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Contribution Analysis of GOCE SGG Observations at
Different Orbital Altitudes to Tongji-GMMG2021S

Gravity Field Model
Jianhua Chen, Qiujie Chen , Yunzhong Shen , and Xingfu Zhang

Abstract—Gravity field and steady-state ocean circulation ex-
plorer (GOCE) satellite gravity gradiometry (SGG) data play an
important role in modeling static gravity fields, particularly consid-
ering the decrease in orbital altitude from 259.5 to 229.0 km during
the final 15 months. However, there is limited discussion regarding
the contribution of decreases in the GOCE satellite’s orbital al-
titude to the static gravity field solutions. Therefore, by utilizing
reprocessed Level-1B SGG data and gravity recovery and climate
experiment (GRACE) satellite data, we have solved a satellite-only
static gravity field model entitled Tongji-GMMG2021S up to 300
d/o. Subsequently, a quantitative analysis was conducted to assess
the contribution of SGG data during the period of low-orbital
altitude (LOA) from August 2012 to October 2013 towards the
Tongji-GMMG2021S solution. The validation results indicated that
the accuracy of the Tongji-GMMG2021S model was comparable
to that of the latest combined GOCE/GRACE models. During the
LOA period, the analysis conducted at the normal matrix level
demonstrated that the SGG data obtained during the LOA period
significantly contributed to the solutions at medium and high de-
grees. Notably, the final 5-month SGG data contributed more than
25% to the Tongji-GMMG2021S solution within the range of 150 to
260 d/o. Furthermore, beyond 180 degrees, the contribution of the
solution for the LOA period was even more significant than that
for the high-orbital altitude (HOA) period from November 2009
to July 2012. The LOA solution exhibited a standard deviation of
7.24 cm in geoid height error with respect to Tongji-GMMG2021S,
resulting in a reduction of 51.15% in standard deviation compared
to the HOA solution (14.82 cm).

Index Terms—Contribution analysis, gravity field and steady-
state ocean circulation explorer (GOCE), gravity field estimation,
orbital altitude, satellite gravity gradiometry (SGG).

I. INTRODUCTION

THE Earth’s gravity field is a fundamental physical field that
objectively exists within the Earth, reflecting the spatial
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distribution of surface mass and the density of internal mass, as
well as temporal variations in mass transport [1], [2], [3]. It plays
a crucial role in determining geoid height [4] and monitoring
variations in terrestrial water storage [5]. The gravity field and
steady-state ocean circulation explorer (GOCE) mission, devel-
oped by the European Space Agency (ESA) was successfully
launched in March 2009 and operated close to a sun-synchronous
orbit, maintaining an orbital inclination of 96.7° [6]. It is the
first gravity mission equipped with an electrostatic gravity gra-
diometer (EGG) for observing the second-order derivative of
the gravitational potential. One of its objectives is to provide
a high-resolution and high-precision static gravity field model
with a geoid accuracy of 1–2 cm and a gravity anomaly accuracy
of approximately 1 mGal (1 mGal = 10−5 m/s2) at a spatial
resolution of 100 km (corresponding to spherical harmonic
coefficients up to degree and order [d/o] 200) [7].

The GOCE high-level processing facility (HPF) continuously
updates the GOCE satellite dataset since its initial release,
intending to enhance its quality. Currently, six generations of
GOCE gravity field models have been published, primarily
involving direct, time-wise, and space-wise approaches. One
of the significant differences between the first and fifth gener-
ations of GOCE gravity field solutions is the gradual increase
in data volume and improvement in spatial resolution. The sixth
generation distinguishes itself from the fifth generation by incor-
porating the latest release of satellite gravity gradiometry (SGG)
data, resulting in a further enhancement in model accuracy.
The reprocessed SGG data exhibits a significant reduction in
low-frequency noise compared to the previous SGG dataset
[8]. Several static gravity field models have been developed
using different strategies based on this dataset and published
on the International Centre for Global Earth Models (ICGEM).1

The GO_CONS_GCF_2_DIR_R6 model completes up to 300
d/o was derived from the GOCE SGG, gravity recovery and
climate experiment (GRACE), and satellite laser ranging (SLR)
observations using the direct approach [9]. Combining GOCE
(normal equation of GO_CONS_GCF_2_TIM_R6), GRACE
(normal equation of ITSG-Grace2018s), low-Earth orbiter kine-
matic orbits, and SLR observations, the satellite-only gravity
field model GOCO06s was determined from the Gravity Obser-
vation Combination project [10]. Tongji gravity field model from

1[Online]. Available: http://icgem.gfz-potsdam.de/tom_longtime, last ac-
cess: 30 April 2024.
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multigravity observations [Satellites] (Tongji-GMMG2021S) is
a combined GOCE/GRACE model developed by Tongji Univer-
sity that integrates GOCE SGG data and GRACE data at the nor-
mal equation level through a direct approach [11]. Based on the
GOCE SGG data, GOCE kinematic orbits, and GRACE normal
equation provided by Southwest Petroleum University, Wuhan
University constructed the WHU-SWPU-GOGR2022S model
[12]. In addition, static gravity field models are exclusively
derived from GOCE satellite data or generated by integrating
ground gravity data. For more information, please refer to the
literature [13], [14], [15].

However, the accuracy and spatial resolution of the gravity
field models are constrained by various factors, including but
not limited to the diversity of observation types, data spans,
observation accuracies, data sampling rates, and orbital altitudes
[10], [13], [16], [17], [18], [19]. Farahani et al. [17], Yi et al.
[20], and Bruinsma et al. [21] provided detailed discussions on
the contributions of various types of data to static gravity field
models, including the kinematic orbit and SGG data from the
GOCE satellite. In the combined model, Kvas et al. [10] only
quantitatively analyzed the different types of observations for
the static gravity field model. According to the gravitational
potential formula, a decrease in the orbital altitude is likely
to result in increased sensitivity of SGG data for gravity field
modeling. However, there is limited research on the impact
of decreased orbital altitude on the accuracy of GOCE static
gravity field models. Bruinsma et al. [21], [22] noted distinct
contributions from the data collected during the final 14 months
of GOCE’s scientific mission compared to the preceding 28
months. Wu [19] conducted a study to investigate how the
reduction of orbital altitudes of the GOCE satellite affects the
accuracy of the GOCE SGG-only static gravity field model in
terms of geoid degree variance (GDV) and noise levels in SGG
data. However, accurately determining low-degree spherical
harmonic coefficients using only SGG data from the GOCE
satellite is not feasible. There is a lack of analysis regarding
the contribution made by SSG at different orbital altitudes in
the combined static gravity field model. In addition, previous
studies were based on an outdated release of the SGG dataset,
which is susceptible to low-frequency errors. Although Brock-
mann et al. [13] used a reprocessed SGG dataset to develop the
GO_CONS_GCF_2_TIM_R6 model, their study solely exam-
ined the impact of different releases of the SGG dataset at two
orbital altitudes on the gravity field model, without conducting
a quantitative analysis its contributions.

The orbital altitude underwent two distinct phases during
the GOCE scientific mission period. The high-orbital altitude
(HOA) flight phase occurred at a mean altitude of 259.5 km
from November 2009 to July 2012. The low-orbital altitude
(LOA) flight phase occurred from August 2012 to October 2013,
during which the orbital altitudes decreased from 259.5 km
down to 229.0 km. In particular, four significant orbital reduction
operations in the LOA period were performed in August 2012,
November 2012, February 2013, and May 2013 [23], [24]. From
a mathematical perspective, the observations with subsequent
changes in satellite orbital altitude during the GOCE LOA
period are more sensitive to the gravity field signals. Pail [24]

theoretically demonstrated the benefits of increasing observation
volume and reducing orbital altitude for enhancing precision in
gravity field modeling. However, there is a limited research that
quantitatively analyzes the contributions of SGG data at different
orbital altitudes when constructing combined static gravity field
models based on real GOCE measurements, especially during
the four-orbit reduction operations in the LOA stage.

Therefore, using the reprocessed GOCE Level-1B SGG data
from GOCE HPF,2 we constructed the SGG normal equation up
to 300 d/o through a direct approach. By further incorporating
GRACE satellite data and applying regularization constraints,
we derived the Tongji-GMMG2021S combined static gravity
field model up to 300 d/o. Subsequently, an analysis was con-
ducted on the contributions of SGG data at different orbital
altitudes to the Tongji-GMMG2021S model.

The rest of this article is organized as follows. Section II
briefly presents the theory behind utilizing SGG data for grav-
ity field estimation and its joint inversion with GRACE satel-
lite data. In Section III, the strategy for solving the Tongji-
GMMG2021S model is introduced and evaluated using the latest
combined GOCE/GRACE models and GNSS/Leveling data.
The contribution of SGG data at different orbital altitudes to
the Tongji-GMMG2021S solution is examined in Section IV.
Section V concludes this article.

II. THEORETICAL METHODS FOR THE SATELLITE GRAVITY

FIELD ESTIMATION

The gravitational potential V (θ, λ, r) of any point in the
Earth’s outer space can be mathematically expressed as follows
within the framework of the spherical coordinate system [25]:

V (θ, λ, r) =
GM⊕
r

[
1 +

N∑
l=2

(a
r

)l
l∑

m=0

(
C̄l,m cosmλ

+ S̄l,m sinmλ
)
P̄l,m (cos θ)

]
(1)

where G denotes the universal gravitational constant; M⊕ rep-
resents the mass of the Earth; a is the semimajor axis of the
reference ellipsoid; (θ, λ, r) denote the geocentric colatitude,
geocentric longitude, and geocentric radius of the given point,
respectively; P̄l,m(cosθ) is the fully normalized associated Leg-
endre function for the degree l and order m; (C̄l,m, S̄l,m)
are the fully normalized spherical harmonic coefficients; and
N indicates the maximum degree for computing the gravitational
potential.

A. Normal Equation for the SGG Observations

The direct approach, as one of its advantages, establishes the
observation equation for SGG within the gradiometer reference
frame (GRF) system at each epoch, enabling the estimation of
gravity field parameters based on gravity gradient observations
at the normal equation level [7], [22]. The normal equation
is constructed by incorporating a bandpass filter, effectively

2[Online]. Available: https://goce-ds.eo.esa.int/oads/access/collection.
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accounting for color noise in the observation series. Therefore,
this study employs this approach to solve static gravity field
models based on SGG data. In the Earth fixed reference frame,
the gravitational potential gradients can be derived by taking
the second-order derivatives of (1). However, the GOCE SGG
data are expressed in the GRF, and the Vxy and Vyz components
show lower accuracy [6], [26]. Any conversion between different
reference frames may result in an amplification of observation
errors in the target reference frame. Therefore, the SGG obser-
vation equation is established in the GRF as follows [7], [13],
[18], [19]:

lSGG = ASGG δu+ eSGG (2)

where ASGG represents the design matrix for the gravity field
parameters; δu = (δC̄l,m, δS̄l,m) are the corrections to a priori
spherical harmonic coefficients; lSGG denotes the residual SGG
vector for applicable components (i.e., Vxx, Vyy, Vzz, and Vxz)
obtained by subtracting their reference values computed from
the priori spherical harmonic coefficients; and eSGG is the error
vector. Since the SGG data are dominated by the correlated noise
at frequencies below 0.005 Hz [7], (2) is subjected to a filtering
operation as follows:

F {lSGG} = F {ASGG} δu+ F {eSGG} (3)

where F {} represents the filtering operation. Using the least-
squares adjustment, the SGG normal equation can be derived as
follows:

NSGGδu = wSGG (4)

where NSGG = F {ASGG}T PF {ASGG} is the SGG normal
matrix; wSGG = F {ASGG}T PF {lSGG} is the right-hand vec-
tor; and P represents the weight matrix for the filtered SGG
observations, which is an identity matrix due to the application
of the filter.

B. GOCE/GRACE Combined Normal Equations and
Regularization

A GOCE sun-synchronous orbit with an inclination of 96.7°
results in a polar gap of 6.7°, which is the primary reason for
the severe ill-conditioned characteristics of the normal equation
derived from GOCE observations [27], [28]. Therefore, the
integration of SGG and GRACE data is necessary for solv-
ing the static gravity field model due to the highly accurate
long-wavelength signals provided by GRACE observations. In
this study, the Tongji-Grace02s normal equation of GRACE
observations constructed using a modified short-arc approach
is directly used. More details can be found in Chen et al. [29].
Furthermore, we also introduce the Kaula regularization matrix
[30], [31] to enhance the stability of coefficients at high degrees
and orders. The expression for combining the SGG and GRACE
data, as well as the Kaula regularization matrix, is as follows:

σ2
0

σ2
SGG

NSGG +
σ2
0

σ2
GRACE

NGRACE + αK

=
σ2
0

σ2
SGG

wSGG +
σ2
0

σ2
GRACE

wGRACE (5)

where the unit weight factor is represented by σ0, while the
variances for the SGG and GRACE normal equations σ2

∗ (∗ =
SGG, GRACE) are determined using the variance component
estimation (VCE) method; N ∗ denotes the normal matrices;
w∗ are the right-side vector of the normal equations; the Kaula
regularization matrix is denoted as K; and the corresponding
regularization parameter α is determined by using the general-
ized cross-validation (GCV) approach [28].

III. DEVELOPMENT OF THE TONGJI-GMMG2021S SOLUTION

A. Data Processing

Before deriving static gravity field models, the GOCE Level
1B SGG observations should undergo a series of data processing
steps, including

1) correcting the temporal gravity field variations;
2) detecting and screening outliers in the dataset; and
3) applying decorrelation filtering techniques.
The data processing workflow for the Tongji-GMMG2021S

model is illustrated in Fig. 1.
Additional clarification is needed for Fig. 1.
1) The input data includes gravity gradients in the GRF sys-

tem (EGG_GGT_1i), gradiometer inertial attitude quater-
nions (EGG_IAQ_1i) used for transforming SGG from
GRF to Inertial Reference Frame, and Reduced-Dynamic
orbits (SST_PRD_2) used for geo-locating the SGG mea-
surements.

2) We subtract both the tidal and nontidal temporal variations
in the gravity gradients using background force models.

3) The outliers in SGG data can be classified into two distinct
types, namely block and discrete outliers. To identify
block outliers, a time window of one day is used. On
the other hand, the detection of discrete outliers is per-
formed by using a moving window of 90 min, which
approximately corresponds to one orbit cycle revolution.
It should be noted that when there is a significant number
of consecutive outliers or missing epochs, the continuous
interpolation of data may have an impact on the subsequent
determination of gravity field models. Therefore, in this
study, interpolation is only performed for missing epochs
or continuous outliers lasting less than 40 s; for intervals or
outliers exceeding 40 s, the dataset is divided into multiple
segments.

4) The segmented SGG data undergo an 8th-order infinite
impulse response bandpass filter within the frequency
range of 0.005–0.125 Hz, excluding the warming-up data
length of 5400 for each segment during the inversion
process used for gravity field models.

5) The components of Vxx, Vyy, Vzz, and Vxz are incorporated
with equal weighting assigned for each segment.

6) The integration of the GRACE observations enhances the
accuracy of the spherical harmonic coefficients at lower
degrees.

To address the ill-posed nature of the satellite gravity field
inversion at higher degrees, taking into account the validation re-
sult from published models (i.e., GO_CONS_GCF_2_DIR_R6,
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Fig. 1. Data processing workflow for Tongji-GMMG2021S solution.

and GO_CONS_GCF_2_TIM_R6), we apply the Kaula regular-
ization to the coefficients beyond 180 d/o [9]. As a consequence,
the Tongji-GMMG2021S satellite-only static gravity field model
has been developed and published on the ICGEM website.3

B. Comparison of Tongji-GMMG2021S

The GO_CONS_GCF_2_DIR_R6, GOCO06s, and WHU-
SWPU-GOGR2022S models have been selected for comparison
with the Tongji-GMMG2021S model in terms of GDV relative

3[Online]. Available: http://icgem.gfz-potsdam.de/tom_longtime.

to XGM2019. These models all utilize reprocessed GOCE SGG
data from ESA GOCE HPF and GRACE data but employ
different processing strategies, are illustrated in Fig. 2.

The following deductions can be drawn from Fig. 2: 1) For
lower degrees, noticeable discrepancies are observed among
different models, primarily due to unmodeled time-variable
signals and varying reference epochs employed in the models
[29]; however, above 180 d/o, all four models demonstrate good
agreement with each other. 2) At a half-wavelength of 100 km
(approximately 200 d/o), the GDV relative to XGM2019 is less
than 1 cm across all four models. The error characteristics of each

http://icgem.gfz-potsdam.de/tom_longtime
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Fig. 2. GDV of Tongji-GMMG2021S and other GOCE/GRACE combined
models w.r.t. XGM2019.

model are further compared in the spatial domain using 1° × 1°
gravity anomaly grids (excluding the polar gaps) with respect
to the XGM2019 model truncated to 300 d/o, as illustrated in
Fig. 3.

The four models exhibit consistent error characteristics not
only in the spectral domain but also in the spatial domain,
with standard deviations of 7.39, 6.82, 7.36, and 7.43 mGals
for the Tongji-GMMG2021S, GO_CONS_GCF_2_DIR_R6,
GOCO06s, and WHU-SWPU-GOGR2022S models, respec-
tively. Errors on land generally exhibit larger than those over the
ocean. Notably significant discrepancies are mainly observed
along coastlines and complex terrain areas such as the Tibetan
Plateau. These disparities primarily arise from variations in data
sources between the GOCE/GRACE combined models and the
XGM2019 solution [32]. The incorporation of the ground grav-
ity dataset from the US National Geospatial-Intelligence Agency
into the XGM2019 model [32] provides additional information
that cannot be obtained solely from the GOCE SGG and GRACE
satellite observations.

C. Validation of Tongji-GMMG2021S

Independent validation of the aforementioned gravity field
models is conducted by employing the Global Navigation Satel-
lite System (GNSS) and Leveling data. To perform this val-
idation, the geoid heights derived from the four models are
subtracted from the diverse GNSS/Leveling datasets from the
National Geodetic Survey4 across regions of the United States
(8006 points), Canada (212 points), and Mexico (536 points), as
illustrated in Fig. 4. The standard deviations of the differences
in Fig. 4(a)–(c) correspond to different truncated degrees for
each model, aligning with the evaluation method used by the
ICGEM service agency. The discrepancies between the geoid

4[Online]. Available: https://geodesy.noaa.gov/.

heights calculated from gravity field models truncated to differ-
ent degrees and GNSS/leveling data are subsequently utilized
for calculating the standard deviations.

Fig. 4(a)–(c) illustrates the discrepancies between the
GNSS/Leveling data and the GOCE/GRACE combined models
truncated to different degrees, encompassing errors originating
from both GNSS data and unmodeled short-wavelength gravity
field signals. As shown in Fig. 4(a)–(c), gradually increasing
the degree to be truncated leads to a decrease in their standard
deviations. This can be attributed to the inclusion of gravity
field signals with higher degrees, as the GNSS/leveling data
contain full-frequency gravity field information. In other words,
short-wavelength signals of gravity field models should not be
disregarded during independent validation [33].

To account for the short-wavelength gravity field signals,
the coefficients beyond the truncated degrees are extended up
to 2160 d/o by using the XGM2019e model [32]. As illus-
trated in Fig. 4(d)–(f), the accuracy levels are generally con-
sistent before degree 200. However, beyond degree 200, the
standard deviations gradually increase due to variations in the
sensitivity of SGG data to high-degree gravity field signals.
Despite differences in solution strategies, all models demon-
strate similar noise characteristics. The disparities in standard
deviations between Tongji-GMMG2021S and other combined
GOCE/GRACE models are all less than 1 cm. Overall, the
validation results of the Tongji-GMMG2021S model provide
sufficient evidence to support the analysis of how a reduced
GOCE orbital altitude impacts gravity field estimation based on
SGG data.

IV. ANALYSIS OF THE CONTRIBUTION OF THE REDUCED

ORBITAL ALTITUDE OBSERVATIONS

In this study, the daily average value of the GOCE or-
bital altitude is computed based on the reduced-dynamic orbits
(SST_PRD_2) published by the GOCE HPF.5 As shown in
Fig. 5, the orbital altitude primarily underwent two distinct
phases throughout the GOCE scientific mission. The first phase
denoted as the HOA period, was characterized by a mean altitude
of 259.5 km. Subsequently, to enhance scientific output and
optimize the quality of observations, ESA implemented a series
of orbital adjustments during the LOA period. Specifically, these
adjustments involved a progressive decrease in orbital altitudes
by 8.5, 6.5, and 5.5 km, respectively, followed by a subsequent
reduction of 10 km resulting in a mean altitude of 229.0 km.

During the LOA period, we conduct a comprehensive analysis
of SGG data to assess its contribution to static gravity field
solutions. This analysis takes into account factors such as the
frequency-error characteristics of the observations, contribu-
tions of the SGG data at the normal matrix level, comparisons
with GDV, discrepancies in spectral errors, and spatial gravity
anomalies of the derived gravity field models relative to the
reference model.

5[Online]. Available: https://goce-ds.eo.esa.int/oads/access/collection.

https://geodesy.noaa.gov/
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Fig. 3. Comparison of spatial errors in terms of gravity anomalies between different GOCE/GRACE combined models and the XGM2019 model. (a) Tongji-
GMMG2021S. (b) GO_CONS_GCF_2_DIR_R6. (c) GOCO06s. (d) WHU-SWPU-GOGR2022S.

Fig. 4. Statistical differences between the GNSS/Leveling data and the GOCE/GRACE combined models. (a) USA. (b) Canada. (c) Mexico. (d) USA. (e) Canada.
(f) Mexico.

A. Frequency Characteristics of the SGG Observations

The daily variations (excluding data anomalies) in the four
components (Vxx, Vyy, Vzz, and Vxz) since July 2012 are
depicted in Fig. 6(a)–(d). The signal strength (absolute value)
of the Vxx and Vzz components shows a gradual increase, as

shown in Fig. 6(a) and (c). These findings indicate that variations
in orbital altitudes result in changes in the sensitivity of SGG
data towards gravity field signals. Theoretically, it is expected
that the trace of the gradient tensor would be zero; however,
empirical evidence contradicts this assumption [6], [26]. This
inconsistency may potentially explain the observed ascending
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Fig. 5. GOCE scientific mission orbital altitude overview.

pattern in the Vyy component. Therefore, additional research is
necessary to determine its exact underlying cause in the near
future. As for the Vxz component, the signal slightly increases
as orbital altitude decreases.

Fig. 6(e)–(h) shows the amplitude spectral densities (ASDs) of
the residuals obtained by subtracting the Tongji-GMMG2021S-
based gradients from the observations with the components Vxx,
Vyy, Vzz, and Vxz, which are typically considered as noise.
The noise frequency characteristics remain unchanged as the
orbital altitude decreases, while the signals become stronger, as
depicted in Fig. 6. In other words, the reduction in the orbital
altitudes results in an improved signal-to-noise ratio. Within the
effective observation frequency range 0.005–0.1 Hz, both Vxx
and Vyy components demonstrate noise levels of approximately
10 mE (1 mE = 10−3 E = 10−12 s−2). In contrast, the noise
levels for Vzz and Vxz components are approximately 20 mE.

B. Contribution Factors of the Observations and
Regularization Matrix

Due to the decrease in the GOCE orbital altitude, it is expected
that the nature of the corresponding normal matrix is expected to
vary during distinct phases. As depicted in Fig. 7, the contribu-
tions of SGG data to the normal matrix of Tongji-GMMG2021S
are computed based on (6) during both the HOA and LOA stages:

Ri = N−1

(
σ2
0

σ2
i

)
N i; ri(k) = [Ri]kk (6)

whereN represents the combined normal matrix;N i represents
the ith normal matrix, such as the SGG data, GRACE data, and
Kaula regularization matrix; Ri denotes the ith contribution
matrix; and the term ri(k) corresponding to the kth diagonal
element in the contribution matrix is treated as the contribution
factor for each degree and order [10], [20].

According to the (6), it is evident that the variance σ2
i of

the ith matrix has a significant influence on the contribution
matrix, while the unit weight factor has no impact on it. However,
this study primarily focuses on investigating the contributions
of different data factors to Tongji-GMMG2021S. In principle,
to reasonably account for the difference in accuracy between
GRACE data and GOCE SGG data, the corresponding weight-
ing factors for GRACE satellite data and GOCE SGG data

should be estimated using the VCE method, while the regu-
larization parameter is determined through the GCV method.
Consequently, all variance factors for the data are uniquely
determined, ensuring the validity of the analysis results in this
study.

As shown in Fig. 7, the GRACE contribution primarily fo-
cuses on geopotential coefficients below 95 d/o, particularly
below 36 d/o. These results indicate that the combined solu-
tion is mainly influenced by the GRACE data at low degrees.
Furthermore, the Kaula regularization matrix plays a significant
role in enhancing the stability of the normal matrix beyond 260
d/o. The contribution of SGG data to the Tongji-GMMG2021S
model ranges from 95 to 260 degrees, with a substantial contri-
bution ratio exceeding 50%. These findings also align well with
previous studies conducted by Kvas et al. [10] and Pail et al.
[16]. However, it is important to note that the contributions of
SGG observations to Tongji-GMMG2021S vary across different
orbital altitudes and periods. Despite the longer duration of the
HOA period compared to the LOA period, the latter demon-
strates a significantly greater contribution beyond 112 d/o than
the former. However, both periods demonstrate comparable con-
tributions below 112 d/o, indicating that lower orbital altitudes
are more sensitive to the signals at higher degrees and orders.

To comprehensively quantify the contributions of various
factors, Fig. 8 illustrates the relative contribution ratios of each
factor to Tongji-GMMG2021S at different degrees. Notably,
both Figs. 7 and 8 demonstrate that beyond degree 112, the
15-month observations during the LOA phase contribute more
significantly to the combined normal matrix than the 30-month
data in the HOA stage, with a mean orbital altitude of 259.5 km.
These findings highlight that as the orbital altitude decreases,
the sensitivity towards the medium and high degrees of gravity
field signals increases.

C. Contribution Analysis at the Normal Matrix Level

Considering the significant impact of the decreased orbital
altitudes between August 2012 and October 2013 on the normal
matrix of Tongji-GMMG2021S, the contribution ratio of the
SGG data at the normal matrix level for each month from
July 2012 to October 2013 is further examined. Following (6),
the subsequent average contribution ratio per degree for each
month is illustrated in Fig. 9. In general, the contribution of
SGG data to gravity field modeling gradually increases as the
orbital altitude decreases, primarily within the range of 112–260
degrees. Notably, during the final 5 months of observations, the
total contribution for each degree between 150 and 260 exceeded
25%, with the highest contribution reaching 38% at degree 221.
Throughout the period from March to October 2013, a consistent
total contribution exceeding 31% was observed for each degree
within the range of 150–260. However, data availability in 2013
was limited due to orbital adjustment events and data quality
issues, particularly in February and May 2013. As a result,
the contribution from observations collected at similar orbital
altitudes during these months is relatively smaller. This case
depends upon satellite calibration operations, special events,
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Fig. 6. Daily mean values of the four components in the GRF system (left column) and ASDs of the residuals for the SGG four components (right column).

Fig. 7. Contributions of various factors to the normal matrix of Tongji-
GMMG2021S. (a) HOA Period SGG. (b) LOA Period SGG. (c) GRACE. (d)
Kaula.

and data anomalies. For more detailed information, please refer
online.6

D. Contribution Assessment in the Spectral Domain

To conduct a spectral analysis of the gravity field models
derived from the SGG data at the HOA and LOA periods, we

6[Online]. Available: https://earth.esa.int/.

Fig. 8. Average contribution ratios of the various factors to the Tongji-
GMMG2021S model.

obtain two corresponding gravity field solutions. During this
process, we also apply the Kaula regularization, incorporate the
normal equation of Tongji-Grace02s, and ensure consistency
with the weighting factor of the Tongji-GMMG2021S model.

Subsequently, we compute the GDV with respect to
XGM2019 using the GOCE/GRACE combined model and the

https://earth.esa.int/
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Fig. 9. Monthly average SGG contribution per degree from July 2012 to October 2013.

Fig. 10. GDV values of various models w.r.t. XGM2019.

TABLE I
CUMULATIVE GDV VALUES OF VARIOUS MODELS W.R.T. XGM2019 (IN UNIT

OF MM)

GRACE-only model (Tongji-Grace02s), as shown in Fig. 10.
Compared with the GRACE-only model, the integration of
GRACE and SGG data significantly reduces the GDV beyond
72 d/o. The cumulative GDV values up to various degrees are
further given in Table I, demonstrating that the combined model

yields a significantly smaller cumulative GDV compared to
the GRACE-only solution. Despite utilizing a larger amount of
SGG data during the HOA period than during the LOA period,
the decreased orbital altitudes in the latter stage significantly
reduce the GDV values. These further emphasize the importance
of SGG observations at lower orbital altitudes for accurately
estimating the gravity field, particularly beyond 180 d/o.

E. Significance Analysis in the Spatial Domain

We further conduct a spatial domain analysis of the solution
obtained during the two distinct mission stages, i.e., HOA and
LOA. The geoid height error grids, with a spatial resolution
of 1° × 1° (excluding polar gaps) for both HOA and LOA
solutions relative to the Tongji-GMMG2021S model up to 300
d/o are shown in Fig. 11. As shown in Fig. 11, the LOA solution
demonstrates an error reduction compared to the HOA solution.
The standard deviation of the grids during the LOA stage is
approximately 7.24 cm. In contrast, the spatial pattern of the
HOA model is significantly contaminated by errors, resulting in
a standard deviation of 14.82 cm. Despite the limited availability
of data in the LOA stage compared to the HOA stage, there is
a reduction of 51.15% in the standard deviation of the geoid
height errors during the LOA stage. Therefore, the observations
during the LOA stage contribute more substantially to Tongji-
GMMG2021S than those in the HOA stage.

V. CONCLUSION

The GOCE mission has played an important role in the
development of high-resolution and high-precision static Earth
gravity field models. Following the successful completion of
the nominal objectives of the GOCE satellite, its orbital altitude
decreased from 259.5 to 229.0 km during the final 15 months,
which improved the sensitivity of SGG data to gravity field
signals. Conducting quantitative analysis on the contribution
of the SGG data at different orbital altitudes to gravity field
modeling is important for refining high-precision static gravity
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Fig. 11. Geoid height errors of the (a) HOA and (b) LOA solutions w.r.t Tongji-
GMMG2021S. (a) SGG HOA Period. (b) SGG LOA Period.

field solutions and designing next-generation SGG-type gravity
satellite missions. Therefore, utilizing the reprocessed Level-1B
SGG data from ESA GOCE HPF and GRACE satellite data,
we successfully constructed the Tongji-GMMG2021S gravity
field model up to 300 d/o. Subsequently, we conducted an
extensive investigation into the variations in signal and noise
characteristics within the SGG data, as well as their respective
contributions to the Tongji-GMMG2021S model from multiple
perspectives encompassing the normal matrix, spectral domain,
and spatial domain. The following conclusions can be drawn
from our analysis.

1) The accuracy of the Tongji-GMMG2021S solution was
comparable to that of the latest combined GOCE/GRACE
models.

2) With decreasing orbital altitude, an overall signal enhance-
ment in the SGG data was observed, while the noise
remained at a constant level, resulting in an improved
signal-to-noise ratio.

3) Based on the contribution analysis at the normal matrix
level, a decrease in orbital altitude corresponds to an
increase in the accuracy of derived gravity field models,
particularly at medium and high degrees. Notably, during
the last 5 months of the SGG observations at a mean
orbital altitude of 229.0 km, the contribution exceeded
25% between degrees 150 and 260. Moreover, from March
2013 to October 2013, the contribution exceeded 31%
within the degree range of 150–260.

4) In the spectral domain, the joint solution derived from
both SGG data and GRACE data exhibited a smaller GDV
beyond degree 72 compared to the GRACE-only solution.
In addition, during the LOA period, the solution derived
from SGG data exhibited a greater advantage over that
obtained during the HOA period beyond 180 d/o.

5) In the spatial domain, despite having fewer available data
in the LOA period, the corresponding solution exhibited a

standard deviation of 7.24 cm with respect to the Tongji-
GMMG2021S solution, which significantly reduced geoid
height errors by 51.15% compared to those derived from
the HOA period (with a standard deviation of 14.82 cm).
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