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Abstract. GOCO2025s is a global gravity field model represented by spherical harmonic coefficients up to degree and order

300, with constrained secular, annual, and semi-annual variations up to degree and order 200. It is derived from 23 years of

satellite data, incorporating observations from the dedicated gravity field missions Gravity field and steady-state Ocean Cir-

culation Explorer (GOCE), Gravity Recovery and Climate Experiment (GRACE), and GRACE Follow-On (GRACE-FO), as

well as kinematic orbits of 18 low Earth orbit satellites and satellite laser ranging observations to 9 passive geodetic satellites.5

The complementary measurement principles of the different satellite missions and their strengths in determining specific parts

of the spherical harmonic spectrum were exploited by combining the data at the normal equation level, with emphasis on the

stochastic modeling of each contribution. Particular focus was placed on the inclusion of GRACE-FO laser ranging interfer-

ometer (LRI) data, which provided the dominant contribution to the estimation of the spherical harmonic coefficients between

degrees 70 and 200. All processing steps, except for the determination of the GOCE normal equations, were carried out at10

the Institute of Geodesy at Graz University of Technology (TUG) employing up-to-date background models. The consistent

in-house processing of nearly all satellite data, using the Gravity Recovery Object Oriented Programming System (GROOPS)

software package, minimized errors arising from inconsistencies of different algorithms or models being applied.

The individual files of the GOCO2025s model (Öhlinger et al., 2025) are available at the TUG repository and identified

with the following DOI: 10.3217/f48p8-8h651. They comprise the static and time-dependent gravity field coefficients and15

their respective uncertainty information, all parts of the normal equation system of the static gravity field, and the gravitational

potential of non-tidal atmospheric and ocean masses already included in GOCO2025s.

1 Introduction

The Earth’s gravity field reflects the spatial distribution of mass across the planet, making it a key observable for investigating

the dynamics of the Earth system. Models of the static gravity field describe the long-term, time-averaged shape of the Earth,20

which is essential for a wide range of geoscientific applications, including oceanography, continental hydrology, sea level

and ice mass changes (Tapley et al., 2019), as well as geoid determination (Barthelmes, 2013) and height system realization

(Rummel, 2012). Global gravity field models are also a prerequisite for simulation studies of next-generation satellite missions
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(Pail et al., 2019). Here, highly accurate background models form the basis for end-to-end mission simulators. Such studies

have been conducted, among others, for GRACE-Continuity and the Next Generation Gravity Mission (Daras et al., 2024).25

Gravity field models based entirely on satellite observations benefit from a consistent data accuracy and provide a globally

homogeneous quality. In contrast, models which additionally include terrestrial, shipborne or altimetry-derived gravity data

achieve higher spatial resolution at the cost of regionally varying model quality due to the heterogeneous distribution and

accuracy of the gravity observations. The globally consistent measurement accuracy of satellite observations also allows for

adequate stochastic modeling at the observation level (Ellmer, 2018). Together with the incorporation of background model30

uncertainties (Kvas and Mayer-Gürr, 2019), this results in realistic formal errors for the derived gravity field solutions.

Dedicated gravity field satellite missions such as the CHAllenging Minisatellite Payload (CHAMP, Reigber et al., 1999),

the Gravity Recovery and Climate Experiment (GRACE, Tapley et al., 2004, 2019) and the Gravity field and steady-state

Ocean Circulation Explorer (GOCE, Floberghagen et al., 2011) observe changes of the gravity field using different measure-

ment techniques. While CHAMP made use of its GPS receiver to recover the Earth’s gravity field, GOCE was additionally35

equipped with a gradiometer to measure the second derivative of the gravitational potential. The two GRACE satellites used a

K/Ka-band ranging (KBR) instrument to determine the distance changes between each other and consequently derive gravity

changes. GRACE Follow-On (GRACE-FO, Landerer et al., 2020) – the successor mission of GRACE – additionally carries

a laser ranging interferometer (LRI) alongside the KBR instrument. The distinct measurement techniques and altitudes of the

spacecraft imply that different parts of the spectrum of the gravity signal can be determined by the respective mission. While40

GRACE and GRACE-FO, using low-low satellite-to-satellite tracking (SST) at an altitude of about 500 km, are primarily sen-

sitive to the medium and long wavelengths, GOCE, using gradiometry at 250 km altitude, is particularly sensitive to the short

wavelengths, enabling a much higher spatial resolution. However, GOCE cannot be used to estimate the time-variable part of

the gravity field due to the spectral noise characteristics of the gravity gradient observations, whereas GRACE-like missions

are designed to observe these temporal variations. Apart from dedicated gravity field missions, satellite observations from45

other missions can also contribute to gravity field estimation. In particular, kinematic orbit positions of low Earth orbit (LEO)

satellites, derived from onboard GPS observations, provide information on the long and medium wavelengths. Additionally,

satellite laser ranging (SLR) observations to high-flying geodetic satellites can be used to determine the very long-wavelength

part of the gravity signal. Combined gravity field models are designed to benefit from these complementary observation types

and to compensate for deficiencies of the individual contributions. Several such models exist, including Tongji-GMMG2021S50

(Chen et al., 2018, 2022), WHU-SWPU-GOGR2022S (Zhao et al., 2023) or the models of the GOCO series (Pail et al., 2010;

Goiginger et al., 2011; Mayer-Gürr et al., 2012, 2015; Kvas et al., 2021), which typically combine GRACE and GOCE data.

The primary motivation for the new GOCO release – GOCO2025s – was the incorporation of the GRACE-FO data set

and, in particular, the analysis of the contribution of the LRI observations. Originally designed as a technology demonstrator

for future GRACE-like satellite missions, the LRI has proven its capability of capturing gravity signals which are one order55

of magnitude smaller compared to the sensitivity of the KBR system (Ghobadi-Far et al., 2020). This study investigates the

impact of these observations and the improvements introduced in the new GOCO release as part of a reprocessing campaign

for GRACE, GRACE-FO, kinematic orbit, and SLR data. Consistent up-to-date background models were applied, including
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a newly developed ocean tide model and a refined autoregressive (AR) model to account for background model uncertainties

associated with global atmosphere and ocean mass variability and hydrology. The determination of GOCO2025s also served to60

assess the benefit of consistently processing almost all satellite data in-house with the same software. In particular, the recently

developed SLR functionality allowed the normal point data to be included as an internally computed contribution. With the

exception of the GOCE normal equations, all computations were carried out at the Institute of Geodesy at Graz University of

Technology (TUG) using the Gravity Recovery Object Oriented Programming System (GROOPS, Mayer-Gürr et al., 2021)

software toolkit.65

In this paper, the satellite-only gravity field model GOCO2025s is presented. Section 2 gives information about the employed

satellite data, the parameterization of the respective normal equations, and the background models. The stochastic modeling of

the individual contributions is outlined in Sect. 3, and the combination process is discussed in Sect. 4. In Sect. 5, GOCO2025s

is validated against independent data sets, comprising GNSS, leveling, and altimetry, and compared with other global gravity

field models.70

2 Data acquisition - Satellite data contributions and background models

The GOCO2025s gravity field model comprises satellite data from GOCE, GRACE, and GRACE-FO, as well as kinematic

orbits from 18 LEO satellites, and SLR observations to 9 passive geodetic satellites. Information about the observations of the

individual satellite contributions is summarized in Table 1, and the background models used for all the processing, except for

the GOCE normal equations, are listed in Table 2.75

Table 1. Satellite data used for GOCO2025s: The time period refers to the data employed in the combination process and does not have to

coincide with the first or last data available for any of the satellite missions. December 2024 was defined as the last month of the considered

time span for GOCO2025s. Specifically for GRACE and GRACE-FO, some monthly solutions were not considered due to missing data or

deteriorated quality. The period set for the kinematic orbits of LEO satellites starts with the first solution determined for CHAMP. All LEO

orbits were estimated for the entire respective mission duration.

Satellite data No. of satellites Period (inclusive) Principle observation type Source

GOCE 1 2009-10 – 2013-10 Gradiometry ESA

GRACE 2 2002-04 – 2016-08 KBR, kinematic orbits JPL, TUG

GRACE-FO 2 2018-06 – 2024-12 KBR, LRI, kinematic orbits JPL, AEI, TUG

LEO satellites 18 2002-01 – 2024-12 Kinematic orbitsa TUG

SLR 9 2006-01 – 2024-12 Normal points ILRS
a Kinematic orbit products produced by TUG are available at: https://www.tugraz.at/institute/ifg/downloads/satellite-orbit-products
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2.1 Gravity field and steady-state Ocean Circulation Explorer (GOCE)

The GOCE contribution to GOCO2025s is derived from the satellite gravity gradiometry (SGG) normal equations generated

within the processing of the GO_CONS_EGM_TIM_RL06 solution (Brockmann et al., 2019, 2021). These normal equations

were determined using the time-wise approach (Pail et al., 2011) and are based solely on calibrated SGG observations from the

entire operational period of the mission. They are therefore independent of any other gravity field information and well-suited80

for the combination with other satellite data sets. The rigorous stochastic modeling of the SGG observations provides realistic

accuracy information of the model coefficients, which is essential for a consistent combination of GOCO2025s at normal

equation level.

The official GO_CONS_EGM_TIM_RL06 solution is based on SGG observations, as well as on GOCE kinematic orbits,

and a regularization strategy to account for the polar gap and improve the signal-to-noise ratio in the high-degree coefficients85

(Brockmann et al., 2021). For GOCO2025s, however, only the unconstrained SGG normal equations parameterized in terms

of spherical harmonics from degree 2 to 300 were used to determine the static part of the gravity field. Polar gap regularization

was not required for GOCO2025s due to the combination with other satellite data, and the regularization for the high-degree

coefficients is described in Sect. 4. The normal equations of the GOCE kinematic orbit solution were determined independently,

as described in Sect. 2.4.90

2.2 Gravity Recovery and Climate Experiment (GRACE)

Monthly gravity field solutions from the entire operational period of GRACE were reprocessed for GOCO2025s following the

processing strategy outlined in Kvas et al. (2019), using the background models listed in Table 2. The normal equations were set

up employing the variational equation approach (Ellmer, 2018), parameterizing the static part of the gravity field up to degree

and order 230 and the long-term temporal gravity variations, represented by a trend, an annual, and a semi-annual oscillation,95

up to degree and order 150. The official GRACE L1B RL03 observation data published by the Jet Propulsion Laboratory (JPL,

2018), together with the in-house processed kinematic GRACE orbits (see Sect. 2.4), were used. Emphasis was placed on a

realistic uncertainty description of the monthly solutions. The stochastic modeling of the observations and the background

model uncertainties is described in detail by Ellmer (2018) and Kvas and Mayer-Gürr (2019), and summarized in Sect. 3.2

and Sect. 3.3, respectively. Due to missing or degraded observation data, mainly related to the outage of the accelerometer on100

GRACE-B, the gravity field solutions from September 2016 to June 2017 were excluded from the combination. The remaining

monthly normal equations were accumulated and subsequently used to estimate the static part and the long-term temporal

variations of GOCO2025s.

2.3 Gravity Recovery and Climate Experiment Follow-On (GRACE-FO)

For GRACE-FO, monthly solutions from June 2018 to December 2024 were reprocessed using the background models from105

Table 2, employing a processing approach similar to the one used for GRACE. However, both types of SST observations,

KBR and LRI, were used whenever the two data sets were available. In nominal fine-pointing mode, both SST observation
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types were processed. To reduce thruster activation and overall fuel consumption, GRACE-FO has been operated in a relaxed

pointing mode since July 2023 (similar to the mode used in January and February 2023). This mode allows for greater pointing

offsets, yet the LRI is not collecting nominal science data anymore, and only KBR ranging observations are available (Landerer110

et al., 2023). The official GRACE-FO L1B RL04 data released by JPL (2019) were used to derive the monthly gravity field

solutions. However, for the LRI measurements, the LRI1B v54 data set from Müller et al. (2024), processed at the Max-Planck

Institute for Gravitational Physics (Albert Einstein Institute; AEI), was employed. The synthetic accelerometer observations

required for the GRACE-D satellite, also known as the accelerometer transplant, were determined in-house using an adjusted

version of the approach from Behzadpour et al. (2021). Stochastic modeling for the KBR-only and the dual-SST solutions was115

performed as outlined in Sect. 3.2. The parametrization of the static and temporal parts of the gravity field for the KBR-only

solutions was the same as for GRACE. For the dual-SST solutions, however, the static gravity field was estimated up to degree

and order 250.

2.4 Kinematic orbits of low Earth orbit (LEO) satellites

Kinematic orbits of 18 LEO satellites were estimated for GOCO2025s following the precise orbit determination (POD) ap-120

proach from Süsser-Rechberger et al. (2022), which is based on raw GPS phase and code observations on all available frequen-

cies for daily arcs. Besides GRACE and GRACE-FO, whose kinematic orbits are already included in the corresponding normal

equations, kinematic orbit positions were determined for CHAMP, GOCE, Swarm A/B/C, Sentinel-1A/1B/2A/2B/3A/3B/6A,

TerraSAR-X and TanDEM-X. The respective normal equations for gravity field recovery were set up monthly using the short-

arc integral approach (Mayer-Gürr, 2006). The static part and the temporal variations of the gravity field were parameterized125

up to degree and order 120 for all satellites except GOCE. The normal equations for GOCE were set up to degree and order 150

due to its lower orbital altitude. The stochastic modeling of the POD-derived kinematic orbit observations in the gravity field

estimation process is outlined in Sect. 3.2. Accuracy information in the form of a 3× 3 epoch-wise covariance matrix, derived

for each satellite during the POD process, was hereby used as a priori information for the stochastic model. Relative weights

for all monthly normal equations were estimated using variance component estimation (VCE, Koch and Kusche, 2002). The130

weighted normal equations were then accumulated over the entire time span of the respective satellite mission, up to December

2024 at the latest.

2.5 Satellite Laser Ranging (SLR)

SLR normal point observations provided by the International Laser Ranging Service (ILRS) to 9 passive geodetic satellites

over the period from January 2006 to December 2024 were used in the GOCO2025s combination. For the SLR gravity field135

recovery, each month was divided into four arcs: the first three arcs cover 7 days each, while the fourth arc consists of the

remaining days of the respective month. Compared to the daily arcs used for POD and GRACE/GRACE-FO processing,

longer arc lengths are required here due to the sparse and inhomogeneous distribution of the SLR stations and the limited

number of observations. The SLR tracking stations were selected in accordance with the ITRF2020 reference frame (Altamimi

et al., 2023). Normal point observations from these stations to the satellites AJISAI, BLITS, LAGEOS-1, LAGEOS-2, LARES,140
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LARES-2, LARETS, Starlette, and Stella were processed, following the approach described in Süsser-Rechberger et al. (2026).

Normal equations were set up in weekly batches to degree and order 50 for the static part and the temporal variations of the

gravity field. Additional empirical parameters were co-estimated, including a constant acceleration bias for along and cross-

track, and a once-per-revolution empirical acceleration for along-track, both parameterized once per day, as well as station

range biases, set up once per week for all satellites. In addition, weights for the individual observations and an adjustment145

factor for each station were determined from the residuals using VCE (see Sect. 3.4). The resulting time series of weekly

normal equations was then used to set up a combined normal equation system for both the static gravity field and the temporal

variations.

2.6 Background models

Table 2. Background models used for the processing of GRACE, GRACE-FO, the kinematic orbits of 18 LEO satellites, and SLR.

Force / effect Model Reference

Earth’s gravity field

– Static, trend, and annual components

– Co-seismic earthquake signals

GOCO06s Kvas et al. (2021)

Non-tidal atmosphere and ocean variations AOD1B RL07 Shihora et al. (2022)

Hydrology LISFLOOD Jensen et al. (2025)

Ocean tides MIXED2025 + GRACE/GRACE-FO corrections see Sect. 2.6

Atmospheric tides TiME22 Sulzbach et al. (2022)

Pole tides IERS2010, linear mean pole Petit and Luzum (2010)

Ocean pole tides Desai (2002), linear mean pole Desai (2002)

Astronomical tides (Moon, sun, planets) JPL DE432 Folkner (2014)

Solid Earth tides IERS2010 Petit and Luzum (2010)

Relativistic effects IERS2010 Petit and Luzum (2010)

Non-conservative forces

– Solar radiation pressure

– Earth radiation pressure

– Thermal radiation pressure

– Atmospheric drag

CERES

DTM-2020

HWM2014

Behzadpour (2022)

Wielicki et al. (1996)

Wöske et al. (2019)

Bruinsma and Boniface (2021)

Drob et al. (2015)

When determining a gravity field solution, a functional relationship between the spherical harmonic coefficients and the satel-150

lite observations must be established. For the GRACE, GRACE-FO, kinematic orbit, and SLR contribution to GOCO2025s,

this functional model is set up by combining dynamically integrated orbits with the observation equations. All background

models employed in the precise orbit integration of the respective satellites are listed in Table 2.
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GOCO06s (Kvas et al., 2021) was used as the reference gravity field up to degree and order 300 for the static part and

up to degree and order 200 for the trend and the annual oscillation. In addition, co-seismic gravity changes, modeled as step155

functions for three major earthquakes, were taken into account here. The latest release RL07 of the Atmosphere and Ocean

De-Aliasing Level-1B (AOD1B) product (Shihora et al., 2022) was employed to account for short-term, non-tidal gravity

changes. The corresponding accuracy information, the AOe07 time series of synthetic errors (Shihora et al., 2024), was used

for the estimation of the stochastic model of the background model uncertainties, as described in Sect. 3.3. The LISFLOOD

hydrological model (De Roo et al., 2000; Knijff et al., 2010; Jensen et al., 2025) was used directly in the gravity field processing160

for additional dealiasing and also served as input for the stochastic modeling of the background model uncertainties. Since

GOCO06s already includes the contributions of the hydrological signal and the non-tidal atmospheric and ocean masses, the

static part and the long-term temporal variations of LISFLOOD and AOD1B RL07 were reduced from the models to avoid

double consideration. The respective signal components, parameterized in the form of GOCO2025s, are later restored to ensure

that GOCO2025s comprises the gravitational potential of the complete Earth.165

A new ocean tide model, MIXED2025, was developed in cooperation between TUG, the GFZ Helmholtz Centre for Geo-

sciences, and the Technical University of Munich. The model is available at the website1 of the Institute of Geodesy at TUG.

It is based on GOT5.6 (Ray, 2025) and extended by constituents from FES2022 (Carrere et al., 2022) and TiME22 (Sulzbach

et al., 2022). The MIXED2025 model was further supplemented by correction terms, derived from GRACE and GRACE-FO

data. For this purpose, zero-constrained corrections for 9 long-period, diurnal and semi-diurnal tidal constituents were esti-170

mated up to degree and order 50, together with the static and temporal gravity field, over respective GRACE and GRACE-FO

periods.

For satellites, which are not equipped with an accelerometer to measure the non-conservative forces, physical models were

used for the simulation of solar radiation pressure, Earth radiation pressure, and thermal radiation pressure, as well as the

atmospheric drag acting on the satellites. The Drag Temperature Model 2020 (DTM-2020, Bruinsma and Boniface, 2021) and175

the Horizontal Wind Model 2014 (HWM2014, Drob et al., 2015) were employed to model the atmospheric density and to

account for the force exerted on the satellite surface caused by the remnant atmospheric molecules at the respective satellite

altitude. The accelerations caused by solar radiation pressure and Earth radiation pressure were calculated as described in

Behzadpour (2022), where monthly mean values for the reflectivity and the emissivity of the Earth’s surface were obtained

from the Clouds and the Earth’s Radiant Energy System (CERES) model (Wielicki et al., 1996). The thermal re-radiation180

of the satellite was computed according to the algorithm described in Wöske et al. (2019). For the modeling of the non-

gravitational forces, macro models of the respective satellites were used, including information about mass, surface areas and

their orientation, as well as the physical properties of the material.

1https://www.tugraz.at/institute/ifg/downloads/ocean-tides
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3 Stochastic modeling

When determining a gravity field solution in a least-squares adjustment, an adequate stochastic model is required to properly185

weight the observations and consequently obtain realistic formal errors. Information about the stochastic characteristics of each

satellite contribution used in GOCO2025s is essential for an optimal combination.

3.1 GOCE gravity gradients

Since the gradiometer noise of the individual gravity gradient components is highly temporally correlated, a robustified es-

timation procedure was employed to model the stochastic characteristics of the noise time series in terms of AR processes190

(Brockmann et al., 2021). Statistical tests were applied to detect outliers and non-stationary behaviour for each gravity gradient

component and continuous data segment before the AR coefficients are estimated and subsequently used for decorrelation.

Further details on the processing of GOCE data are provided by Brockmann et al. (2021) and Brockmann (2014).

3.2 GRACE, GRACE-FO and kinematic orbit observations

The stochastic modeling described in this section was employed for gravity field estimation using inter-satellite ranging ob-195

servations and POD-derived kinematic orbit positions. Consequently, the procedure was applied for the processing of GRACE

and GRACE-FO, as well as for the kinematic orbit solutions of the LEO satellites. The stochastic model was set up inde-

pendently for each observation type and month in an iterative procedure, as part of a least-squares adjustment of the gravity

field, estimated to a maximum degree and order of 96 to reduce computation time. This stochastic information about the ob-

servations was later introduced as a priori information in the fully parameterized least-squares adjustment for the GOCO2025s200

contributions.

For each month, the respective observations were divided into short arcs with a maximum length of 3 h. The noise of

the observations was assumed to be wide-sense stationary, and the correlations of the individual short arcs were neglected.

Therefore, the covariance function depends only on the lag within one arc and not on the absolute time. Since the stochastic

model was estimated in the spectral domain, the covariance function was represented through its Fourier transform, the power205

spectral density (Khintchine, 1934; Etten, 2006). The cofactor matrix of each short arc m can therefore be represented as the

weighted sum over all frequencies ν through

Qm =

Nm−1∑

ν=0

a2νFν,m, (1)

where a2ν is the variance and Fν,m is the respective cofactor component matrix. The entries of Fν,m are defined by the type-I

discrete cosine transform (DCT, Rao and Yip, 1990) and depend only on the lag k between two epochs i and j210

(Fν,m)ij =
2− δk,0 − δk,Nm−1√

2(Nm − 1)
cos

(
πνk

Nm − 1

)
, k = |i− j|, i, j ∈ {0, . . . ,Nm − 1}. (2)

Fν,m represents the Nm ×Nm matrix of DCT coefficients, with Nm being the number of epochs in the specific arc m. The

unknown variance components a2ν are estimated by frequency-wise VCE, as described in Ellmer (2018).

8

https://doi.org/10.5194/essd-2026-639
Preprint. Discussion started: 29 September 2026
c© Author(s) 2026. CC BY 4.0 License.



In the first step, an approximate covariance matrix for each arc Σm is required. If a priori information about the uncertainties

of the observations is known, as it is for the POD-derived kinematic orbits in the form of a 3×3 epoch-wise covariance matrix,215

it can already be introduced here. Otherwise, the covariance matrix is initialized as an identity matrix, corresponding to a white

noise covariance function. As the short arcs m are assumed to be uncorrelated, the accumulated normal equation system

N=

M∑

m=1

AT
mΣ−1

m Am, n=

M∑

m=1

AT
mΣ−1

m ∆lm (3)

can be set up, where Am is the Jacobian of the reduced observations ∆lm. Subsequently, the solution of the least-squares

adjustment220

∆x̂=N−1n (4)

can be determined. The quadratic sum of the residuals for each frequency e2ν can then be formed using the residuals for each

arc êm and the respective DCT matrix Fν,m through

e2ν =

M∑

m=1

êTmΣ−1
m Fν,mΣ−1

m êm, êm =∆lm −Am∆x̂. (5)

Using the redundancies of each frequency225

rν =

M∑

m=1

trace
[
Σ−1

m Fν,mΣm
−1(Σm −AmN−1AT

m)
]
, (6)

the respective variance

a2ν =
e2ν
rν

(7)

can be estimated. The cofactor matrix Qm with the dimension of the respective short arc is then formed using Eq. (1), summing

over all frequencies using the estimated variance components. The Toeplitz structure of Qm is identical within one month for230

all arcs of the same length. However, an additional variance factor σ̂2
m is estimated for each arc. Consequently, arcs with flawed

data are down-weighted in the adjustment process. For the estimation of σ̂2
m, the quadratic sum of the residuals for each arc e2m

as well as the redundancy rm are required. These values can be obtained using Eq. (5) and Eq. (6), but adding up all frequency

components for each arc
∑Nm−1

ν=0 instead of adding up all arcs for each frequency. The arc-wise variance factor

σ̃2
m =

e2m
rm

(8)235

is intended to describe only the relative weighting of the arcs, since the absolute magnitude of the covariance matrix is already

adjusted by a2ν . Therefore, σ̃2
m is divided by a robust mean over all arcs to avoid any double consideration of variance compo-

nents, resulting in a normalized variance factor σ̂2
m. Using σ̂2

m and Qm, the covariance matrix of the reduced observations for

each arc

Σm = σ̂2
mQm (9)240

can be obtained and inserted in Eq. (3) for the next iteration.
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3.3 Stochastic modeling of background model uncertainties for GRACE and GRACE-FO

Errors in background models mainly affect the long- to medium-wavelength part of the gravity field spectrum. Kvas and Mayer-

Gürr (2019) showed that incorporating background model uncertainties into the GRACE gravity field recovery process leads to

a more realistic stochastic observation model and further improves the quality of the spherical harmonic coefficients. Compared245

with the other satellite contributions used for GOCO2025s, the spectral range affected by these uncertainties is dominated by

GRACE and GRACE-FO observations. Therefore, the introduction of additional information in the form of background model

uncertainties and the corresponding stochastic modeling was performed only for GRACE and GRACE-FO.

The uncertainties of the background models are inherent in the reduced observations of the least-squares adjustment. They

can be accounted for by either augmenting the covariance matrix of the observations or by estimating additional model cor-250

rection terms together with a predefined error model (Kvas and Mayer-Gürr, 2019). For GOCO2025s, the second approach

was chosen. Error information from AOD1B RL07 and the LISFLOOD model was used to describe the stochastic properties

of short-term non-tidal gravity field changes in atmosphere and ocean, and hydrology, respectively. The stochastic model was

determined following the approach from Kvas and Mayer-Gürr (2019), using an AR model.

Within the GRACE and GRACE-FO processing, the short-term gravity changes were parameterized as 6-hourly linear255

splines of potential coefficients up to degree and order 96. To account for the linear dependency between short-term correction

terms and long-term gravity field parameters in a combined least-squares adjustment, pseudo-observations were introduced.

These pseudo-observations constrain the correction terms towards zero.

The predefined error model was estimated using the AOe07 error time series and the LISFLOOD model output. First,

6-hourly linear splines of spherical harmonics up to degree and order 96 were generated to align the input data with the260

parametrization of the model corrections. Subsequently, the static, trend, annual, and semi-annual parts of the signal were

reduced. The actual realization of the error process was then defined as the weighted sum of the AOe07 and the LISFLOOD

time series

ye = yAOe07 +0.5yLF. (10)

Since at the time of processing there was no error information about the LISFLOOD model available, the rudimentary assump-265

tion of 50 % of the signal being noise was made. Also, ye was assumed to represent a stationary random error process, and

therefore its covariance function only depends on the lag k. Consequently, the covariance matrix of the background model

uncertainties Σym
has a block-Toeplitz structure, where each block corresponds to the covariance matrix at a specific lag. Due

to numerical instabilities at higher lags when directly determining Σym
, the stochastic process is approximated by a vector

AR model of order p= 3. Such a process is completely defined by its coefficient matrices Φ(p) and its white noise covari-270

ance matrix Σ
(p)
w (Lütkepohl, 2013). These matrices can be obtained by solving the Yule–Walker equation for multivariate AR

processes using empirical covariance matrices derived from the unbiased estimator

Σk =
1

N − k

N−k∑

i=1

yei+k
yT
ei (11)
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for the lags k = 0, . . . ,pmax, where N denotes the total number of the error samples. Since the parameter dimension is too

large for a stable estimation of Σk at a spatial resolution up to degree and order 96 and a temporal resolution of 6-hourly275

time splines, the covariance matrices were projected onto a reduced basis obtained from an eigenvalue decomposition. Only

the eigenvectors corresponding to the 500 largest eigenvalues, evaluated in terms of gravity disturbances at 500 km satellite

altitude, were retained. The empirical covariance matrices for all lags were then used to estimate the AR model coefficients

according to

Σk =

p∑

j=1

Φ
(p)
j Σk−j . (12)280

The corresponding white noise covariance matrix is given by

Σ(p)
w =Σ0 −

p∑

j=1

Φ
(p)
j ΣT

j . (13)

To mitigate warm-up effects, which are introduced for epochs smaller than p= 3, AR models of order p= 0,1,2 were ad-

ditionally derived. The lower-order AR coefficients were then inserted at the corresponding positions, resulting in the block

matrix285

Φ=




I

−Φ
(1)
1 I

−Φ
(2)
2 −Φ

(2)
1 I

−Φ
(3)
3 −Φ

(3)
2 −Φ

(3)
1 I

−Φ
(3)
3 −Φ

(3)
2 −Φ

(3)
1 I

. . . . . . . . . . . .




. (14)

Together with the block-diagonal covariance matrix of the resulting white noise sequence Σw, the inverse covariance matrix of

the background model uncertainties is given by

Σ−1
ym

=ΦTΣ−1
w Φ. (15)

This prior information was then included in the normal equations of the monthly GRACE and GRACE-FO solutions.290

3.4 SLR normal points

The least-squares adjustment for SLR is based on a modified Huber estimator, which iteratively down-weights observations

with large outliers using VCE (Süsser-Rechberger et al., 2026). Since SLR stations operate with different levels of accuracy, a

station-specific adjustment factor was determined as well. The ultimate weight of a single normal point observation i was then

derived by the inverse of the squared standard deviation295

σ̂i = σ̂Huber
i σ̂statσ̂stat

apriori. (16)
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Here, σ̂stat
apriori is an a priori factor for the station accuracy, as it is provided in the normal point data files. σ̂Huber

i and σ̂stat

were determined iteratively from the residuals, down-weighting each observation and adjusting the station-specific scale factor,

respectively.

4 Combination process of GOCO2025s300

The combined normal equation system of GOCO2025s was obtained by accumulating the normal equations of the individual

satellite contributions s ∈{GOCE, GRACE, GRACE-FO, kinematic orbits, SLR}, together with the regularization applied to

the static part, the trend, the annual, and the semi-annual variations of the gravity field:

N=
∑

s

1

σ2
s

Ns +
1

σ2
static

NKaula +Σ−1
Ωtrend

+Σ−1
Ω1yr

+Σ−1
Ω0.5yr

, n=
∑

s

1

σ2
s

ns. (17)

The normal equations of the satellite contributions and the regularization of the static part were weighted using the inverse305

of the respective variance factors, which were estimated in an iterative procedure using VCE. The individual normal equation

matrices N∗ were zero-padded to account for the different parametrization of each contribution and to match the dimension

of the combined normal equation matrix N. Since the stochastic modeling of the individual satellite contribution was already

inherent in the respective normal equation, the value of each variance factor σ2
∗ was very close to 1. The employed regularization

stabilizes the solution by suppressing the noise of higher-degree spherical harmonics. For this purpose, a Kaula-type signal310

covariance model in the form of K= diag(10−10n−2α) was used for the regularization of the static part of the gravity field.

This regularization was applied for degrees n= 150, · · · ,300, with α= 2. The corresponding normal equation is then given by

NKaula =K−1. (18)

For the temporal variations, an adapted Kaula-type regularization ΣΩ was implemented following the approach from Kvas et al.315

(2021), accounting for regionally varying signal levels. The signal covariance model for the trend was determined separately

for the regions r ∈ {Antarctica, Greenland, Iceland, rest of the continents, Caspian Sea, ocean}, while the signal covariance

model for the annual and semi-annual variations was separated into r ∈ {land, ocean}. The regularization of the temporal

variations was applied from degree 2 to 200, with α= 2.1 for land areas, including the Caspian Sea, and α= 2.25 for the

ocean. To determine the regularization matrix ΣΩ, a window matrix for each region320

WΩr
= (STS)−1STDΩr

S (19)

was first set up in the spherical harmonics domain. This was done using the spherical harmonic synthesis matrix S, which maps

the potential coefficients from degree 2 to 200 to values on a grid using a water height kernel. DΩr
is a window matrix in the

spatial domain containing smoothed grid values between 0 and 1, obtained using a Gaussian filter with a smoothing radius of

120 km. The term (STS)−1ST represents the least-squares spherical harmonic analysis, which transforms the grid values back325
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to spherical harmonic coefficients. The regularization matrix for the temporal variations is then defined as the sum over the

respective regions:

ΣΩ =
∑

r

σ2
Ωr

WΩr
KWT

Ωr
=
∑

r

σ2
Ωr

VΩr
. (20)

Here, the Kaula-type signal covariance model K, using the respective land or ocean value of α, is localized by the regional

window matrix WΩr
. The signal level of the respective region σ2

Ωr
was estimated using VCE in the least-squares adjustment330

according to

σ2
Ωr

=
x̂TΣ−1

Ω VΩr
Σ−1

Ω x̂

trace
[
(Σ−1

Ω −Σ−1
Ω N−1Σ−1

Ω )VΩr

] . (21)

In this equation, ΣΩ and VΩr were zero-padded to match the dimension of the estimated solution vector x̂ and the combined

normal equation matrix N. To preserve the phase of the periodic signal, a common signal level factor was estimated for the sine

and cosine coefficients of the annual and semi-annual variations, respectively. The structure of the combined normal equation335

matrix N is illustrated in Fig. 1.

Figure 1. Schematic structure of the combined GOCO2025s normal equation matrix N , showing the overlaid contributions of the individual

observation techniques and the applied regularization. The matrix is ordered degree-wise according to the estimated temporal and static

gravity field parameters. All contributions are shown up to scale, except for the regularization of the static gravity field.
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4.1 Contribution of individual components

(a) GOCE SGG (b) GRACE (c) GRACE-FO

(d) Kinematic orbits (e) SLR (f) Regularization

Figure 2. Contribution of GOCE, GRACE, GRACE-FO, kinematic orbits, SLR, and the Kaula regularization to the GOCO2025s potential

coefficients of the static field. Note the different axis limits in panels (d) and (e), as well as the different color scale used in panel (d).

When solving the combined normal equation system, the contribution of each normal equation component can be assessed

by forming the redundancy matrix

R∗ =
1

σ2∗
N∗N

−1 (22)340

using the combined normal equation matrix N and the individual normal equation matrix N∗ for GOCE, GRACE, GRACE-

FO, the kinematic orbits, SLR, or the regularization. The information on how much each component contributes relatively

to the combined solution is inherent in the diagonal elements of R∗. The coefficient triangles in Fig. 2 show the individual

contributions of the different techniques to the specific parts of the spherical harmonic spectrum of the static gravity field.

As expected, GOCE contributes most to the high-degree spherical harmonics, particularly from degree 180 to 270, due to its345

low orbital altitude and the sensitivity of satellite gravitational gradiometry (Brockmann et al., 2021). The polar gap of GOCE

is largely compensated for by GRACE-FO, as indicated by the contribution to the near-zonal spherical harmonics. Conversely,

the resonance orders of GRACE and GRACE-FO (Cheng and Ries, 2017), which appear as multiples of 15 with reduced

impact on the solution, are compensated for by GOCE. The GRACE and GRACE-FO normal equations provide the largest

contribution to the spherical harmonics up to degree 200. Interestingly, the impact of GRACE-FO is considerably larger than350

that of GRACE, despite the fact that only about 6 years of GRACE-FO data were used compared to approximately 14 years

of GRACE data. This can be attributed to the significantly higher measurement precision of the LRI compared to the KBR

14

https://doi.org/10.5194/essd-2026-639
Preprint. Discussion started: 29 September 2026
c© Author(s) 2026. CC BY 4.0 License.



instrument. The enhanced processing strategy of using both ranging systems for GRACE-FO and the underlying stochastic

modeling is particularly beneficial for the determination of the near-zonal and tesseral spherical harmonics of degree 70 to 200.

SLR is suitable only for the determination of the very-low-degree coefficients due to the sparse distribution of SLR stations355

and the small number of observations. This can also be seen in the coefficient triangles, as SLR contributes primarily to the

degree 2 coefficients, to even zonal coefficients up to degree 10, and partly to some near-sectorial coefficients around degrees

15 and 30. The kinematic orbits of the LEO satellites play a minor role in the GOCO2025s combination. Their contribution

is mainly limited to coefficients up to degree 10 and, to some extent, to the near-sectoral coefficients up to degree 150. The

regularization of the static part of the gravity field contributes primarily to the coefficients from degree 250 to 300, where the360

noise level becomes increasingly dominant.

5 Results

In this section, the GOCO2025s model is evaluated using independent data sets, including GNSS, leveling, and altimetry. The

performance of GOCO2025s is assessed relative to the previous models of the GOCO series (see Fig. 3) and other state-of-the-

art global gravity field models. The validation for the long-wavelength part of GOCO2025s is performed by analyzing orbit365

residuals between numerically integrated orbits and kinematic orbits derived from GPS observations. Over land, the short-

wavelength performance is assessed by comparing model-derived geoid heights against geoid height derived from GNSS and

leveling at GNSS stations distributed over several regions worldwide. Over the oceans, the short-wavelength part of the model

is validated against altimetry-derived gravity anomalies.

5.1 Orbit residuals370

The low-degree spherical harmonic coefficients of the GOCO2025s model were evaluated by comparing the reduced dy-

namic orbits from GRACE-FO, Sentinel 1A/1C/2A/2B/3A/3B/6A and Swarm A/B/C against the corresponding GPS-derived

kinematic orbit positions for January 2025. Since kinematic orbits from 2025 were not considered in the determination of

GOCO2025s, this provides an independent validation of the model.

Dynamic orbits were integrated following the strategy outlined in Ellmer and Mayer-Gürr (2017), using the background375

models from Table 2. Subsequently, these orbits were fitted to the kinematic orbit observations described in Sect. 2.4. In this

least-squares adjustment, empirical satellite-specific acceleration parameters were estimated together with the initial states of

the integrated orbits. For GRACE-FO, an accelerometer bias in terms of cubic splines with a sampling of 6 h and a fully-

populated constant daily scale matrix were parameterized. For the Sentinel satellites, the bias was represented by cubic splines

with a sampling of 1.5 h, and once-per-revolution empirical accelerations were estimated in along-track, cross-track, and380

radial directions The empirical acceleration parameterization used for Swarm was identical to the one applied for the Sentinel

satellites.

The orbit residuals were determined in the same way for all gravity field models. For each comparison, only the spherical

harmonic coefficients were replaced, while the remaining processing strategy was kept unchanged. GOCO2025s, including
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Figure 3. Formal errors of all GOCO releases in the form of geoid heights up to their respective maximum spherical harmonic degree.

trend, annual- and semi-annual variations, was evaluated against GOCO06s, including trend and annual variations, and against385

the monthly ITSG operational gravity field solution. ITSG operational denotes the up-to-date monthly gravity field solutions

provided by the Institute of Geodesy at TUG. Since both GOCO06s and ITSG operational are consistent with AOD1B RL06,

modified versions of these models were used to ensure consistency with the AOD1B RL07 model applied in this validation.

The assessment of the orbit accuracy was carried out for January 2025, using these three gravity field models.

As shown in Table 3, GOCO2025s consistently outperforms its predecessor GOCO06s in terms of monthly root mean square390

(RMS) orbit residuals. As expected, ITSG operational yields the lowest RMS values. This can be attributed to the fact that

ITSG operational contains actual GRACE-FO observations for January 2025, whereas the GOCO models were extrapolated

to this month using their estimated temporal parametrization. Nevertheless, the orbit accuracy improves substantially when

GOCO2025s is used instead of GOCO06s, indicating an enhanced long-wavelength part of the new GOCO release.

5.2 Comparison with GNSS/leveling395

Global gravity field models can be validated over land by comparing model-derived geoid heights or height anomalies against

independent height information obtained from GNSS observations and leveling. For this type of validation, the satellite-based

and ground-based quantities must be consistent in terms of signal content and height system definition in order to avoid

systematic errors. Ground-based geoid heights or height anomalies are derived by subtracting orthometric or normal heights

determined by leveling from geometric heights above the reference ellipsoid as obtained by GNSS. Since these quantities are400
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Table 3. 3D RMS differences between reduced-dynamic orbits integrated using the respective gravity field models and the kinematic orbits

for January 2025.

GOCO06s GOCO2025s ITSG op.

GRACE-FO 1 1.80 1.09 0.83

GRACE-FO 2 1.78 1.10 0.85

Sentinel 1a 2.45 2.12 2.08

Sentinel 1c 1.75 1.41 1.36

Sentinel 2a 4.45 4.22 4.20

Sentinel 2b 4.27 4.03 3.96

Sentinel 2c 2.91 2.63 2.47

Sentinel 3a 3.71 3.48 3.41

Sentinel 3b 3.65 3.43 3.36

Sentinel 6a 1.06 0.93 0.91

Swarm A 25.45 25.18 25.02

Swarm B 15.72 15.57 15.63

Swarm C 34.43 34.30 34.14

observed at the Earth’s surface, they contain gravity field signal beyond the spectral resolution of truncated global models.

When geoid heights or height anomalies are computed from global gravity field models, the signal content is limited by the

maximum spherical harmonic degree of the respective model. The missing high-frequency signal is referred to as omission

error. This omitted signal has to be accounted for when comparing model-derived quantities with GNSS/leveling-derived

height information. Usually, independent high-resolution gravity field models are used to estimate the omission error, which405

is then removed from the GNSS/leveling-derived quantities. A detailed description of geoid comparisons using gravity field

models and ground-based observations is given in Gruber et al. (2011).

The validation of GOCO2025s was performed using height data sets derived from GNSS/leveling for several regions and

comparing the results with other global gravity field models. Geoid height or height anomaly differences were determined

for GNSS stations in Australia, Austria, Brazil, Germany, the USA, and Switzerland (see Table 4). For each region, a pla-410

nar correction surface was computed and removed from the differences to account for inconsistencies in the height system

definitions.

Besides the predecessors of GOCO2025s (GOCO01s, GOCO02s, GOCO03s, GOCO05s and GOCO06s), the satellite-only

models Tongji-GMMG2021S (Chen et al., 2018, 2022; Tongji, 2021) and WHU-SWPU-GOGR2022S (Zhao et al., 2023)

were included in the assessment. In addition, the combined models XGM2019 (Zingerle et al., 2019, 2020) and SGG-UGM-2415

(Liang et al., 2020), which incorporate terrestrial gravity data, were used for comparison. All satellite-only models are based

on GRACE and GOCE observations, while the GOCO series additionally includes a varying number of kinematic orbits and

17

https://doi.org/10.5194/essd-2026-639
Preprint. Discussion started: 29 September 2026
c© Author(s) 2026. CC BY 4.0 License.



Table 4. Overview of the utilized GNSS/leveling data sets.

Country Number of points Reference

Australia 7627 Featherstone et al. (2018)

Austria 54 Bundesamt für Eich- und Vermessungswesen (2016)

Brazil 1180 Brazilian Institute of Geography and Statistics (2019)

Germany 470 GeoBasis-DE/Geobasis NRW (2018)

USA 222 National Geodetic Survey; van Westrum et al. (2021)

Switzerland 206 swisstopo (2016)

SLR observations to different satellites, and GOCO2025s further uses GRACE-FO data. XGM2019 and SGG-UGM-2 combine

satellite gravimetry and altimetry data with terrestrial gravity observations.

For the comparison, each model was truncated in 10 degree steps from spherical harmonic degree and order 10 up to 300.420

Above the respective truncation degree, the omission error was computed up to degree and order 2190 using the high-resolution

gravity field models EGM2008 (Pavlis et al., 2012) and ERTM2160 (Hirt et al., 2014). Figure 4 shows the RMS of the geoid

height or height anomaly differences for all truncation degrees of the selected global gravity field models and the individual

GNSS/leveling data sets for each specific region. The gravity field models, XGM2019 and SGG-UGM-2, provide a useful

reference level for the performance that can be achieved when satellite data are supplemented by terrestrial and altimetry-425

derived gravity observations. GOCO2025s is therefore primarily assessed relative to the other satellite-only models.

The general shape of the RMS curves shown in Figure 4 is similar for all investigated regions, with the exception of Brazil.

For Brazil, the RMS values decrease markedly around degree 100. This is an indication of low quality of the terrestrial data used

in EGM2008 over this region. This interpretation is supported by the fact that models including GOCE data show improved

performance at higher truncation degrees, resulting in lower RMS values than those obtained when using EGM2008 for the430

omission error. The RMS curves of the satellite-only models deviate from the error level of the combined models at different

spatial scales. This is an indication of the maximum spherical harmonic degree up to which reliable signal content is present

in the respective model. The observed behaviour is in accordance with the part of the spherical harmonic spectrum where the

regularization contributes most to the determination of the coefficients (compare Figure 2f for GOCO2025s).

With regard to the previous GOCO models, a higher version number indicates an increase in satellite data. GOCO01s,435

GOCO02s and GOCO03s are based on 7.5 years of GRACE observations, while the impact of the increasing amount of

GOCE data is clearly visible. These models include two, eight, and 18 months of GOCE gradiometry data, respectively. From

GOCO05s onwards, the complete GOCE time series was used, together with 10.5 years of GRACE data for GOCO05s and

an almost complete GRACE time series for GOCO06s and GOCO2025s (see the GOCO website2 for more information).

WHU-SWPU-GOGR2022s and Tongji-GMMG2021s also use nearly the complete GRACE and GOCE observation periods.440

All analyzed satellite-only models start to diverge from the combined models by degree 200 at the latest. GOCO06s and

GOCO2025s show very similar behaviour at high degrees, which is expected because the same GOCE SGG normal equations

2https://www.asg.ed.tum.de/iapg/forschung/schwerefeld/goco/
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(a) Australia (7627 points) (b) Austria (54 points)

(c) Germany (470 points) (d) Switzerland (206 points)

(e) USA (222 points) (f) Brazil (1180 points)

Figure 4. RMS of the difference between model-derived and GNSS/leveling-derived geoid heights or height anomalies in meters for each

truncation degree. Note the different scale for USA and Brazil.
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were used in both models. In the medium degree range, GOCO2025s shows improved performance, which is particularly

evident for the German and Austrian data sets. This improvement can be attributed to the inclusion of GRACE-FO data and

the high measurement precision of the LRI instrument. Overall, GOCO2025s performs best among the analyzed satellite-only445

models, yielding the lowest RMS values with respect to the GNSS/leveling data.

5.3 Comparison with altimetry data

To evaluate the short-wavelength part of GOCO2025s over ocean areas, gravity anomalies derived from the model were com-

pared with version 33.1 of the global 1′ × 1′ gravity anomaly grid developed by the Scripps Institution of Oceanography

(Sandwell et al., 2014). This data set, hereafter referred to as SIO33.1, is based on multi-mission satellite altimetry, includ-450

ing observations from Altika, Cryosat, Envisat, Jason-1/2 and Sentinel-3A/B, and is available via the Scripps Institution of

Oceanography data portal3.

For validation, GOCO2025s was extended from degree and order 300 to 2190 using EGM2008. The normal gravity field

based on GRS80 (Moritz, 1980) was reduced up to degree 10 before gravity anomalies were computed on the 1′×1′ grid. The

differences between the two gravity anomaly data sets were subsequently averaged to a 30′ × 30′ grid to approximately match455

the spatial resolution corresponding to degree and order 300 of the original GOCO2025s model. Land areas were excluded,

and the global RMS of the residual gravity anomalies was used as the validation metric. As shown in Figure 5, the two gravity

anomaly data sets agree quite well over most ocean areas. The largest residuals occur mainly in regions characterized by strong

short-wavelength gravity signals and in dynamically active ocean regions. For comparison, the same procedure was applied

to GOCO06s. The global RMS values with respect to SIO33.1 are 5.97 mGal for GOCO2025s and 5.98 mGal for GOCO06s.460

This difference is not significant, indicating that the same signal content is present in both models. Nevertheless, GOCO2025s

yields a slightly lower RMS value when compared to the independent altimetry-derived gravity anomalies than GOCO06s.

6 Data availability

The global satellite-only gravity field model GOCO2025s is available at the TUG Repository as well as on the International

Centre for Global Earth Models (ICGEM, Ince et al., 2019) website and is identified with the following DOI: 10.3217/465

f48p8-8h651 (Öhlinger et al., 2025). The individual files of GOCO2025s on the TUG Repository contain the static gravity

field coefficients up to degree and order 300, the constrained secular, annual, and semi-annual variations up to degree and order

200 and their respective uncertainty information in "GOCO2025s.gfc"; All parts of the normal equation system of the static

gravity field, including the original normal equation, the vector of the right hand side, apriori values of the unknown param-

eters, the normal equation of the applied constraints and the resulting solution vector in "GOCO2025s_normalEquation.snx";470

and the gravitational potential of non-tidal atmospheric and ocean masses already included in GOCO2025s for the AOD1B

releases RL06 and RL07 in "AOD1B_RL0X_included_in_GOCO22025s.gfc". An algorithm on how to compute a gravity field

3https://topex.ucsd.edu/pub/global_grav_1min/
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Figure 5. Difference between GOCO2025s-dervied gravity anomalies and SIO33.1 on a 30′ × 30′ grid in mGal. Land areas are excluded.

functional at a specific time, as well as the procedure on how to use GOCO2025s together with the AOD1B data, is provided

in the header of the respective files. On ICGEM, only the primary model data "GOCO2025s.gfc" is published.

7 Conclusions475

The GOCO2025s global gravity field model combines GOCE, GRACE, GRACE-FO, kinematic orbit, and SLR data, together

with a refined Kaula-type regularization at the normal equation level. The relative weighting was determined using VCE and

supported by dedicated stochastic models for each satellite contribution. The analyses have shown that the inclusion of LRI

data from GRACE-FO has a particularly strong impact on the quality of the spherical harmonic coefficients between degrees

70 and 200, which can be attributed to the high measurement accuracy of the instrument. The overall quality of GOCO2025s480

benefits from the complementary sensitivity of the incorporated satellite observation techniques over different parts of the

spherical harmonic spectrum. Their combination therefore results in a highly accurate and spectrally balanced representation

of the Earth’s gravity field. Validation against independent data sets comprising GNSS, leveling, and altimetry in terms of orbit

residuals, geoid heights, and gravity anomalies demonstrates that GOCO2025s was further improved compared to the previous

models of the GOCO series. In the performed validation tests, GOCO2025s generally outperformed its predecessors and other485

selected state-of-the-art gravity field models. GOCO2025s provides realistic uncertainty information in the form of standard

deviations of the spherical harmonic coefficients, as well as the complete system of unconstrained normal equations. The model

is made available to the user community via the TUG repository and the ICGEM website and is intended to support scientific

studies and further combinations with gravity field data.
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