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Abstract 18

Taiji-1 is the first technology demonstration satellite of the Taiji program 19

of China’s space-borne gravitational wave antenna. After the demon- 20

stration of the key individual technologies, Taiji-1 continues collecting 21

the data of the precision orbit determinations, the satellite attitudes, 22

and the non-conservative forces exerted on the S/C. Therefore, during 23

its free-fall, Taiji-1 can be viewed as operating in the high-low satellite- 24

to-satellite tracking mode of a gravity recovery mission. In this work, 25

one month data from Taiji-1’s observations have been selected and the 26

techniques are developed to resolve the long term interruptions and dis- 27

turbances in the measurement data due to the scheduled technology 28

demonstration experiments. The first global gravity model TJGM-r1911, 29

that independently derived from China’s own satellite mission, is suc- 30

cessfully built from Taiji-1’s observations. Compared with gravity models 31

from CHAMP and other satellite gravity missions, the accuracy discrep- 32

ancies exist, which is mainly caused by the data discontinuity problem. 33
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As the approved extended free-falling phase with minimal disruptions34

and disturbances, Taiji-1 will serve as the first gravity mission satellite35

for China since 2022 and it will provide us the independent measurement36

of both the static and the monthly time-variable global gravity field.37

Keywords: Taiji program, Gravity field recovery, Satellite gravity,38

Gravitational wave detection39

1 Introduction40

In 2000, Chinese Academy of Sciences (CAS) established China’s first work-41

ing group of the space borne gravitational wave (GW) observatories that led42

by Academician Wen-Rui Hu. China had then started her own journey to GW43

detection in space and joined the international corporations led by LISA [1].44

Motivated mainly by the concept of ALIA mission [2],China’s first space borne45

GW antenna mission concept was proposed in 2011 [3], and afterward, a con-46

servative design was made [4, 5]. In 2016, the Adv-LIGO team announced the47

breaking news of the first detection of GW [6–9], which was soon recognized48

as one of the most significant achievements in this new century of general49

relativity. The subsequent GW observations by the LIGO-VIRGO collabora-50

tion raised the curtain of the new era of GW astronomy and astrophysics,51

and also boosted the progress of the space missions. Along with such break-52

throughs, while being encouraged by the successful experiments of the LISA53

Pathfinder mission [10–14], the Taiji program in space was released by CAS in54

2016 [15, 16], which outlined its 3-step R&D roadmap to China’s space GW55

antenna in the future. The ultimate goal of the program is the Taiji mission,56

a heliocentric LISA-like mission to be launched in the early 2030s. Consisting57

of three space-crafts (S/C), the Taiji mission is an almost equilateral triangu-58

lar constellation with the arm-length about 3× 106 km and the sensitive band59

ranging from 0.1 mHz to 1 Hz. The scientific objectives will include such GW60

sources as coalescing super massive black hole binaries, extreme mass ratio61

inspirals, stochastic GW backgrounds and etc. [16–24].62

As the first technology demonstration satellite of the Taiji program, Taiji-63

1 was approved by CAS in August 2018 and launched in August 2019. The64

most important individual technologies of China’s space GW antenna were65

verified in space, including the gravitational reference sensors (GRS), the high66

precision laser interferometers, the drag-free control system, µ-N thrusters, the67

ultra-stable and clean platform and etc.. The successful operation of Taiji-168

has demonstrated and confirmed the designed performances of the scientific69

payloads and the satellite platform [20, 25]. During the final extended phase70

in 2022, the Taiji-1 satellite will carry out the challenging experiments on the71

global gravity recoveries.72

During its scientific operation, Taiji-1 has continuously collected the preci-73

sion orbit determination (POD) data based on the Global Navigation Satellite74
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Systems (GNSS), the satellite attitude data from star sensors, and also the 75

precision measurements by the GRS of the non-conservative forces exerted on 76

the S/C along its orbit. The orbital dynamics of Taiji-1 is determined by the 77

forces acting on the S/C, which, due to their physical origins, can be divided 78

into three categories: the gravitational forces including the almost centripetal 79

force from the earth and the perturbations from the sun, the moon and other 80

celestial bodies, the non-conservative forces from the space environments such 81

as air drags, solar radiation pressure and the earth albedo, and also the dis- 82

turbances from thruster events. Therefore, given the precision measurements 83

of the satellite orbit and the non-conservative forces from both the space envi- 84

ronments and the satellite propulsion, the detailed information of the earth 85

gravitational field could be inferred based on the satellite dynamic model. 86

From this point of view, apart from the disruptions by the technology 87

demonstration experiments such as the thruster performance tests, the drag- 88

free control tests, the satellite maneuvers and so on, the free-falling mode of the 89

Taiji-1 satellite can be viewed as the high-low Satellite-to-Satellite Tracking 90

(hl-SST) mode of the earth gravity recovery mission [26–28]. See Fig. 1 for 91

illustration.

Fig. 1 The illustration of the high-low satellite-to-satellite tracking mode of Taiji-1.

92

Taiji-1 could then serve as the first gravity recovery satellite for China, 93

which could provide us the independent measurements of both the static global 94

gravity field over about one year and the monthly averaged time-variable 95

gravity field of long wavelengths. 96

The gravity observations from Taiji-1, as the tentative data products, could 97

then fuse with the up-coming geopotential measurements from the official Low- 98

Low SST gravity recovery mission of China’s satellite gravity program. Further, 99

such precedent data products could also provide the opportunity to make 100

valuable cross-validations between the two missions. Based on the idea, the 101



Springer Nature 2021 LATEX template

4 Article Title

free-falling phase of Taiji-1 has been extended in the end of 2021, and the102

satellite are going to follow its geodesic orbit around the earth with minimal103

disruptions and disturbances only from the events like the attitude adjustments104

and etc..105

In this work, we introduce the first earth gravity field achievement obtained106

from Taiji-1’s observations during its science operation. The conventional107

energy integral method employed in gravity recoveries for hl-SST missions is108

outline in Sec. 2. Since the free-falling motion of the S/C in the earth gravi-109

tational field and the continual observations of the orbit and non-conservative110

forces are crucial to the global gravity recoveries, the data set is carefully111

selected to avoid the disruptions and gaps as much as possible. The measure-112

ment data from Taiji-1 and the ancillary models required are described in Sec.113

3. While the interruptions and the anomalies still exist in the chosen data,114

the software package TJGrav is developed to resolve such problems and to115

process the data. The data fusion techniques are developed to synthesize the116

measurement data with certain models that are calibrated carefully by the117

measurements. The data processing procedure can be found in Sec. 4. At last,118

the first monthly earth gravity model TJGM-r1911 independently derived from119

China’s own satellite mission Taiji-1 is discussed in Sec. 5.120

2 Energy integral method121

Proposed by O’keefe in [29] firstly and investigated in detail in [30–33], the122

energy integral or the energy balance approach, has been developed as a full-123

fledged and widely used method in the global gravity inversions for hl-SST124

satellite gravity missions. It is based on the theoretical prediction that ideally125

the Jacobi’s integral of a S/C motion is conserved along its orbits [34], which126

can be viewed as an equivalent to the conservation of total mechanical energy.127

Therefore, the balance between the kinetic energy and the gravitational energy128

of the S/C can be used to derive the detailed information of the gravity field,129

given the measured data of the S/C position and velocity.130

The key to the approach in realistic applications is to account for the energy131

dissipation caused by the non-conservative surface forces acting on the S/C132

accurately. Generally, low earth orbits are adopted for the satellite gravity133

missions, and the main contributions to the total non-conservative force include134

the air drags, the solar radiation pressures and also the earth albedo pressure.135

One can use force models to reduce the errors caused by such energy loss, while136

the precise and real time measurements of such perturbation forces will greatly137

improve the fitting accuracy of the gravity field. Please see [26, 33, 35–38] for138

the detailed discussions of the energy integral method and its applications to139

the CHAMP, GRACE and GOCE missions.140

Here, we outline the theoretical principle of the energy integral method and
give the necessary definitions used in this work. The functional model chosen
here to estimate the geopotential V is the following spherical harmonics series
truncated at maximum degree N and defined in the earth centered spherical
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coordinates system {r, θ, λ} (radius, geocentric latitude, longitude),

V (r, θ, λ) =
GM

R

[

1 +

N
∑

n=2

n
∑

m=−n

Anm

(

R

r

)n+1

Ynm (θ, λ)

]

, (1)

where G is the gravitational constant, M the total mass of the earth, and R
the mean equatorial radius. Ynm denotes the surface spherical harmonics of
degree n and order m

Ynm(ϑ, λ) = P̄n|m|(sin θ)

{

cosmλ m ≥ 0

sin|m|λ m < 0,
(2)

where P̄nm is the fully normalized associated Legendre function of degree n 141

and order m, and Anm = {Cnm, Snm}, with Cnm for m ≥ 0 and Snm for 142

m ≤ 0, are the unknown spherical harmonic coefficients to be determined. 143

The earth gravity field, in terms of the geopotential coefficients Amn, could
be obtained from the least-squares solutions of the observation equations that
link the orbit position and velocity solutions to the gravity field unknowns. The
energy integral is used to derive the observation equations, which is defined
along the S/C orbit

V = V0 +

∫ t

t0

g · ṙdτ, (3)

where V and V0 are the earth geopotentials at the S/C orbit positions of time
t and t0 respectively, r and ṙ the position and velocity vector of the S/C in the
earth-centered and earth-fixed (ECEF) reference frame. The vector g denotes
the acceleration caused by static geopotentials of the earth

g = r̈ + 2ω × ṙ + ω × (ω × r)− aNC − aG, (4)

where ω is the angular velocity of the earth rotation. aNC includes all the
non-gravitational accelerations exerted by the satellite, and aG counts for all
the perturbations from other time-varying gravitational sources such as tides,
the mass transfer in atmosphere and ocean, and the 3rd-body effect from the
sun or the moon. To resolve the long wavelength or low-degree gravity field, we
split the earth geopotentials into three parts U , Vl and Vh, where U represents
the monople potential, Vl is the potential consisting of low-degree harmonics
and Vh the one from high-degree harmonics. Thus, Eq.3 becomes

H + Vl (r) =
1

2
ṙ · ṙ−

1

2
(ω × r) · (ω × r)

−

∫ t

t0

aNC · ṙdτ −

∫ t

t0

aG · ṙdτ − U − Vh (5)

The unknowns integration constant H and the coefficients {Cnm, Snm} of 144

the low-degree components on the left-hand side of Eq. 5 are to be resolved 145
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given the Taiji-1’s observations and the modeled ancillary data substituted146

into the right-hand side of the equation.147

3 data set and models148

The Taiji-1 satellite was launched to a circular Sun-synchronous dawn/dusk149

orbit with the altitude about 600 km and inclination angle 97.67o. The orbit150

has a stable sun-facing angle, which can provide a constant power supply151

for the battery and also the stable temperature gradient for the platform.152

The satellite is about 180 kg. With the orbit, the solar radiation pressure153

contributes to the non-conservative forces dominantly, and the air drags along154

the orbit turns out to be small. One of the key payloads of Taiji-1 is the155

GRS installed at the mass center of the S/C. Except for the drag-free control156

experiments during the science operation, where the satellite is controlled to157

trace the motions of the test mass (TM) inside the GRS along the radial158

direction, the GRS are set to work in the accelerometer mode in most cases.159

The electrostatic actuation forces keeping the TM to follow the motions of the160

S/C then give rise to the precise measurements of the non-gravitational forces161

exerted by the S/C.162

The data products needed for the earth gravity recoveries include the POD163

data from both the GPS and BeiDou (BD) systems. GRS data of the non-164

gravitational forces measured in the Satellite Frame (SF) and S/C attitude165

data transform the physical measurements from SF to the inertial reference166

frame. In this work, our first Taiji-1 gravity model is based on the data from167

01-11-2019 to 31-11-2019. As mentioned, during this month few experiments168

related to the GRS, the thrusters, and the satellite-maneuvers were performed.169

The S/C maintained steadily in the earth pointing attitude and the POD data170

in good quality. The length of data was determined because the extension171

could hardly improve the final fitting accuracy due to the frequent disruptions172

and gaps in the data from the technology demonstration experiments. Further,173

since the monthly measurements of the time-variable gravity field from Taiji-174

1’s extended free-falling phase is under preparation, this first monthly gravity175

model could serve as a reference.176

Orbits. The orbit precision of Taiji-1 is determined by the GNSS, including177

both the GPS and the BD system. The POD data from GPS and BD are both178

defined in the ECEF frame with the sampling rate of 1 Hz. The amplitude179

spectrum density (ASD) of the POD data including the positions and the180

velocities of Taiji-1 in the ECEF frame is shown in Fig. 2. In most cases, the181

Taiji-1 satellite can be more often tracked by GPS satellites than by the BD182

satellites. Fig. 3 shows the difference between the measurements from BD and183

GPS.184

Attitude. The S/C attitude is measured by star sensors, and the detailed185

information of how to rotate from the satellite frame to the inertial frame is186

provided by the Euler angle {θ, φ, ψ} data product. In Fig. 4 the time series of187

the S/C attitude on 01-11-2019 are shown. One could see the large variations188
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Fig. 2 ASDs of Taiji-1’s POD data from both GPS and BD in the ECEF frame.

with the orbital period along the pitch axis (y-axis in the SF). The rotation 189

matrices for each axis are given by 190

Rx(θ) =





1 0 0
0 cos θ sin θ
0 − sin θ cos θ



 (6)

Ry(φ) =





cosφ 0 − sinφ
0 1 0

sinφ 0 cosφ



 (7)

Rz(ψ) =





cosψ sinψ 0
− sinψ cosψ 0

0 0 1



 (8)

The total transformation matrix from the inertial reference frame to the SF
frame reads

R = RxRyRz (9)

191

Non-conservative forces. The non-conservative forces are measured by 192

the GRS in the accelerometer mode. The sensor unit of the electrostatic GRS 193

on-board Taiji-1 contains two parts: the mechanical assembly and the front- 194

end electronics unit (FEE). The mechanical assembly consists of a 72 g parallel 195

hexahedral titanium alloy TM and an electrode cage that encloses the TM. 196

The TM, as the inertial reference, is suspended electrostatically inside the cage. 197

When non-gravitational forces on the S/C cause the relative motions between 198
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Fig. 3 ASDs of the POD data differences between BD and GPS in the ECEF frame.

the TM and the cage, the capacitance between the TM and the electrodes199

changes slightly and induces signals that could be picked up by the FEE. Based200

on the position sensor data, the TM maintained its nominal position inside201

the cage by applying low frequency actuation voltages through the electrodes.202

The voltages sampled at 100 Hz are then transformed, with the calibrated bias203

and the scale factors, into the non-conservative accelerations exerted by the204

S/C in the SF.205

The sensitivities of the three GRS axes are different. The two high sensi-206

tive axes, y and z axes, are along the flight direction and the orbital normal207

direction respectively while the sensitivity of x-axis is low which is parallel to208

the radial direction or the earth pointing direction. According to the in-orbit209

performance tests [25, 39, 40], the resolutions of the high sensitive axes reach210

the level of 10−10m/s2/Hz1/2 in the frequency band from 0.01 Hz to 1 Hz211
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Fig. 4 Time series of the S/C attitude data (Euler angles) on 01-11-2019

and 10−9m/s2/Hz1/2 in the low frequency band from 0.1 mHz to 0.01 Hz. 212

It will provide us the faithful measurements of the non-gravitational acceler- 213

ations along Taiji-1’s orbit, according to the known force models. See Fig. 8 214

in the next section. Fig. 5 shows the ASDs of the measured non-gravitational 215

accelerations in the SF frame. 216
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Fig. 5 ASDs of the measured non-gravitational accelerations in the SF frame.
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Table 1 Models for the perturbation forces

Perturbation Model Maximum degree

earth’s gravity field EGM2008 degree/order 100
Dealiasing GRACE AOD1B RL06 degree/order 50

Ephemerides of Sun and Moon JPL DE421
Solid earth tides IERS2010 degree/order 4

Relativistic corrections IERS2010
Atmospheric density NRLMSISE-00

earth Albedo CERES

3.1 Ancillary models217

To determine the long wavelength and low-degree gravity field model, the218

interference from the high-degree geopotentials, the tidal signals and the 3rd-219

body perturbations, needs to be suppressed or removed. In this work, the220

EGM2008 model [41] is employed as the prior gravity model, and the reference221

to assess and validate our Taiji-1 gravity model. Solid-earth tides and the222

relativistic corrections are also considered according to the standard IERS2010223

[42]. The 3rd-body perturbations from the sun and the moon are included,224

and the required position and the velocity vectors of the sun and the moon225

are obtained from JPL’s ephemerids DE421 [43]. The non-tidal atmospheric226

and oceanic mass variations are evaluated based on the atmosphere and ocean227

dealiasing product AOD1B RL06 [44].228

As mentioned, there are disruptions and gaps in the selected data, espe-229

cially in the measurements of the GRS system. Therefore, the simulations230

of the non-gravitational forces calibrated and adjusted by the measurements231

along the orbits will be employed as the complementary data when the distur-232

bances or the long term interruptions happen. In this work, the atmospheric233

density model NRLMSIS-00 [45] and earth albedo model CERES [46, 47] are234

used.235

The full list of all the models used can be found in Table 1.236

4 Data processing237

The software package TJGrav developed in this work for Taiji-1’s gravity field238

modeling contains three main sub-modulars: the data Pre-Processor, the239

SST-Processor, and the Solver. Please see Fig. 6 for the architecture of240

TJGrav and the flow chart of the data processing procedure.241

Common manipulations including the data quality check, the identi-242

fications of gaps and gross errors, adding flags, the anomalies removing243

and replaced with interpolations, data smoothing, anti-aliasing and down-244

samplings are carried out by the Pre-processor.245

Take the key POD data as an example. The quality of the data are generally246

good, but there are still gaps and outliers. The search for the anomalies is247

executed in the first place. To make sure the continuity of the POD data in248

the observation equation 5, the outliers and the gaps are replaced or filled249

up with values evaluated in terms of the Fourier least-square-fitting method.250
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Fig. 6 Software architecture of TJGrav and the flow chart of the data processing procedure.

The replaced data will not be used to establish the normal equations, but 251

only to calculate the integration in the observation equation 5. In the high 252

frequency band of the POD data, the Signal to Noise Ratio of the orbital 253

perturbations from geopotentials decreases. Therefore, to suppress the high 254

frequency noises a low-pass filter at 0.005 Hz is imposed. After this, the POD 255

data is down-sampled from 1 Hz to 0.2 Hz. The similar processing is applied to 256

the original GRS data and S/C attitude data, and after a certain smoothing 257

and anti-aliasing filtering they are also down-sampled to 0.2 Hz before use. 258

In the SST-Processor, we gather all the needed ancillary data, which are 259

either obtained from the numerical simulations based on well-tested models or 260

official data products released. Afterward, the normal equation is established 261

and ready to export to the Solver. 262

Required gravitational perturbations from other sources are modeled and 263

calculated in the ECEF frame. As mentioned in the previous sections, the 264

required data include perturbations from the 3rd-body (the sun and the moon), 265

solid-earth tides, AOD, and also the relativistic corrections. In the ECEF 266

frame, the perturbation forces due to the 3rd-body is modeled as 267
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asun = −GMsun

(

lsun

|lsun |3
+

rsun

|rsun |3

)

amoon = −GMmoon

(

lmoon

|lmoon |3
+

rmoon

|rmoon |3

)

where Msun and Mmoon are the masses of the sun and the moon, lsun , lmoon268

are the position vectors of the S/C relative to the sun and moon, and rsun ,269

rmoon the position vectors of the earth relative to the sun and the moon.270

Please see Fig. 7 for the simulated gravitational perturbations on 01-11-2019.271
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Fig. 7 Time series of the simulated gravitational perturbations in ECEF frame on 01-11-
2019.
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Fig. 8 Time series of the simulated non-gravitational forces in ECEF frame on 03-11-2019
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273

The resolution power of the GRS on-board Taiji-1 (∼ 10−10m/s2/Hz1/2) 274

makes it sensible to the small disturbances occurred on the platform. The TM, 275

as the inertial reference, couples to the surrounding physical fields in compli- 276

cated ways. The events like the temperature variations of the sensor unit, the 277

slight mechanical vibrations of the platforms and so on may cause the fake sig- 278

nals in the GRS measurements. The transient data anomalies of those kinds can 279

be fixed by the Pre-Processor. However, the continuous attitude adjustments 280

with the momentum wheels, the orbital maneuvers and certain experiments 281

involving the GRS or the thrusters may cause the long term interruptions in 282

the data. During the time, the modeled data of the non-gravitational forces are 283

needed to fuse with the GRS measurements in order to complete the missing 284

pieces. 285
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Fig. 9 Time series of the simulated high-degree geopotentials of degree/order from 21 to
100 on 01-11-2019.

As discussed in Sec. 3, the air-drag is modeled as

adrag = −
1

2
ρ
CDA

mSC
v2
rel

vrel

|vrel|
(10)

where ρ is the air density, CD is the drag coefficient (CD = 2.2), mSC is the
mass of the satellite, vrel the velocity of the satellite relative to air, and A is
the windward area of the satellite. The radiation pressure either from the solar
radiation or the earth albedo is modeled as

F =

n
∑

i

E
Ai cos θ

c mSC

[

(1− η) Ê + 2η cos θn̂
]

(11)
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Fig. 10 ASDs of the observed low-degree potential without the C20 term.

where E is the radiation flux, Ai and n̂ denote the area and the normal direc-286

tion of the S/C surface i, η the fraction of the incoming radiation that is287

reflected by the surface i, and θ the angle between E and n̂. The key param-288

eters in the above equations, the drag coefficient and the reflection coefficient,289

depend on the physical properties of the S/C surfaces and the real-time status290

of the surrounding environments, and may also change with time. Therefore291

the modeled data is compared with the GRS measurements to adjust the292

parameters. In Fig. 8, we calibrate the simulated non-gravitational forces by293

the measured data from 01-11-2019. The magnitude of the simulated atmo-294

spheric drag is smaller than that of the solar radiation pressure because of the295

600 km altitude. In addition, one could also see that the averaged solar radia-296

tion pressure along the pitch-axis (y-axis) of the SF frame is the largest, since297

ŷ is the orbital normal direction oriented to the sun.298

Last but not the least, the high-degree geopotentials of degree/order from299

21 to 100 along the Taiji-1’s orbit are simulated based on EGM2008. See Fig.300

9 for the illustration.301

Given all the processed measurement data and the modeled ancillary data302

so far, the observed low-degree earth geopotentials along the orbit is solved by303

the SST-Processor based on the observation equation 5. In Fig. 10, the ASDs304

of the observed low-degree potentials along the orbit from both the BD and305

GPS measurements are compared with that from the EGM2008 model. It is306

found that the observations from the GPS agrees with the EGM2008 model307

to a large extent.308

Finally, in the Solver sub-modular, the normal equations based on Eq. 1
are constructed in the form

Ax = b (12)

where b is the observation vector, x is consist of the unknown geopotential309

coefficients, and A the design matrix. The global gravity model is obtained310
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Fig. 11 Geopotential coefficients of the Taiji-1’s gravity filed model TJGM-r1911 with the
C20 term removed: (a)BD; (b)GPS.

in terms of the least-square solutions of the above normal equations, applying 311

the Cholesky reduction method 312

x =
(

A⊤A
)−1

A⊤b. (13)

5 Results and conclusions 313

We have obtained the first monthly global gravity model from Taiji-1’s obser- 314

vations based on the measurements in November 2019. The geopotential data 315

product, denoted as TJGM-r1911, is now archived by the Taiji-1 data process- 316

ing center of CAS at Beijing, and it will be released soon together with the 317

new monthly data products derived from the much better observations during 318
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Fig. 12 Differences between the Taiji-1 gravity model TJGM-r1911 and EGM2008: (a)BD;
(b)GPS.

Taiji-1’s extended free-falling phase in this year. These data products con-319

tain the geopotentials coefficients of spherical harmonics up to certain degree320

{Cnm, Snm} and the variances {∆Cmn, ∆Snm}.321

As mentioned previously, mainly because of the long term interruptions in322

the observation data, as well as the rather high orbit attitude of Taiji-1, our323

first product TJGM-r1911 is truncated at the 20th degree. To make the cross324

check and comparisons, TJGM-r1911 also contains two independent sets of the325

geopotential data obtained from the GPS’s and BD’s observations respectively.326

Please see Fig. 11 and Fig. 12 for the comparisons. The differences can be seen327

clearly in the plots in Fig. 13, Fig. 14 and Fig. 15. The gravity model from328

BD observations shows larger deviations from the EGM2008 model than that329

from the GPS observations.330
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Fig. 13 Geopotentials of the Taiji-1 gravity model TJGM-r1911: (a)BD; (b)GPS.

Also, in Fig. 15, the degree Root Mean Square (RMS) degree is estimated 331

from the prior reference model {CP
nm, S

P
nm} 332

RMSn =

√

∑n
m=0

(Cnm − CP
nm)

2
+
∑n

m=1
(Snm − SP

nm)
2

2n+ 1
, (14)

the deviations of the TJGM-r1911 model from the EGM2008 model turns out 333

to be larger than those from similar hl-SST missions. Compared with the grav- 334

ity models from the CHAMP mission [27, 35–37, 48–51], the degree RMS of 335

our TJGM-r1911 model is about one order of magnitude worse than that of 336

the CHAMP models, depending on the used methods and ancillary data. The 337

poor degree RMS comes from two factors. First, the Taiji-1’s orbit has a large 338

inclination angle, and the altitude (∼ 600 km) is higher than all the grav- 339

ity recovery satellites ever launched. The inclination causes signals loss in the 340

high latitude areas, and the higher altitude gives rise to the magnitudes of the 341

geopotentials at the orbit to decrease. Second, as already mentioned, the data 342

is from the window period of the science operation phase, even though the data 343

set is carefully selected, there still exist long interruptions and large distur- 344

bances, especially those for the key GRS measurements of the non-gravitational 345

forces. The techniques such as data fusions with the calibrated simulations are 346
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Fig. 14 Geopotential differences between the Taiji-1 gravity model TJGM-r1911 and
EGM2008: (a)BD; (b)GPS.

employed to improve the fitting accuracy. However, the problem of the data347

quality and the discontinuity are believed to be the key reasons to the increased348

errors, which will be greatly improved in the extend free-falling phase of Taiji-1349

this year.350

Conclusions. Gravity field is one of the fundamental physical fields of351

a planet. For Earth, the global gravity field contains vast amount of valu-352

able information about the mass distributions and transfers on the earth353

surface, the global climate changes, the groundwater storage, the earth inter-354

nal activities and so on. Great efforts has been paid in the satellite gravity,355

and after the CHAMP, GRACE, GOCE, and GRACE FO missions, the next356

generation gravity missions with advanced technologies including relativistic357

measurements are under investigations.358

In this work, we carefully select the data of one month from Taiji-1’s obser-359

vations, and develop the data fusion techniques to resolve the problem of the360

long term interruptions and the disturbances in the measurements caused by361

the scheduled technology demonstration experiments. The first global gravity362

model TJGM-r1911 independently derived from China’s own satellite mission363

is then successfully produced from the Taiji-1’s observations. The existed dis-364

crepancies between the first global gravity model TJGM-r1911 and the gravity365
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Fig. 15 Degree RMS of the Taiji-1 gravity model from the EGM2008 model.

models from CHAMP or other hl-SST missions are mainly caused by the data 366

quality discontinuity problems. The capability of the Taiji-1 satellite serving as 367

a fully-functional hl-SST satellite gravity mission for China has been demon- 368

strated and confirmed. The extended free-falling phase of Taiji-1 with minimal 369

disruptions and disturbances has been approved to be started this year. With 370

the techniques developed in this work, Taiji-1 could serve as the first satel- 371

lite gravity mission for China, which could provide us independently both the 372

static mappings of global gravity field and monthly averaged measurements of 373

the time-variable gravity field. 374
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