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Firstly, a new analytical error model of the cumulative geoid height using the three-dimensional diagonal tensors of
satellite gravity gradiometry (SGG) is introduced based on the variance-covariance matrix principle. Secondly, a study for
the requirements demonstration on the next-generation GOCE Follow-On satellite gravity gradiometry system is developed
using different satellite orbital altitudes and measurement accuracies of satellite gravity gradiometer by the new analytical
error model of SGG. The research results show that it is preferable to design satellite orbital altitudes of 300 km—400 km and
choose the measurement accuracies of 10~13/s2-10~13/s2 from satellite gravity gradiometer. Finally, the complementarity
of the four-stage satellite gravity missions, including past CHAMP, current GRACE, and GOCE, and next-generation GOCE
Follow-On, is contrastively demonstrated for precisely recovering the Earth’s full-frequency gravitational field with high

spatial resolution.
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1. Introduction

Since the Italian physicist Galileo first surveyed grav-
ity at the end of the 16th century, many scholars have car-
ried out extensive gravity studies.!”’] Different from pre-
cisely measuring the Earth’s medium-low-frequency gravita-
tional field from the twin gravity recovery and climate ex-
periment (GRACE) satellites, the European Space Agency
(ESA) successfully launched the dedicated gravity gradiom-
etry satellite from the gravity field and steady-state ocean cir-
culation explorer (GOCE) in 2009 for accurately determining
the Earth’s medium-high-frequency gravitational field. The
GOCE satellite was injected into an almost circular orbit with
an eccentricity of 0.001, a near polar orbit with an inclination
of 96.5° and a sun-synchronous orbit at a mean orbital alti-
tude of 250 km during a lifetime of at least 3 years. In the
satellite-to-satellite in the high/low tracking (SST-HL) mode
associated with the SGG from the GOCE system, except for
the precise orbit determination of the low-orbit GOCE satel-
lite with an accuracy of 1 cm by the high-orbit global posi-
tioning system (GPS) and global navigation satellite system
(GLONASS), the second-order gradients of the Earth’s geopo-
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tential field at the satellite orbit are precisely determined by the
spaceborne electrostatically suspended gradiometer, located
at the satellite’s center-of-mass (COM), with a measurement
accuracy of 3x107!%/s2 181 GOCE achieves a drag-free per-
fection: firstly, the linear acceleration of the satellite’s COM
and the angular acceleration of the satellite flatform resulted
in the non-conservative forces are measured using the space-
borne gradiometer; secondly, the non-conservative forces, in-
cluding atmospheric drag, solar radiation pressure, Earth’s
albedo, orbit altitude, and attitude control forces, etc., are ac-
curately compensated by the drag-free attitude control system
(DFACS). Therefore, the accuracy of recovering the Earth’s
gravitational field may be highly improved by accurately and
real-timely deducting the non-conservative forces acting on
the GOCE satellite. Due to the outstanding contributions to
precisely mapping the Earth’s medium-high-frequency grav-
itational field from GOCE and the end of SGG mission be-
fore 2015, many scientific institutions in the interdisciplinary
field are carrying out the research demonstrations on the next-
generation GOCE Follow-On mission for further improving
the accuracy of the Earth’s gravitational field and precisely ob-
taining the time-variable gravity signals.”~'3!
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In the various types of the existing approaches for satel-
lite gravity recovery, the numerical and analytical methods
are classified by the differences of establishing and solving
the observation equations of the satellite.
method!'*"!7! is that the observation equation of the satellite is
established by analyzing the relationship between the Earth’s
geopotential coefficients and satellite observations, and the
geopotential coefficients are solved using the least-squares
principle. The advantage of the numerical method is that
the accuracy of the Earth’s gravitational field recovery can be
greatly improved, and the disadvantages are the slow compu-
tational speed and the high requirements for computer per-
formance. We recovered the Earth’s gravitational field from
GOCE complete up to degree and order 250 based on the time-
space-wise numerical approach associated with the Kaula reg-
ularization for studying the influences of SGG on the accu-
racy of the Earth’s medium-high-frequency gravitational field
in 2011.1'7) The analytical method represents that the accu-
racy of the Earth’s gravitational field is estimated based on the
error models created by the relationship between the cumu-
lative geoid height errors and the error sources of the gravity
satellite system. The advantages of the analytic method are
the well-defined physical significance, the facile error analysis
and the low computational complexity. The disadvantage is
the approximate calculations in the process of establishing er-
ror models of the cumulative geoid height. Owing to the high
complexity of satellite gravity recovery, it is extremely diffi-
cult to accurately set up the analytical error model of cumu-
lative geoid height for describing the whole processes of de-
termining the Earth’s gravitational field. However, during the
stage of the requirements analysis for the Earth’s gravitational
field recovery before launching gravity satellites, the feasibil-
ity and optimum design of the satellite tracking modes, the
satellite orbital parameters (e.g., orbital altitude, orbital incli-
nation, and orbital eccentricity), the measurement accuracies
of key payloads (e.g., gradiometer, GPS receiver, drag-free at-
titude control system, accelerometer, and star camera assem-
bly), and the influences of different types of error sources on
the accuracy of the Earth’s gravitational field recovery may be
efficiently and rapidly demonstrated by the analytical method.‘

The numerical

We established a new analytical error model of SGG,
carried out the requirements analysis of the next-generation
GOCE Follow-On system, and demonstrated the complemen-
tarity of the four gravity satellites. This study aims to provide
the theoretical basis and computational guarantee for the opti-
mal design of the next-generation SGG system.

2. New analytical method

The spherical harmonic series expansion of the geopoten-
tial in the Earth-fixed coordinate (EFC) frame can be defined
as

V(}’,G,A): Ylm(9>)~))21ma

GM & ¢ (Re)l+1_ 0

where

Ylm(ea/’L) = lSl|m\ (COS G)Qm(/l)v

On(A) = {cosm)t7 m>0,

sin|m|A, m <0,
GM is the product of the Earth’s mass M and the gravita-
tional constant G, R, represents the mean radius of the Earth,

L shows the maximal degree of the spherical harmonic ex-

pansion, r = 1/x2 +y2 +z2 indicates the geocentric radius of
the satellite, x, y, z are the three scalar components of posi-

tion vector 7, 8, and A represent the geocentric colatitude and
longitude, respectively, P;,,(cos 8) denotes the normalized as-
sociated Legendre polynomials of degree / and order m, and
Xim = (Cym, Sim) are the estimated normalized geopotential co-
efficients.
The second-order gradients of V(r,0,A) with respect to
x,y,z yields
xx Vxy sz
I'= |V Viy Ve |
VZ,X sz ‘/ZZ

where I' is a symmetrical traceless matrix, Vi, +Vyy +V,, =0,

@)

with five independent components of the gravity gradient ten-
SOrs.

The nine components of the gravity gradient tensors can
be represented as

Ve (5, 0.4) = 2V,(r.0,2) + rlzvee(r, 0.1),
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where the first-order gradient of V (r, 0, 4) with respect to r, 8, A can be denoted as

L
V0,0 =25 Y+ 1) (=2)
e =0

+2 ]

Z (CjmcosmA + 8, sinmA )Py, (cos 9),

m=0
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GM L R +1 _ _ _
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the second-order gradients of V(r 0,1) with respect to r, 0, A are expressed as
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the zero-order, first-order, and second-order derivatives of the Legendre functions are respectively shown as
[(1—m)/2] (21 —2k)!
D m : l—m—2k
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where ‘ity of the spherical harmonic functions, the diagonal element
l ! of normal matrix (AT A)y,_ for the vertical gravity gradient V.
2(21+1)M (m # 0), . “
Yin = (I+|m|)!’ is expressed as
N GM\2,; R 2146
V2I+1, (m=0). Diag(ATA)y,. = (F) (ﬁ) (I+1)2(1+2)2, (10)
The matrix expression of Eq. (3) is defined as e €
where H is the mean orbital altitude of the satellite.
y= A Xy @)

where y represents the SGG observations, A shows a design
matrix, and x denotes the estimated normalized geopotential

coefficients (Cpp, Sim)-
Multiplying both sides of Eq. (7) by AT yields
ATy=ATA ., 8)

where AT A is the normal matrix.
Based on the least-squares adjustment method and the
variance-covariance matrix, the main diagonal elements of
(ATA)"!

tential coefficients

are equal to the error variance of the Earth’s geopo-

67 (Cim,Sim) = o7 - Diag(ATA)™! 9)

where 0y is the measurement accuracy of the spaceborne gra-
diometer.

By combining Egs. (3) and (8), based on the orthonormal-

The diagonal elements of normal matrices (AT A)y, and
(ATA)VW for the horizontal gravity gradients V,, and Vj, are

represented as

Diag(AT A)y,, ~ Diag (ATA) y
yy

_ ((I;g)z(ReRjH)zlw (I+1)3(1+2)(20+3)

3(20+1) an

The diagonal elements of normal matrix (AT A)y._ v, v,
for the correlation!'®! of V, V,y, and V., are represented as

. GMN\2, R, \2I+6
Diag(A"A)v. v, = (75 ) (—77)
I+ 12 (1+2)(20+3)72
« (z+1)(1+2)—2\/( - )322,1)1() - )} -(12)

According to the error theory, if the number of SGG ob-

servation points is Ky, the error variance of the Earth’s geopo-
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tential coefficients is proportional to 1/Kp

Ko=T/A, (13)

where T is the observation time of the satellite, and At is the
sampling interval of observation points.
The three diagonal elements (Vyy, Vyy, V;;) are the main

tensors in the nine components of satellite gravity gradients,

and the influences of the off-diagonal tensors on the accuracy
of the Earth’s gravitational field can be basically ignored rel-
ative to the diagonal tensors. Therefore, combining Egs. (9)-
(12), the error variance of the Earth’s geopotential coefficients

for the diagonal tensors V;; of the satellite gravity gradients is

(Clmyslm) Vij

denoted as
|
2
o7
_ . . . . 0 . i - . (14)
Ko[Diag(AT A)y,, +Diag(AT A)y,, +Diag(ATA)y,, +Diag(ATA)y,, v, v,]
The error degree variance for the cumulative geoid heights is shown as
=R Z Z [(8Cim)? + (881m)?]- (15)

=0m=—1

where 8Cy,, and 85, represent the errors of the Earth’s geopotential coefficients.

By combining Eqgs. (10)—(15), the analytical error model of the cumulative geoid height for the vertical tensor V_, of satellite

gravity gradients is indicated as

4
(o0} R e L

o/(N)y,, =

20141

T/At@ IZ%)<R)2Z+6(Z+1)2(1+2)2

X : (16)

e tH

the analytical error model of cumulative geoid height for the horizontal tensors V., and V,, of satellite gravity gradients is

represented as

R4
(o]
01(N)v,, >

~ 01(N)y, =

20+1
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the analytical error model of the cumulative geoid height for the diagonal tensors V;; of satellite gravity gradients is expressed as

L 20+1
GI(N)y, = —20 Z . (18)
! \/T/AIGM =, R, \2+6 6(1+1)3(1+2)(21+3) (L+1)5(14+2)3(21+3)
(Re+H) 20+ 12042+ 320 +1) _‘M 3(20+1)

3. Requirements demonstration
3.1. Optimum design of orbital altitudes

As has been illustrated in Fig. 1, the solid line rep-
resents the accuracy of GOCE Earth gravity field model
GO_CONS_GCF_2 DIR _R1"! complete up to degree and or-
der 240 released by the French Centre National d’Etudes
Spatiales (CNES), and the cumulative geoid height error is
8.523x1072 m at degree 240. The cross, slim dashed, cir-
cled, and bold dashed lines respectively express the accura-
cies of the Earth’s gravitational field from the next-generation
GOCE Follow-On satellite based on the analytical error model
Eq. (17) of cumulative geoid height for the diagonal tensors V;;
of satellite gravity gradients using the same measurement ac-
curacy of 10~%/s? from the spaceborne gradiometer and dif-
ferent orbital altitudes of the satellite between 200 km and
500 km. The statistical results of cumulative geoid height
errors from GOCE and GOCE Follow-On based on different
orbital altitudes are listed in Table 1, and the related compu-

tational parameters of the analytical error model of SGG are
displayed in Table 2. The results of this study show that it
is preferable to design the orbital altitudes between 300 km
and 400 km for the next-generation gravity gradient satellite
GOCE Follow-On. The reasons are stated below.

104

—— GOCE
—— GOCE Follow-On H; =500 km

102} ----GOCE Follow-On H, =400 km
—— GOCE Follow-On H3; =300 km

100 — — GOCE Follow-On H,;=200 km

1072}

104

——

Cumulative geoid height error/m

1076 - . : . :
0 50 100 150 200 250 300

Fig. 1. A comparison of cumulative geoid height errors between
GOCE and GOCE Follow-On from different orbital altitudes.
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Table 1. Statistical results of cumulative geoid height errors from GOCE and GOCE Follow-On based on different orbital altitudes.

Orbital altitudes/km

Cumulative geoid height errors/m

Degree 50 Degree 100 Degree 150 Degree 200 Degree 240 Degree 300

GOCE 1.076 x 1072 2.570 x 102 4.571 x 1072 6.571 x 1072 8.523 x 1072 -
H; =500 2.786 x 107> 3.075x 1074 7.026 x 1073 1.958 x 10! 3.028 x 109 1.993 x 102
H» =400 1.889 x 107> 7.975x 107> 8.448 x 10~* 1.123x 1072 9.648 x 1072 2.631 x 10°
H; =300 1.446 X 107> 2.478x 107> 1.043x107%  6.453x107*  3.038x 1073  3.379x 1072
H, =200 1.199 x 1073 1.319x 1072 1.820 % 1072 4.082x 1073 9.954 x 107> 4385x 10~

Table 2. Computational parameters of analytical error model of SGG.

Indexes
200 km-500 km
107 12/s2-10715/2

Parameters
Orbital altitude H
Accuracy of gradiometer oy

Observation time T 60 days
Sampling interval At 5s
Earth’s mean radius R, 6378 km

Gravitational constant GM 3.986004415 x 10'* Nm?/kg

Firstly, in order to satisfy the requirements of the future
gravity satellite for increasing the lifetime of the satellite and
acquiring the time-varying signals of the Earth’s gravitational
field, the orbital altitude of the GOCE Follow-On satellite
should be higher than that of the GOCE satellite (200 km—
300 km). Additionally, based on the measurement require-
ments of the next-generation satellite gravity mission that the
accuracy of the Earth’s gravitational field from GOCE Follow-
On is at least one order of magnitude higher than that from
GOCE, the orbital altitude of the GOCE Follow-On satellite
should be lower than 400 km by a comparison of the solid and
slim dashed lines in Fig. 1. As shown in Table 1, the accuracy
of the Earth’s gravitational field from GOCE is 8.523 x 1072 m
at degree 240, and the accuracy of the Earth’s gravitational
field from GOCE Follow-On is improved by 28.055 times at
an orbital altitude of 300 km compared with GOCE. There-
fore, an orbital altitude of 300 km—400 km is preferred to
precisely develop the next-generation Earth static and time-
variable gravity field model with high spatial resolution ac-
cording to the recovery requirements of the GOCE Follow-On
satellite mission.

Secondly, we know that the GOCE satellite is located at
the orbital altitudes of 200 km—300 km derived from the GPS
data of GOCE-Level-1B file released by the ESA. The Earth’s
medium-high-frequency gravitational field with high spatial
resolution is accurately mapped by GOCE during an observa-
tion time of over 2 years. Because different orbital altitudes of
the satellite are sensitive to different frequency-band signals of
the Earth’s gravitational field, the accuracy of the Earth’s grav-
itational field from GOCE may be only improved in the limited
space extent of orbital altitudes. If the orbital altitude of the
next-generation gravity gradient satellite is the same as that of
GOCE, the repeated measurement will be insignificantly car-
ried out by GOCE Follow-On. Therefore, the unmeasurable
area between 300 km and 400 km of the GOCE satellite orbit

is an optimum space extent for the orbital altitude of the next-
generation gravity gradient satellite in order to make up for the
measuring deficiency of the GOCE satellite.

Finally, the critical defect of the gravity satellite to pre-
cisely determine the Earth’s gravitational field with high spa-
tial resolution is the exponential decay of gravity signals with
the increase of orbital altitude of the satellite. In order to
solve this problem, a lower orbital altitude of the satellite is
an efficient approach to highly improve the accuracy of the
Earth’s gravitational field. The GOCE satellite is designed to
greatly suppress the signal attenuation of the Earth’s gravita-
tional field by a low-Earth-orbit (LEO) mode at a mean alti-
tude of 250 km. Although this approach may improve the ac-
curacy of the Earth’s gravitational field in theory, the negative
impacts on the accuracy of the Earth’s gravitational field re-
covery cannot be ignored in practice. (i) The numerical value
of the atmospheric drag will increase by 10 times with the de-
crease of 100 km on the orbital altitude. The orbital maneuvers
have to be frequently performed for real-timely adjusting the
orbital altitudes and attitudes of the satellite. Accordingly, an
unstable environment of the satellite platform will directly im-
pact on the measurement accuracy of key payloads. (ii) Due to
the fuel consumption induced by the frequent jet of the satel-
lite, the real-time offset of the COM between the satellite and
the spaceborne gradiometer will affect the measurement ac-
curacy of the spaceborne gradiometer. (iii) The accuracies of
the Earth’s static and time-varying gravitational field will be
reduced by shortening the satellite lifetime. Therefore, the op-
timum design of orbital altitudes is highly important to pre-
cisely recover the Earth’s gravitational field with high spatial
resolution. For the sake of supplying a gap of the GOCE satel-
lite, the orbital altitude of the next-generation gravity gradient
satellite GOCE Follow-On had better be designed in the space
extent of 300 km—400 km in order to provide a stable work en-
vironment to the satellite platform for key payloads, including
the gradiometer, GPS/GLONASS receiver, drag-free attitude
system, star camera assembly, etc.

3.2. Optimal choice of measurement accuracy of gra-
diometer

Figure 2 displays a comparison of cumulative geoid
height errors between GOCE (GO_CONS_GCF_2_DIR R1
model) and the next-generation GOCE Follow-On satellite
based on the same orbital altitude of 300 km and different
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measurement accuracies of the spaceborne gradiometer be-
tween 10712/s? and 10~!%/s? using the analytical error model
Eq. (17) for the diagonal tensors V;; of SGG (Table 1), and
the statistical results of cumulative geoid height errors from
GOCE and GOCE Follow-On based on different measure-
ment accuracies of the spaceborne gradiometer are listed in Ta-
ble 3. These results suggest that the measurement accuracies
of the spaceborne gradiometer between 10~13/s? and 10~ 15/s2
are a preferred choice for the next-generation gravity satellite
GOCE Follow-On. The reasons are as follows.

Firstly, for the sake of meeting the precision require-
ments of the future satellite gravity recovery that the devel-
opment accuracy of the GOCE Follow-On Earth gravity field
model is at least improved by 10 times compared with that
of GOCE model, the measurement accuracies of the space-
borne gradiometer from the GOCE Follow-On satellite should
be higher than 10~!2/s2 by a comparison between the solid
and bold dashed lines in Fig. 2. As shown in Table 3, the cu-
mulative geoid height error from GOCE is 8.523 x 102 m at
degree 240, and cumulative geoid height errors from GOCE
Follow-On compared with that from GOCE are improved by

2.808 times, 28.055 times, and 280.546 times based on the
measurement accuracies of 10713/s2, 10714/s2, and 10~15/s2
from the spaceborne gradiometer, respectively. Therefore, it is
preferable for the measurement accuracies of the spaceborne
gradiometer to be between 10~ !3/s? and 10~13/s? in the next-
generation GOCE Follow-On satellite gravity mission.

10°
—— GOCE
= = GOCE Follow-On Vj; = 10-12/52
—— GOCE Follow-On V;j, = 10’13/52
—==- GOCE Follow-On Vj;; =10"'/s?
10°| == GOCE Follow-On Vj;; =10""%/s? /’,-

Cumulative geoid height error/m

0 50 100 150 200 250 300
Degree
Fig. 2. A comparison of cumulative geoid height errors between

GOCE and GOCE Follow-On from different measurement accura-
cies of the gradiometer.

Table 3. Statistical results of cumulative geoid height errors from GOCE, and GOCE Follow-On based on different measurement

accuracies of the gradiometer.

Cumulative geoid height errors/m

Accuracy/s ™!
Degree 50 Degree 100 Degree 150 Degree 200 Degree 240 Degree 300
GOCE 1.076 x 1072 2.570x 1072 4.571x 1072 6.571x1072  8.523x 1072 -
Vi =10712 1.446x 1073 2478x1073  1.043x 1072 6.453x 1072 3.038x 107! 3.379 x 10°
Vip=10"1 1.446x 107 2.478x107*  1.043x 1073 6.453x 107  3.038x1072  3.379x 107!
Vijz=10"14 1446 x 107> 2478x 107> 1.043x10™*  6453x10™*  3.038x 1073  3.379x 1072
Vija=10"13 1.446x107%  2478x1076  1.043x 1075  6.453x107°  3.038x107*  3.379x 1073

Secondly, the spaceborne gradiometers are classified
by different measuring principles including the rotational
gravity gradiometer (1073/s>~10719/s?), electrostatic suspen-
sion gravity gradiometer (107'9/s>~107'2/s?), the supercon-
ducting gravity gradiometer (107'9/s2-107'2/s?), the atom-
interferometer gravity gradiometer (10~13/s>~10715/52), etc.
A new type of the high-precise atom-interferometer gravity
gradiometer is a direction of the mainstream development for
the next-generation SGG mission.'”! Therefore, based on the
advantages of the high sensitivity, the simple structure, the
low cost, and the strong anti-interference ability, the atom-
interferometer gravity gradiometer with a measurement accu-
racy of 10713/s>-10715/s? is an optimal choice for the next-
generation GOCE Follow-On SGG mission.

3.3. Comparison among four-stage satellite gravity mis-
sions
Figure 3 shows a comparison of the accuracies of the
Earth’s gravitational field recovery from the past CHAMP, the
current GRACE, and GOCE, and the future GOCE Follow-On
satellite gravity missions, where the cumulative geoid height
errors from CHAMP, GRACE, and GOCE are determined us-

ing the satellite orbital parameters and the measurement ac-
curacies of key payloads published by the international re-
search institutes including the American Jet Propulsion Lab-
oratory (JPL) and the German GeoForschungsZentrum Pots-
dam (GFZ). The statistical results of cumulative geoid height
errors from CHAMP, GRACE, GOCE, and GOCE Follow-On
are listed in Table 4.

H
1S
L

fGOCE Follow-On

150 200 250 300 350

Cumulative geoid height error/m

0 50 100

Degree

Fig. 3. A comparison of cumulative geoid height errors based on
past CHAMP, current GRACE, and GOCE, and next-generation
GOCE Follow-On gravity satellites.
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Table 4. Statistical results of cumulative geoid height errors from CHAMP, GRACE, GOCE, and GOCE Follow-On.

Cumulative geoid height errors/m

Gravity satellites

Degree 20 Degree 50 Degree 70 Degree 120 Degree 250 Degree 360
CHAMP 3.732x 1073 4.226x 1072 1.727 x 107! - - -
GRACE 5.851x107%  2.133x1073  6.485x1073  1.098 x 10~! - -
GOCE 5535x 1073 1.163x 1072  1.718x 1072 2.463x1072  9.295x 1072 -
GOCE Follow-On ~ 1.289x 1075 1.446x 1075  1.635x1075  4.036x107° 4.512x1073  4.016x 107!

(I) The maximum degree of the spherical harmonic ex-
pansion for determining the Earth’s gravitational field from
CHAMP is about 70 (a spatial resolution of 286 km) based
on the SST-HL mode.
the Earth’s gravitational field from CHAMP complete up

As shown in Fig. 3, we measured

to degree and order 70 based on the energy conservation
principle.?”) The cumulative geoid height error is 17.273 cm
at degree 70, which is true of the accuracy of the global
gravity field model EIGEN-CHAMP03S?!released by GFZ.
CHAMRP is the first dedicated gravity satellite for only mea-
suring the low-frequency signals of the Earth’s gravitational
field due to the limitations of an orbital altitude of 454 km, a
measurement accuracy of key payloads and a satellite track-
ing mode of SST-HL. The CHAMP mission is an exploratory
experiment for recovering the global gravitational field.

(IT) The highest degree of the spherical harmonic expan-
sion for mapping the Earth’s gravitational field from GRACE
is approximately 120 (a spatial resolution of 167 km) based
on the satellite-to-satellite tracking in the high-low/low-low
model (SST-HL/LL). As displayed in Fig. 3, we developed the
GRACE Earth gravity field model WHIGG-GEGMO1S com-
plete up to degree and order 120 using the GRACE-Level-
1B data products, acquired during 2008-01-01 to 2008-12-31
and released by the JPL based on the Intersatellite Range In-
terpolation Method (IRIM).??) The cumulative geoid height
error is equal to 10.981 cm at degree 120, which accords
with the accuracy of the global gravity field model EIGEN-
GRACE02S>] released by GFZ. In addition, we have de-
veloped the extensive research and demonstrations in terms
of recovering the Earth’s gravitational field from the current
GRACE and future GRACE Follow-On missions.”**3 Our
cognitive abilities of the digital-based Earth were enormously
improved after the successful launch of the twin GRACE satel-
lite. A new GRACE Earth gravity field model is produced per
15 d-30 d, and the contribution of GRACE to accurately map-
ping the Earth’s gravitational field surpassed the total informa-
tion content of the past 30 years.

(IIT) The maximal degree of the spherical harmonic ex-
pansion for recovering the Earth’s gravitational field from
GOCE is approximately 250 (a spatial resolution of 80 km)
based on the satellite-to-satellite tracking in the high—low
model associated with the SGG mode (SST-HL/SGG). As il-
lustrated in Fig. 3, we recovered the Earth’s gravitational field
from GOCE complete up to degree and order 250 based on the

time-space-wise approach associated with the Kaula regular-
ization, and the cumulative geoid height error is 9.295 cm at
degree 250,71 which tallies with the accuracy of the global
gravity field model GO_CONS_GCF_2_DIR_RI!>I released
by the French Centre National d’Etudes Spatiales (CNES).
Due to a sharp signal attenuation (R, /r)’ of the Earth’s gravi-
tational field with the increase of the orbital altitude, the anal-
ysis of the satellite’s orbital motion is only appropriate to de-
termine the Earth’s medium-low-frequency gravitational field.
However, because the second-order gradients of the Earth’s
geopotential may be directly measured, SGG may suppress
the signal attenuation of the geopotential with the increase of
orbital altitude and accurately determine the Earth’s medium-
high-frequency gravitational field.

(IV) The maximum degree of the spherical harmonic
expansion for measuring the Earth’s gravitational field from
GOCE Follow-On is about 360 (a spatial resolution of 55 km)
based on the SST-HL/SGG mode. As illustrated in Fig. 3, we
estimated the accuracy of the Earth’s gravitational field from
GOCE Follow-On up to degree 360 using an orbital altitude
of 300 km and a measurement accuracy of 10~'%/s? from the
spaceborne gradiometer by the new analytical error model in
this study, and the other computational parameters are listed
in Table 1. The cumulative geoid height error is 40.162 cm at
degree 360. The most important reason why the accuracy of
the Earth’s gravitational field from the next-generation GOCE
Follow-On mission is at least one order of magnitude higher
than that from the present GOCE mission is that the measure-
ment accuracy of the GOCE Follow-On gradiometer is highly
increased by 1-3 orders of magnitude relative to the GOCE
gradiometer.

(V) Because the CHAMP, GRACE, GOCE, and GOCE
Follow-On gravity satellites respectively aim to detect differ-
ent frequency-band gravity signals, the high-precision, high-
resolution, and full-frequency Earth’s gravitational field may
be recovered by an efficient combination of the above satellite
gravity missions.

4. Conclusion

The most important idea in this study is that a new ana-
Iytical error model of SGG is established for accurately and
rapidly estimating the accuracy of the Earth’s gravitational
field from GOCE Follow-On.

i) We analyzed the requirements of the next-generation
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GOCE Follow-On system based on different orbital altitudes
of the satellite and measurement accuracies of the spaceborne
gradiometer. Our results suggest the satellite orbital alti-
tudes of 300 km—400 km and the measurement accuracies of
10~ 13/s2-10715/s? from the spaceborne gradiometer are the
preferred designs for the next-generation GOCE Follow-On
satellite.

ii) We demonstrated the complementarity of the four-
stage satellite gravity missions. The research findings show
that the new global gravitational field model will be precisely
produced by a combination of various satellite observation
data from CHAMP, GRACE, GOCE, and GOCE Follow-On.
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