORG BE 48 b1 55 19 & PR AR DL 18 T 2 4 A
TR R GRS TR 22 VR M BR ) 0K B B R, LA
AR A2 v K R R s () A AT B b BR ) 37 1 AR S0
hz—.
B SRR ST L R AR b R R A B
BB R BE A H A SRR R A B R AR B e
%‘-*‘Xa‘ztjc%jﬁ‘?ﬁﬂ. TR 2 E T 25 K JR) (NASAD |
5 ] I A 9 0 2 56 28 (JPL) R 72 ] 987 % 2H 3th 24 BF 5T
EP@(GFZ)&E{ T GRACE #1 GRACE Follow-On
TR A AH S BT R

2 % 3L #k (References)

L1] FEE. TREIHIGE 21 40 Kt I & OF 58 505 $45.
2 Fb %, 2001,26(3):1~3

Xu H Z. Satellite gravity missions-new hot point in geodesy.
Science of Surveying and Mapping (in Chinese), 2001, 26
(3):1~3

Loomis B. Simulation study of a follow-on gravity mission to
GRACE[M. D. Thesis]. The University of Colorado, 2005.
1~43

[ 3] Flechtner F, Neumayer K H, Doll B, et al. GRAF-A
GRACE follow-on mission feasibility study.
Research Abstracts, 2009,11, EGU2009-8516

Zheng W, Xu H Z, Zhong M, et al. Accurate and rapid error

Geophysical

[4]
estimation on global gravitational field from current GRACE
and future GRACE Follow-On missions.
2009, 18(8):3597~3604

Chinese Physics B,

Baker R M L. Orbit determination from range and range-rate
data. The Semi-Annual Meeting of the American Rocket
Society, Los Angeles, 1960

O'Keefe ] A. An application of Jacobi's integral to the motion
of an Earth satellite. The Astronomical Journal, 1957, 62

(1252) :265~266

[ 7] Kaula W M. Inference of variations in the gravity field from
satellite-to-satellite range rate. Jowrnal of Geophysical

Research ,1983,88(B10) :8345~8349

L8] WEE, Liks, Mud. PEEHWESHTGERE. b
Ry B2ER . 1994, 37(SD): 339~352
Xu H Z, Wang Q S, Chen Y H. The progress of the gravity
survey and research in China. Chinese J. Geophys. (in
Chinese) , 1994, 37(S1). 339~352

[9] Rummel R, Balmino G, Johannessen J, et al. Dedicated

gravity field missions-principles and aims.
Geodynamics, 2002, 33(1) :3~20

Kless R, Ditmar P, Broersen P. How to handle colored

Journal of

[10]

observation noise in large least-squares problems. Journal of

[11]

[12]

(13]

[14]

[16]

[17]

(18]

[19]

[20]

[21]

Geodesy, 2003, 76(11) :629~640
THAEL B, E#E. GRACE 80 & ) 5 S H
BARB. DR - [FRBM, 2003, 28:13~17
Ning ] S, Luo J, Wang H H. Key technique for Earth
gravity field determination in GRACE model. Geomatics and
Information Science of Wuhan University (in Chinese) ,
2003, 28.13~17

Visser P, Sneeuw N, Gerlach C. Energy integral method for
gravity field determination from satellite orbit coordinates.
Journal o f Geodesy, 2003, 77(3):207~216

Wad, VFERE, 2 . 50 R AR R s = i sl 5 4y
Br. MbERYEE 23R, 2005, 48(4):807~811

Shen Y Z, Xu H Z, Wu B. Simulation of recovery of the
geopotential model based on intersatellite acceleration data in
the low-low satellite to satellite tracking gravity mission.
Chinese J. Geophys. (in Chinese), 2005, 48(4). 807~811
R, #oeE. FIA CHAMP T JUAT ok s 6 2 s 3k &
T, IR T2 . 2005, 48(2): 288~293

Xu T H, Yang Y X. CHAMP gravity field recovery using
kinematic orbits. (in Chinese), 2005,
48(2):288~293

Zheng W, Lu X L, Xu H Z, et al.

Chinese J. Geophys.

Simulation of Earth's

gravitational field recovery from GRACE using the energy

balance approach. Progress in Natural Science, 2005, 15

(7): 596~601

PP B, VPR, HOBREE ) 3 i e . Bk

BH22H7, 2006, 49(1); 93~98

Cheng I Y, Xu H Z. The rotation of the gravity potential on

the Earth’s gravity field recovery. Chinese J. Geophys. (in

Chinese) , 2006, 49(1): 93~98

JHEAE, YR, R k4. B GRACE T A B i B0 i

HWFRTE Sy . HuERA B 2A 4R, 2006, 49(3): 718~723

Zhou X H, Xu H Z. Wu B, et al.

derived from GRACE satellite tracking data.

(in Chinese) , 2006, 49(3): 718~723
Klees R.

Earth's gravity field
Chinese J.
Geophys.
Ditmar P, Liu X. Frequency-dependent data
weighting in global gravity field modeling {rom satellite data
contaminated by non-stationary noise. Journal of Geodesy ,
2007, 81(1). 81~96

H » B, £, 1 GRACE A #
H13. %244, 2007, 36(1) : 19~25
Xiao Y, Xia Z R, Wang X T. Recovering the Earth gravity

of GRACE. Acta

JE WK b Bk R

field from inter-satellite range-rate
Geodaetica et Cartographica Sinica (in Chinese), 2007, 36
(1):19~25

KA. BT IRy R A R TR b G RS R T vk
(i Eae 3], ®: PR, 2007, 1~135

Zheng W. Theory and methodology of Earth's gravitational
field recovery based on satellite gravity measurement[ Ph. D.
Thesis |. Wuhan:
Technology, 2007. 1~135

FIEWE, @R, 3 TF4. 5T GRACE TR & /1 5UIEMH

Huazhong University of Science and



44

K ABEE R IR HT A RO A 31Kk GRACE Follow-On R T Jy 37 (194 B2 805

[22]

(23]

[24]

[26]

[27]

(28]

[29]

[30]

SE H Bk T J7 48R WHU-GM-05.
(5): 1364~1371

i 2R B2 4, 2008, 51

Wang Z T, LiJ C, Jiang W P. Determination of earth gravity
field model WHU-GM-05 using GRACE gravity data.

Chinese J. Geophys. (in Chinese), 2008, 51(5):1364~1371

Xu P L. Position and velocity perturbations for the
determination of  geopotential {rom  space geodetic
measurements, Celestial ~ Mechanics and — Dynamical
Astronomy, 2008, 100(3) . 231~249

Zheng W, Shao C G, Luo J, et al. Improving the accuracy of
GRACE Earth's gravitational field using the combination of
different inclinations.
(5): 555~561

Zheng W, Xu H Z, Zhong M, et al.

Progress in Natural Science, 2008, 18

Physical explanation on
designing three axes as different resolution indexes from
GRACE accelerometer. Physics
Letters, 2008, 25(12) . 4482~4485
Zheng W, Xu H Z, Zhong M, et al.

satellite-borne Chinese
Physical explanation of
influence of twin and three satellites formation mode on the
accuracy of Earth' s gravitational field. Chinese Physics
Letters, 2009, 26(2): 029101-1~029101-4

M A, VPERE. B B, T TR BRI RS Bl
H LA R 5 55 s 3R 2l ) %, 2009, 29(2) .
105

Zheng W, Xu H Z, Zhong M, et al. Optimal design of orbital
Journal of
Geodesy and Geodynamics (in Chinese), 2009, 29(2):100~
105

100 ~

altitude in satellite-to-satellite tracking model.

A M. IR, B %, WA GRACE ShER T 1 30K
PEAE TR MR 5. K 5 s Bk 3h 1 2%, 2009, 29(5) .
89~93

Zheng W, Xu H Z, Zhong M, et al. Verification of two
methods on evaluating the accuracy of GRACE Earth' s
gravitational field. Jouwrnal of Geodesy and Geodynamics (in
Chinese) , 2009, 29(5):89~93

XM, IR, B 5. GRACE 2 {AF SuperSTAR il
R T 500 VRO XS 3 BR T T 0K BE Y R . R 4 #E
4Rk, 2009, 52(6):1465~1473

Zheng W, Xu H Z, Zhong M, et al. Influence of the adjusted
accuracy of center of mass between GRACE satellite and
SuperSTAR accelerometer on the accuracy of Earth' s
gravitational field. Chinese J. Geophys. (in Chinese), 2009,

52(6):1465~1473

oM. WFEEE, B 4. GRACE T3 A% 52 I % 42 A 2k 4b
BEAIMER T 7 b b i f . MU ER A B 2E 4R, 2009, 52(8):
1966~1975

Zheng W, Xu H Z, Zhong M, et al. Effective processing of
measured data from GRACE key payloads and accurate
determination of Earth' s gravitational field. Chinese J.
Geophys. (in Chinese), 2009, 52(8):1966~1975

WooAE. FEEE B BUSE. TR BRUR TLR I AR b B AR

T JEE v R A S S o AR AR AL BT I L. Bk HE A

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

R+ 2009, 52(11):2712~2720

Zheng W, Xu H Z, Zhong M, et al. Demonstration on the
optimal design of resolution indexes of high and low sensitive
accelerometer in the satellite-to-

axes from space-borne

satellite tracking model. (in Chinese) ,
2009, 52(11).:2712~2720

oA FRE M B DERE DR THES
R AT RIC# 4. 2010, 51(1): 65~74

Zheng W, Xu H Z, Zhong M, et al. Requirement analysis of

Chinese J. Geophys.

0

orbit parameters in the satellite-to-satellite tracking model.
Chinese Astronomy and Astrophysics (in Chinese), 51(1):
65~74
B AR, VRIERE, B BCRE. TR RN S T R O DR S A
& GRACE MiBRTE 3. MuBRYHE A3k, 2010, (7§23
Zheng W, Xu H Z, Zhong M, et al. Accurate and fast
measurement of GRACE Earth's gravitational field using the
intersatellite  range-acceleration method.  Progress in
Geophysics (in Chinese), 2010, (in press)
AR, VPR B R A RIS Y TRAL BRI B B vk
0 = 2 A L 3 R A N AR R AR 5 GRACE Bk J1 3. Mk ¥
£, 2010, (5K 30
Zheng W, Xu H Z. Zhong M, et al. Accurate and rapid
determination of GRACE Earth's gravitational field using
improved pre-conditioned conjugate-gradient approach and
three-dimensional interpolation method.  Progress in
Geophysics (in Chinese), 2010, (in press)
AR, VPR, Bl BRAE. TR R TR I e A 2 v G B 2R
FPR R AR A RIVE B 56 R IBTE. FM~F4) . 2010, (FF& 3
Zheng W, Xu H Z, Zhong M, et al. Demonstration on
different matching relationship of accuracy indexes from key
payloads in the satellite-to-satellite tracking model. Jowurnal
of Astronautics (in Chinese), 2010, (in press)
A A, VFERE, B 5. ET — U Improved-GRACE
Eiﬁﬁ?ﬂ'gtl‘iﬂﬂ’ﬂiﬁﬁﬁu M 2247, 2010, (&)
Zheng W, Xu H Z, Zhong M, et al. Implemental suggestion
of next-generation Improved-GRACE satellite gravity measurement
mission in China. Acta Geodaetica et Cartographica Sinca

(in Chinese), 2010, (in press)

KM VPR, B %%, Improved-GRACE T J7 51
BB T, KM 5 ek 3 2, 2010, 30(2) .
43~48

Zheng W, Xu H Z, Zhong M, et al. Research on optimal
selection of orbital parameters in the Improved-GRACE
satellite gravity measurement mission. Journal of Geodesy
and Geodynamics (in Chinese), 2010, 30(2):43~48
M VPR, B S, MR T ) b R 5T
R Kb S Bk S J1 24, 2010, (RFR )

Zheng W, Xu H Z, Zhong M, et al.

H Jre

Progress and present
status in Earth' s gravitational field models. Journal of
Geodesy and Geodynamics (in Chinese), 2010, (in press)

Reigber C, Schmidt R, Flechtner F. An Earth gravity field

model complete to degree and order 150 from GRACE:



806

H Bk ¥ B % R (Chinese J. Geophys. )

53 &

[39]

[40]

[41]

[42]

EIGEN-GRACEO02S. Journal of Geodynamics,

Han S C, Shum C K, Jekeli C. Precise estimation of in situ

2004, 39

geopotential differences from GRACE low-low satellite-to-

tracking and accelerometer data. Journal of
Geophysical Research, 2006, 111, B04411, doi: 10. 1029/
2005JB003719

Jekeli C. The

satellite

determination of gravitational potential

differences from SST tracking. Celestial Mechanics and
Dynamical Astronomy, 1999, 75, 85~101

oA BBELAN, B RS, B - TR R L B R R g
SR KO M BR TR T 3 B B A LT S, bR A AR
2006, 49(3) . 712~717

Zheng W, Shao C G, Luo J, et al. Numerical simulation of
Earth’s gravitational field recovery from SST based on the
energy conservation principle. Chinese J. Geophys. (in
Chinese) . 2006, 49(3); 712~717

Jekeli C, Rapp R H. Accuracy of the determination of mean
anomalies and mean geoid undulations from a satellite gravity
field mapping mission. Department of Geodetic Science, The

Ohio State University, 1980. 307

[43]

[44]

[45]

[46]

Kim J. Simulation study of a low-low satellite-to-satellite

tracking mission[ Ph. D. Thesis]. Austin: The University of
Texas, 2000. 1~276

oA FEE. B BSE. BT MR A AU PR A
GRACE 43R A3 RS 1. Bk M) 32 4. 2008, 51(6) .
1704~1710

Zheng W, Xu H Z., Zhong M, et al. Efficient and rapid
estimation of the accuracy of GRACE global gravitational
field using the semi-analytical method. Chinese J. Geophys.
(in Chinese), 2008, 51(6):1704~1710

M VPIERE. B B, LT oL T R R 1] R R
N —fCH Bk TR & 7 & 5 R0 R IE. FAE . 2010,
(FF R
Zheng W, Xu H Z, Zhong M, et al. Demonstration of
requirement on future lunar satellite gravity exploration mission
based on interferometric laser intersatellite ranging principle.
Jowrnal of Astronautics (in Chinese) , 2010, (in press)
Rummel R, San F, Van Gelderen M,

et al. Spherical

Harmonic Analysis of Satellite Gradiometry, Netherlands
Geodetic Commission, Publications in Geodesy, New Series,
Delft, Netherlands, No. 39, 1993

R WIRID



