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Abstract
Gravitational forces are the major forces acting on near-Earth orbiting (e.g., altimetry) sat-
ellites. We perform a review of Earth’s mean time-variable gravity (TVG) field models 
developed in the past 23  years (2000–2023). This includes the models developed using 
CHAMP, GRACE, GRACE-FO, GOCE, SLR (Satellite Laser Ranging), and DORIS meas-
urements. Some of these models contain just secular terms, while more recent models 
include also periodic (annual and semi-annual) variations of the Earth’s gravity. We show 
the impact of these models on precise orbit determination (POD) of selected altimetry sat-
ellites, namely TOPEX/Poseidon, Jason-1, Jason-2, and Jason-3 at the time interval from 
1992 to 2023. The impact of these models is assessed for different orbit parameters as well 
as the root-mean-square (RMS) and mean values of SLR observation residuals and orbit 
differences. Furthermore, the impact of these models on altimetry (single- and multi-satel-
lite) sea surface height crossover differences, radial errors, geographically correlated mean 
errors, and their trends is analyzed. We have found that the CNES RL05MF model derived 
using data of 1985–2022 performs best among the models tested in this study, particularly 
for the Jason-3 time span (2016–2023). Using this model reduces the RMS values of SLR 
observation residuals from 2.56 cm (for pre-CHAMP model GRIM5-C1) to 1.48 cm for 
this satellite. The RMS values of orbit differences in the radial direction fit within 0.7–
0.8 cm for most recent TVG models, while using old GRIM5-C1 would result in 1.9 cm 
differences. It is important to reprocess regularly Earth’s TVG data covering the longest 
time span to minimize extrapolation errors of the models.

Keywords  Altimetry satellites · Earth’s gravity field · Time-variable gravity · Precise orbit 
determination · Satellite Laser Ranging · TOPEX/Poseidon · Jason

1  Introduction

Global, regional, and coastal sea levels are among the key indicators of climate change 
(Sandford et  al. 2024). The Global Mean Sea Level (GMSL) rise is caused mainly by 
the ocean thermal expansion and meltwater from melting glaciers and land-based ice 
sheets due to global warming (Cazenave and Moreira 2022). The average GMSL rate is 
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3.3±0.3 mm/year over the time span from 1993 through 2023, and its acceleration counts 
0.08±0.06 mm/year², so that the GMSL rate has doubled since the beginning of the satel-
lite radar altimetry era reaching 4.5–4.8 mm/year between 2014 and 2023, as compared to 
2.1–2.3 mm/year between 1993 and 2002 (Cazenave and Moreira 2022; Hamlington et al. 
2024; World Meteorological Organization State of the Global Climate 2023). The 2022 
Global Climate Observing System (GCOS) Essential Climate Variables (ECVs) Require-
ments establish a 0.3  mm/year requirement for the regional mean sea level trend deter-
mination (GCOS 2022). Since sea surface height is determined in satellite radar altime-
try referred to the position of the satellite-based radar altimeter with respect to reference 
ellipsoid, this requires centimeter and even sub-centimeter accuracy of satellite position 
in space (International Altimetry Team 2021). Though the accuracy of altimetry satellite 
orbits improved significantly in the last decades (Rudenko et  al. 2023), orbit errors still 
remain to be the main contributor to the errors of regional sea level rise and its variability 
(Meyssignac et al. 2023).

Several studies were performed in the recent years to quantify the impact of orbit 
errors on the mean sea level trend at regional scale. Thus, Ablain et al. (2017) estimated 
the trend uncertainty of the order of 2–3 mm/year at this scale. They stress that although 
the orbit error was significantly reduced for this spatial scale during the recent decade, 
it remained the main source of uncertainty (in the range of 1–2 mm/year; (Couhert et al. 
2015)) at that time. The major contributions to remaining orbit errors are remaining errors 
of Earth’s gravity field models and terrestrial reference frames, in which orbits are com-
puted (Couhert et al. 2015; Rudenko et al. 2023). The Earth’s gravity field model errors 
explained a significant part of these uncertainties (Rudenko et al. 2014). From the com-
parison of orbits of altimetry satellites TOPEX/Poseidon, Jason-1, and Jason-2 computed 
using Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS) and 
Satellite Laser Ranging (SLR) measurements in ITRF2008 and ITRF2014, Zelensky et al. 
(2018) found that the radial orbit drifts reach ±0.2 mm/year on a regional scale. Rudenko 
et al. (2019) obtained changes up to 0.4 mm/year in the regional sea level trend on inter-
annual timescales (3–8  years) in the time span from April 1993 to July 2008 and up to 
1.0 mm/year in the time span from July 2008 to April 2015, when analyzing DORIS and 
SLR observations-based orbits, while switching from ITRF2008 to ITRF2014. Compari-
sons between altimetry products computed using two different orbit solutions (POE-D and 
POE-E) exhibit trend differences below 1 mm/year regionally (Prandi et al. 2021).

Gravitational forces are the major forces acting on near-Earth orbiting satellites. Accu-
rate modeling of the Earth’s gravity field is very important for precise orbit determination 
(POD) of Low Earth Orbit (LEO) and, in particular, altimetry satellites. CHAMP (CHAl-
lenging Minisatellite Payload) was the first LEO satellite dedicated to Earth’s gravity field 
determination equipped with a Global Positioning System (GPS) receiver and an acceler-
ometer on board to measure in situ the surface forces acting on the satellite (Reigber et al. 
2003). Recently published Earth’s gravity field models used for the satellite POD have been 
derived based on observations of GRACE (Gravity Recovery And Climate Experiment, 
Tapley et  al. 2004) and GRACE-FO (GRACE Follow-On, Landerer et  al. 2020) gravity 
field satellite missions between 2002 and 2017 and since 2018, respectively. A compre-
hensive review of the gravimetric missions CHAMP, GRACE, and GOCE (Gravity and 
steady-state Ocean Circulation Explorer, Drinkwater et  al. 2003) and gravity field mod-
els derived from their measurements is done by Flechtner et  al. (2021). Analysis of the 
measurements of the GRACE and GRACE Follow-On missions allowed to derive Earth’s 
time-variable gravity field models (abbreviated hereafter as “TVG models"). Ollivier et al. 
(2012) and Rudenko et al. (2014) showed the importance of modeling time-variability of 



Surveys in Geophysics	

the Earth’s gravity field in POD of altimetry satellite. They found that ignoring this vari-
ability leads to the errors of up to 3 mm/year in regional sea level trends that are 10 times 
larger than the requirement of the GCOS for the determination of the regional mean sea 
level trend.

There are different ways of representing Earth’s time-variable gravity. One of them, 
being most commonly used in the POD of altimetry and other Earth orbiting satellites, 
are mean gravity field models, in which coefficients of the spherical harmonic expansion 
of the Earth’s geopotential are given as a formula (c.f. Eq. 1) providing static and time-
variable parts of the model. TVG models described in Sect. 2 belong to this type. Another 
way of representing the Earth’s gravity field variations is using point mass concentrations 
(mascons, see, e.g., Cerri et al. 2013). A third way is using gravity field solutions for dedi-
cated time periods. They are provided usually in the form of monthly geopotential spheri-
cal harmonics. Such solutions are available from the Center for Space Research (CSR) at 
University of Texas, Austin, Helmholtz Centre Potsdam German Research Centre for Geo-
sciences (GFZ), and Jet Propulsion Laboratory (JPL) and at the International Centre for 
Global Earth Models (ICGEM, Ince et al. 2019) web page.1 Gruber et al. (2018) obtained 
comparable results in the POD of altimetry satellites Envisat, Jason-1, and Jason-2, when 
using GRACE TVG field solutions (GFZ RL05a) and Earth’s mean gravity field model 
EIGEN-6S4 (Förste et  al. 2016). EIGEN stands for “European Improved Gravity model 
of the Earth by New techniques". A series of EIGEN models were jointly developed by 
GFZ and Groupe de Recherches de Géodésie Spatiale (GRGS) Toulouse. A disadvantage 
of using monthly geopotential solutions are the gaps, in which no solution is available 
for some months. The gaps were especially frequent at the end of the GRACE mission in 
2015–2017. A few approaches have been developed recently to fill in data gaps within the 
GRACE mission data. One of them is an approach composed of the Singular Spectrum 
Analysis gap-filling technique, cross-validation, and spectral testing for significant compo-
nents (Yi and Sneeuw 2021). Weigelt et al. (2024) suggested to use high-low satellite-to-
satellite tracking data derived from GPS measurements to LEO satellites in combination 
with SLR observations of spherical geodetic satellites. Finally, Schrama and Visser (2024) 
proposed to use Fourier approximation of the TVG at the gaps.

Additionally, using SLR measurements of spherical geodetic satellites allows to deter-
mine spherical harmonic coefficients of the Earth’s gravity field expansion of low degree 
and order (d/o) more precisely than using just GRACE/GRACE-FO data (see, e.g., Cheng 
and Ries (2023)). It should be mentioned that the TVG information is inhomogeneous 
over the time interval 1985–2023, since different data were used at different time intervals. 
Therefore, the quality of the TVG models based on this information is not homogeneous.

In this paper, we perform a review of Earth’s mean TVG models developed in 
2000–2023 and show the impact of some of these models on POD of altimetry satellites 
and altimetry results obtained from the analysis of satellite orbits based on these models. 
Namely, we investigate the impact of nine selected Earth’s mean TVG models on POD 
of four altimetry satellites: TOPEX/Poseidon (1992–2005), Jason-1 (2002–2013), Jason-2 
(2008–2019), and Jason-3 (2016–2023) at the time spans given. We consider in this study 
these so-called altimetry reference missions for the period from 1992 to 2023. They have 
the same 9.92-day orbital cycle at high altitude (1336 km) and are used for the long-term 
stability and investigations of large-scale changes of global sea level products (Legeais, 

1  https://icgem.gfz-potsdam.de/sl/temporal
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et al., 2018). We search for an Earth’s mean TVG model that performs best over the com-
plete 31-year time span (1992–2023). Then we quantify orbit errors in the radial direction 
for the cases, when other Earth’s mean TVG models are used, as compared to the best 
quality model. Using different models for various satellites and time spans might introduce 
artificial orbit errors that may map into altimetry products. We have selected mean grav-
ity field models of releases 2–5 developed at Centre National d’Etudes Spatiales (CNES)/
GRGS, as well as Earth’s TVG models developed since 2000 and available at the ICGEM 
web page.2 These are GRIM5-C1 model developed in 2000 before the launch of CHAMP 
and GRACE, EIGEN-GL04S1 (Förste et  al. 2008b) model based on GRACE data from 
February 2003 to July 2005, EIGEN-6S (Förste et al. 2011), GOCO06S (Kvas et al. 2021) 
being the latest version of the Gravity Observation Combination (GOCO) consortium 
global gravity field models, as well as ITSG-GRACE2018S (Kvas et al. 2019) being the 
latest GRACE-only gravity field model computed at the Institute of Geodesy of the Graz 
University of Technology.

We show the impact of the Earth’s gravity field models on the following parameters:

•	 root-mean-square (RMS) and mean values of SLR observation residuals,
•	 orbit differences in the radial direction being the most important direction for altimetry 

satellites, since any mismodeling in this direction will map in the sea surface height 
computed from the radar altimetry measurements and, as a result, in sea level and its 
trend, if this mismodeling is systematic,

•	 scale factors of the solar radiation pressure, Earth’s albedo and infrared radiation, and 
atmospheric drag,

•	 sine and cosine terms as well as coefficients of a continuous piecewise linear function 
of the along-track and cross-track empirical accelerations.

Furthermore, the impact of these models on altimetry (single- and multi-satellite) sea sur-
face height crossover differences is investigated. From these crossover differences, radial 
errors and geographically correlated mean errors are derived and analyzed.

This paper is organized as follows. Section 2 describes the Earth’s mean TVG models 
developed in 2000–2023. A description of POD and the models and corrections used is 
provided in Sect. 3. Section 4 provides the results of the impact of the gravity field models 
on the orbital parameters and orbit differences, while Sect. 5 presents the altimetry crosso-
ver results. Conclusions are given in Sect. 6.

2 � Earth’s Mean Time‑Variable Gravity Field Models

A general formula for the computation of a spherical harmonic coefficient C̄
nm

 of degree 
n and order m at the time instant t is as follows, where the time-variable part of the model 
consists of a trend, sine and cosine terms of annual and semi-annual variations of each 
spherical harmonic coefficient up to a given d/o:

2  https://icgem.gfz-potsdam.de/home
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where C̄0
nm

 is the spherical harmonic coefficient at the reference epoch tepoch (a static part), 
Δte = t − tepoch , in years of 365.25 days, tepoch is the reference epoch given with the bias 
coefficient (in days), ̇̄C

nm
 means a time derivative of C̄

nm
 (a secular term), Δtp = t− 1st of 

January of the given year, in years of 365.25 days, C̄SINA
nm

 , C̄COSA
nm

 , C̄SINS
nm

 , and C̄COSS
nm

 are the 

(1)
C̄
nm
(t) = C̄

0
nm

+ ̇̄
C
nm
Δte + C̄

SINA
nm

sin(2𝜋Δtp) + C̄
COSA
nm

cos(2𝜋Δtp)

+ C̄
SINS
nm

sin(2 ⋅ 2𝜋Δtp) + C̄
COSS
nm

cos(2 ⋅ 2𝜋Δtp)

Table 1   Earth’s mean gravity field models containing secular terms, but no periodic variations of geopoten-
tial coefficients. The models are sorted chronologically by the year of their publication

a Also for this tesseral term. bFor all terms of the given range

Model name Year Data time span Max. degree 
of the static 
part

Secular terms 
(degree of zonal 
terms)

References

GRIM5-S1 2000 1971–1998 99 2–4  Biancale et al. 
(2000)

GRIM5-C1 2000 1971–1998, 2000 120 2–4  Gruber et al. (2000)
TEG4 2000 2000 200 2 and (2,1)  Tapley et al. (2000)
EIGEN-1s 2002 2000 119 2–4  Reigber et al. 

(2002)
EIGEN-

CHAMP03Sp
2003 Jul. 2000–Jun. 

2003
140 2–4  Reigber et al. 

(2005a)
EIGEN-

CHAMP03S
2004 Oct. 2000–Jun. 

2003
140 2–4  Reigber et al. 

(2005a)
EIGEN-

GRACE02S
2004 2002–2003 

(5 months)
150 2–4  Reigber et al. 

(2005b)
GGM02S 2004 Apr. 2002–Dec. 

2003
160 2  Tapley et al. (2005)

GGM02C 2004 Apr. 2002–Dec. 
2003

200 2  Tapley et al. (2005)

EIGEN-CG01C 2004 Oct. 2000–Nov. 
2003

360 2–4  Reigber et al. 
(2006)

EIGEN-CG03C 2005 Oct. 2000–Jul. 
2004

360 2–4  Förste et al. (2005)

EIGEN-GL04S1 2006 Feb. 2003–Jul. 
2005

150 2–4  Förste et al. (2008b)

EIGEN-GL04C 2006 Feb. 2003–Jul. 
2005

360 2–4  Förste et al. (2008b)

EIGEN-5S 2008 Jan. 2001–Jan. 
2007

150 2–4 and (2,1)a  Förste et al. (2008a)

EIGEN-5C 2008 Jan. 2001–Jan. 
2007

360 2–4 and (2,1)a  Förste et al. (2008a)

EIGEN-
CHAMP05S

2010 Oct. 2002–Sep. 
2008

150 2–4 and (2,1)a  Flechtner et al. 
(2010)

EIGEN-51C 2010 Oct. 2002–Sep. 
2008

359 2–4 and (2,1)a  Bruinsma et al. 
(2010)

AIUB-GRACE03S 2011 Jul. 2003–Aug. 
2009

160 2–30b  Jäggi et al. (2011)
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amplitudes of the sine and cosine terms of annual and semi-annual (periodical) variations 
of the spherical harmonic coefficient, respectively. The degree 0 term in Eq. 1 corresponds 
to the point-like attraction and is equal to 1. The degree 1 terms are put to 0 in orbit tests 
described in Sects. 3–5, thus identifying the center of mass of the Earth with the origin of 
the terrestrial reference frame.

2.1 � Earth’s Gravity Field Models Containing Just Secular Terms

A list of Earth’s gravity field models containing secular terms, but no periodic variations 
of geopotential coefficients is given in Table 1. From these models, GGM02S (Tapley et al. 
2005) and GGM02C (Tapley et al. 2005) contain secular terms of zonal coefficients just 
of degree 2. TEG4 (Tapley et  al. 2000) contains additionally secular term of the coeffi-
cient (2,1). Other models given in this table contain secular terms for zonal coefficients 
of degrees 2–4, while EIGEN-5C, EIGEN-5S (Förste et al. 2008a), EIGEN-CHAMP05S 
(Flechtner et al. 2010), and EIGEN-51C (Bruinsma et al. 2010) contain secular terms also 
of the coefficients (2,1), and AIUB-GRACE03S (Jäggi et al. 2011) contains secular terms 
of d/o  2–30. The satellite-only model GRIM5-S1 (Biancale et  al. 2000) and combined 
model GRIM5-C1 (Gruber et  al. 2000) were developed before the CHAMP launch (in 
2000) using tracking data to 21 satellites over the time span 1971–1998 and additionally 
of 2000, as well as terrestrial and altimetric gravity anomaly data, in case of GRIM5-C1. 
The static part of these two models contains coefficients up to d/o  99 and 120, respec-
tively. These models served as reference gravity field models for CHAMP initial process-
ing. EIGEN-1s (Reigber et al. 2002) was the first model based on CHAMP data, namely 
on 88  days of year 2000. Geoid approximation error of this model was of about 20  cm 
in terms of 5◦ × 5◦ block mean values (Reigber et  al. 2002). The EIGEN-CHAMP03Sp 
(Reigber et al. 2005a) and EIGEN-CHAMP03S (Reigber et al. 2005a) were derived from 
GPS-CHAMP satellite-to-satellite tracking and accelerometer data covering about a 2.5-
year time span in 2000–2003 and SLR data of four satellites. These models revealed large-
scale temporal gravity field variations due to sub-seasonal and seasonal mass variations in 
the atmosphere, oceans and continental hydrology (Reigber et al. 2005a). These models are 
complete up to d/o 140. EIGEN-GRACE02S (Reigber et al. 2005b) was the first Earth’s 
gravity field model calculated from GRACE tracking data, namely 110 days in 2002–2003. 
Dedicated instrumentation of GRACE mission (a K-band ranging assembly, an acceler-
ometer, a GPS receiver, a star camera and other instruments) allowed to derive an Earth’s 
gravity field model being about one order of magnitude more accurate than CHAMP-
derived global gravity field models and over two orders of magnitude more accurate than 
the pre-CHAMP satellite-only gravity field models of that time (Reigber et  al. 2005b). 
The satellite-only model GGM02S and combined model GGM02C were calculated from 
14  months of data (April 2002–December 2003) of GRACE measurements indicating a 
cumulative error of less than 1  cm geoid height to spherical harmonic degree 70 (Tap-
ley et al. 2005). From the combination of GPS-CHAMP and GPS-GRACE high-low and 
GRACE K-band range low-low satellite-to-satellite tracking data at the about three-year 
time interval from October 2000 to November 2003 as well as surface data from altimetry 
over the oceans and gravimetry over the continents, a new, high-resolution global grav-
ity field model EIGEN-CG01C (Reigber et al. 2006) was determined. This model had the 
accuracy of 4 cm and 0.5 mgal in terms of geoid heights and gravity anomalies, respec-
tively, at a spatial resolution of 200  km half-wavelength. EIGEN-CG03C (Förste et  al. 
2005) was an upgrade to EIGEN-CG01C based on the same CHAMP data, but almost 
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twice as much GRACE data (376 days instead of 200 days, totally from October 2000 until 
July 2004), Förste et al. (2005). Both EIGEN-CG01C and EIGEN-CG03C are complete up 
to d/o 360. EIGEN-CG03C was selected as a reference Earth’s gravity field model of the 
Geophysical Data Records (GDR) orbit standards (version B: GDR-B3). EIGEN-GL04S1 
(Förste et  al. 2008b) is a satellite-only model based on 30 months of GRACE data cov-
ering the period from February 2003 until July 2005. Additionally, 24 months (February 
2003 to February 2005) of LAGEOS SLR data were used for accurate estimation of C2,0 . 
EIGEN-GL04C (Förste et al. 2008b) is a combined model computed using the same data 
as EIGEN-GL04S1, but additionally surface gravity data sets in the Arctic, Antarctic, 
and North America, and a new mean sea surface height model from altimetry processing 
at GFZ. The accuracy of this model at a spatial resolution of 200 km (half-wavelength) 
was 3  cm in terms of geoid heights. EIGEN-GL04S1 and EIGEN-GL04C are complete 
up to d/o 150 and 360, respectively. Satellite-only model EIGEN-5S (Förste et al. 2008a) 
was derived using 54 months (August 2002–January 2007) of GRACE data and 6 years 
(January 2001 – December 2006) of LAGEOS-1/-2 SLR data. A new combined gravity 
field model EIGEN-5C (Förste et al. 2008a) was obtained from the combination of these 
data with surface data. This model showed better performance compared to previously 
released models, in particular, smaller observation fits for GRACE and SLR satellites, 
smoother spectral behavior, better reduction of meridional stripes and smaller fit in GPS/
leveling comparisons (Förste et al. 2008a). EIGEN-5S and EIGEN-5C were complete up 
to d/o 150 and 360, respectively. EIGEN-CHAMP05S gravity field model was computed 
using six years (October 2002–September 2008) of reprocessed CHAMP GPS-SST and 
accelerometer data (Flechtner et al. 2010). The maximum d/o of this gravity field model 
is 150. This model indicated better quality than its predecessor EIGEN-CHAMP03S also 
based on CHAMP data. This was obtained due to using a longer time span of data, appli-
cation of improved background modeling, processing standards and strategies. At the 
same time, EIGEN-CHAMP05S showed comparable quality as, e.g., EIGEN-5S derived 
using GRACE data. EIGEN-51C is a combined global gravity field model derived using 
six years of CHAMP and GRACE data (from October 2002 to September 2008) and the 
DNSC08 global gravity anomaly data set (Bruinsma et al. 2010). The model is complete 
up to d/o 359. Finally, AIUB-GRACE03S is a GRACE-only gravity field model computed 
using GRACE GPS satellite-to-satellite tracking data and K-band range rate data of the 
time interval between July 2003 and August 2009 using the Celestial Mechanics Approach 
(Jäggi et al. 2011). The model is complete up to d/o 150 for the static field and contains 
secular terms of d/o 2–30.

2.2 � Earth’s Mean Time‑Variable Gravity Field Models Containing Also Periodic 
Variations of Geopotential Coefficients

Table 2 contains a list of Earth’s mean TVG models containing secular terms and periodic 
variations of geopotential coefficients. For each of these models, the time-variable part of 
the geopotential consisting of secular and periodic (annual and semi-annual) variations of 
geopotential coefficients is given for the same range of the d/o terms.

3  https://ids-doris.org/documents/BC/data/POD_configuration_Jason_Envisat_GDRB_GDRC.pdf
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2.2.1 � EIGEN‑GL04S‑ANNUAL

EIGEN-GL04S-ANNUAL (Lemoine et  al. 2007) is the first Earth’s mean gravity field 
model of which the time-variable part contains, besides secular terms, also annual and 
semi-annual (sine and cosine) variations of geopotential coefficients. This model is com-
plete up to d/o 150 and contains above mentioned time-variable coefficients for d/o 2–50. 
The values of the secular and periodic terms are constant for each spherical harmonic coef-
ficient over the complete time span of modeling. The model was derived from a two-year 
(February 2003 to February 2005) time span of GRACE and LAGEOS-1/2 data. Its refer-
ence date is 2004.0. The secular terms were determined over only two years (2003–2005). 
This model was selected for the GDR-C altimetric orbit standards.4

2.2.2 � EIGEN‑6S, EIGEN‑6C and EIGEN‑6C2

EIGEN-6S (Förste et  al. 2011) is a satellite-only model based on LAGEOS-1/-2 SLR 
data and GRACE GPS-SST and K-band range rate data from January 2003 to June 2009, 
as well as GOCE Satellite Gravity Gradiometry Txx, Tyy, and Tzz data from November 
2009 to June 2010. The time-variable part of the model consists of a secular term, cosine 
and sine terms of annual and semi-annual variations of each spherical harmonic coeffi-
cient up to d/o 50. EIGEN-6C (Shako et al. 2014) is the first global combined TVG model 
that includes also GOCE data. It was computed from a combination of LAGEOS-1/-2, 
GRACE, and GOCE data, enhanced with the DTU10 surface gravity data. The initial 
release of EIGEN-6C published in 2011 was complete up to d/o 1440, while the second 
release of this model published in 2012 was complete up to d/o 1990. EIGEN-6C2 (Förste 
et al. 2013) is an update of EIGEN-6C. It is complete up to d/o 1949 and is based on the 
extended measurement time spans for the LAGEOS, GRACE, and GOCE data, namely

•	 LAGEOS SLR data from January 1985 until December 2010,
•	 GRACE (GPS-SST and K-band range rate) data from March 2003 until December 

2010,
•	 GOCE (satellite gradiometry only) data from 1 November 2009 till 19 April 2011.

2.2.3 � EIGEN‑GRGS.RL02bis.MEAN‑FIELD, EIGEN‑6S2, EIGEN‑6S2.extended.v2, 
and EIGEN‑6C2

EIGEN-GRGS.RL02bis.MEAN-FIELD (CNES  2012) is based on eight years of GRACE 
and LAGEOS data (March 2003–March 2011). The model is complete up to d/o 160. Its 
time-variable part consisting of secular terms, annual and semi-annual sine and cosine 
variations of geopotential coefficients is given for d/o 1–50. Additionally, a correction (an 
offset) is introduced to take into account the permanent deformation of the gravity field 
associated with the Sumatra earthquake on 26  December 2004. The reference epoch of 
the model is 2005.0. This is the reference gravity field model for the GDR-D altimetric 
standards.5

5  https://ids-doris.org/documents/BC/data/POD_configuration_GDRE.pdf

4  https://ids-doris.org/documents/BC/data/POD_configuration_Jason_Envisat_GDRB_GDRC.pdf
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EIGEN-6S2 (Rudenko et  al. 2014) was derived using a longer time span of data, 
namely:

•	 LAGEOS-1/-2 SLR data from 1985 to 2010,
•	 GRACE normal equations were used from the GRGS release 02 GRACE processing 

for the time span February 2003–January 2011 and the GFZ release 05 processing for 
the time span October 2003–September 2012,

•	 the GOCE part includes, in addition to Vxx, Vyy, and Vzz, also the Vxz component.

The difference in the coefficients representation for this model, as compared to EIGEN-6S, 
consists in the fact that the coefficients of Eq. 1 of this model are no longer constant over 
the complete time span of modeling, but are time-variable. Thus, the coefficients are given 
with a one-year time step from 9 January 1985 until 1 January 2012 for degree 2 terms and 
from 1 January 2003 until 1 January 2012 for degree 3–50 terms (measurement period). 
Zero values of the secular terms and periodic corrections are used outside of the measure-
ment period (the time span of input data).

EIGEN-6S2.extended.v2 (Rudenko et al. 2014) is an extended version of EIGEN-6S2 
in which the TVG part was extended beyond 2012.0, until 2014.0, using the mean slopes 
of 2009.0–2012.0 for the slopes of 2012.0–2014.0. This model was selected and used for 
ITRF2014 computation.

2.2.4 � EIGEN‑GRGS.RL03‑v2.MEAN‑FIELD.mean_slope_extrapolation

This model (Lemoine et al. 2014) is complete up to d/o 260. It is based on GOCE-DIR5 for 
the part between degree 81 and 260. The TVG coefficients between degrees 1 and 80 are 
obtained from a regression on the GRGS-RL03-v2 monthly time series (2002.5–2014.5). 
For degree 2, this TVG part is extended to 1985–2014.5 through the use of a GRGS SLR-
only (LAGEOS-1 and LAGEOS-2) solution between 1985 and 2003. Outside of the meas-
urements period (1985–2014.5 for degree 2, 2003–2014.5 for degrees 3–80), the gravity 
field is extrapolated by the average slope of the signal over the period 2003.0–2014.0.

The modeling of the TVG part includes, as for EIGEN-6S2, two annual and two semi-
annual coefficients for each year, in addition to one bias and one secular term for each year. 
The bias and secular term are, in general, coherent so that the result is a piecewise lin-
ear function, except in the case of earthquakes. Three major earthquakes were introduced 
in the modeling: Sumatra on 26 December 2004, Concepcion on 27 February 2010 and 
Tōhoku on 11 March 2011. This model was selected for the GDR-E orbit standards.6

2.2.5 � EIGEN‑6S4_v2 and EIGEN‑GRGS.RL04.MEAN‑FIELD

EIGEN-6S4 (version 2) (Förste et  al. 2016) is a satellite-only global gravity field model 
derived by the combination of LAGEOS, GRACE, and GOCE data. The model is complete 
up to d/o 300. Its time-variable part consisting of secular terms as well as annual and semi-
annual variations per year includes d/o 2–80. The model was derived using LAGEOS-1/2 
SLR observations from 1985 to 2003, GRACE-LAGEOS monthly gravity fields from 
August 2002 to July 2014, as well as GOCE data processed via the direct numerical 

6  https://ids-doris.org/documents/BC/data/POD_configuration_GDRE.pdf
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approach. The model includes an improved modeling of the TVG part, in particular, for 
C2,0.

EIGEN-GRGS.RL04.MEAN-FIELD (Lemoine et al. 2018) is complete up to d/o 300. 
It is based on GOCE-DIR5 for the part between degree 91 and 300. The modeling of the 
TVG part of this model is identical to the one of the EIGEN-GRGS.RL03-v2.MEAN-
FIELD.mean_slope_extrapolation model with a difference that the maximum d/o of the 
TVG part was increased from 80 to 90. The TVG coefficients between degrees 1 and 90 
were obtained from a regression on the GRGS-RL04-v1 monthly time series of solutions 
(September 2002–June 2016). For degrees 1 and 2, this TVG part is extended to January 
1993–February 2019 through the use of a GRGS SLR-only solution based on the data of 
five SLR satellites (LAGEOS-1, LAGEOS-2, Starlette, Stella, and Ajisai). As for the previ-
ous CNES model, three major earthquakes were introduced. Outside of the measurements 
period (January 1993–February 2019 for degrees 1 and 2, September 2002–June 2016 for 
degrees 3 to 90), the gravity field is extrapolated using a mean slope computed using only 
the last two years (2014–2016) of the data span. This model was selected for POE-F orbit 
standards.7

2.2.6 � ITSG‑GRACE Models

ITSG-GRACE is a series of Earth’s gravity field solutions computed at the Institute 
of Geodesy of the Graz University of Technology. Published models include ITSG-
Grace2014s and ITSG-Grace2014k (Mayer-Gürr et  al. 2015), and ITSG-GRACE2018S 
(Kvas et al. 2019). The later model was derived using GRACE data for the period between 
April 2002 and August 2016. The model is complete up to d/o  200. The TVG part of 
the model is provided for degrees 2–200. However, on the contrary to the TVG models 
described just before, no semi-annual variations (but only annual variations) are provided 
for the spherical harmonic coefficients of this model. Moreover, the secular term and 
annual variations are constant for each spherical harmonic coefficient of this model over 
the complete time span.

2.2.7 � GOCO Models

GOCO (Gravity Observation Combination) models were derived by the GOCO consortium 
consisting of five institutions (Fecher et al. 2017). The main objective of the consortium 
is to compute high-accuracy and high-resolution global gravity field models from com-
plementary gravity data sources: satellite gravity missions CHAMP, GRACE, and GOCE, 
SLR data (satellite-only models of the GOCO-S series), and additionally terrestrial gravity 
field and satellite altimetry data (combined GOCO-C models). The combination is done by 
superposition of full normal equations and applying optimized relative weighting strate-
gies. Among satellite-only models, GOCO05S (Mayer-Gürr et  al. 2015) and GOCO06S 
(Kvas et al. 2021) were published. GOCO06S is complete up to d/o 300. The model was 
derived using the following data:

•	 GOCE TIM6 gradiometer observations (data of the complete mission period),
•	 GRACE data from April 2002 until August 2016 (ITSG-GRACE2018s model),

7  https://ids-doris.org/documents/BC/data/POD_configuration_POEF.pdf
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•	 kinematic orbits of Swarm-A/-B/-C, TerraSAR-X, TanDEM-X, CHAMP, GRACE-A/-
B, and GOCE (TIM6 SST),

•	 SLR observations to LAGEOS-1, LAGEOS-2, Starlette, Stella, Ajisai, LARES, Larets, 
Etalon-1, Etalon-2, and BLITS from April 2002 until August 2016.

As for ITSG-GRACE2018S, the TVG part of the model is provided for degrees 2–200 and 
only annual (but no semi-annual) variations are available for the spherical harmonic coef-
ficients of this model, and the secular term and annual variations are constant for each 
spherical harmonic coefficient over the complete time span.

2.2.8 � COST‑G Deterministic Signal Model

This model is derived by the International Combination Service for Time-variable Gravity 
Fields (COST-G) using GRACE-FO measurements (Peter et al. 2022). C2,0 is replaced by 
the GRACE-FO+SLR combined solution. The model is complete up to d/o 90, secular and 
periodic (annual and semi-annual) terms are provided for d/o 2–90. The values of the secu-
lar and periodic terms are constant over the complete time span of the model from 1 Janu-
ary 2018 until now for each gravity field coefficient.

2.2.9 � CNES_GRGS.RL05MF_combined_GRACE_SLR_DORIS

This model is based on 30  years (1993–2022) of SLR data, 10  years (1993–2002) of 
DORIS data, 21 years (2002–2022) of GRACE/GRACE-FO data and 3.5 years (November 

Fig. 1   C9,9 coefficient time evolution for three CNES mean fields and for the COST-G combined solution
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2009–October 2013) of GOCE data and is complete up to d/o 300. More specifically, the 
following data were used to derive this model (Lemoine et al. 2023):

•	 DORIS+SLR mascons from January 1993 to March 2002. SLR data for LAGEOS-1, 
LAGEOS-2, Starlette, Stella, Ajisai, and Lares satellites starting in 1980, DORIS data 
for all DORIS-carrying satellites, from TOPEX/Poseidon to HY2A and SARAL. The 
mascons solution was converted to spherical harmonics between degree 1 and 40,

•	 GRACE+SLR RL05 monthly gravity field time series between April 2002 and October 
2022,

•	 GOCE-DIR5 for the static part between degree 91 and 300.

The TVG part of the model is provided for degrees 1–90. The coefficients are given with 
a one-year time step from 17 January 1993 until 16 October 2022 for degrees 1–90. The 
retrograde extrapolation of the secular term coefficients (pre-1993) was obtained from a 
regression on the DORIS+SLR mascons. The prograde post-2022 extrapolation of the coef-
ficients of secular terms was obtained from a regression over the GRACE era (2002–2022). 
As for the two previous GRGS models, three major earthquakes were introduced.

Figure  1 illustrates exemplarily the improvements from CNES RL03MF to RL05MF 
and the difficulty of extrapolating the mean fields. COST-G time series of d/o 9 is used 
here as a reference for the evaluation of the mean fields. RL03MF was over-estimating, 
for this coefficient, the annual cycle. Its extrapolation based on the average slope between 
2003 and 2014 was not successful in representing the real evolution of the C9,9 coeffi-
cient. Both RL04MF and RL05MF have a better representation of the actual time evolu-
tion of this coefficient over their respective GRACE/GRACE-FO data inclusion periods, 

Fig. 2   C11,11 coefficient time evolution for three CNES mean fields and for the COST-G combined solution
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2002.5–2014.5 and 2002.5–2022.5, respectively. The extrapolation of RL04MF based on 
the slope of the last two years before the end of the data is more successful than the one of 
RL03MF for that coefficient, but can be very wrong for other coefficients as illustrated by 
Fig. 2 which plots coefficient C11,11 . We have selected these spherical harmonic coefficients 
and this time span, since one can clearly see the differences in the coefficient time series 
from various models at the time spans beyond those ones used to derive respective gravity 
field models. It is also clear from these figures that the mean fields, with only one bias, one 
slope, annual and semi-annual periodic coefficients per year, cannot represent the TVG as 
accurately as the monthly solutions. This consideration strengthens the need to have regular 
updates of the mean fields, with an extrapolation period not exceeding one year. Therefore, 
an update of this model CNES_GRGS.RL05MF_2024_08.shc is available since January 
2025 at.8 Compared to the original model, it incorporates 22 additional monthly GRACE-
FO solutions from CNES RL05 (November 2022 to August 2024). These GRACE-FO 
monthly solutions include SLR data from six satellites: LAGEOS-1, LAGEOS-2, Starlette, 
Stella, Ajisai, and Lares. This model was selected for the POE-G orbit standards.9

3 � Precise Orbit Determination

To see the impact of various Earth’s mean TVG models on orbits of altimetry satellites and 
altimetry results, we selected nine models given in Table 3. The selected models represent 
the latest versions of the Earth’s mean TVG models of each generation (release) published 
in 2011–2023, as far as CNES/GRGS models concerns, and the latest releases of GOCO 
and ITSG-GRACE series of models. To show the impact of earlier models on orbit quality, 
we have added three more models, namely, the GRIM5-C1 model derived in 2000 without 
using any CHAMP and GRACE data, the EIGEN-GL04S1 model developed in 2006 using 
30 months of GRACE data covering the period from February 2003 until July 2005 and 
24  months (February 2003 to February 2005) of LAGEOS SLR data used for accurate 
estimation of C2,0 and EIGEN-6S developed in 2011. We have not included in our tests the 
COST-G deterministic signal model, since this model is derived using data starting from 
June 2018 and, therefore, it has to be extrapolated for the time intervals before this time 
instant resulting in degraded orbit quality for the time spans before June 2018.

We have performed POD for four altimetry satellites at the following time spans: 
TOPEX/Poseidon (27  September 1992  –  9  October 2005), Jason-1 (13  January 
2002 – 30 June 2013), Jason-2 (20 July 2008 – 2 October 2019), and Jason-3 (17 February 
2016 – 28 June 2023). We use the DGFI-TUM Orbit and Geodetic parameter estimation 
Software (DOGS, Gerstl 1997; Bloßfeld 2015) for POD. Orbits are computed generally at 
3.5-day long arcs. A bit shorter or longer arcs are used in the vicinity of orbit maneuvers. 
We use SLR observations available from the International Laser Ranging Service (ILRS, 
Pearlman et al. 2019) in POD, since SLR observations are more sensitive to the changes of 
the Earth’s gravity field models than GPS or DORIS observations during the analysis of 
which many parameters are estimated that can absorb the differences caused by a model 
replacement. The main models used in the POD of this study are provided in Tables 5, 6, 
7, 8 and 9. We use SLRF2020 (Pavlis and Luceri 2022) being an extension of ITRF2020 

8  https://grace.obs-mip.fr/variable-models-grace-lageos/mean-fields/release-05/
9  https://ids-doris.org/documents/BC/data/POD_configuration_POEG.pdf
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(Altamimi et  al. 2023) for SLR stations that includes also historical and very recently 
installed SLR stations that are missing in ITRF2020. We apply LAGEOS-1 SLR long-term 
mean range biases from the ILRS Data Handling File (DHF) for SLRF2020 (Data Han-
dling File 2024) for SLR observations of all altimetry satellites, as it is recommended in 
this DHF. An advantage of applying these long-term mean range biases for POD of altim-
etry satellites has been shown by Rudenko et  al. (2025). SLR observations having time 
biases ≥ 10 � s were excluded during SLR observation screening. A list of parameters esti-
mated at each orbital arc together with the frequency of their estimation and their a priori 
standard deviation (sigma) is given in Table 4.

4 � Impact on Orbital Parameters

First, we analyze the POD results over the complete time span from September 1992 to 
June 2023 of all four altimetry satellites of this study. Analyzing the RMS values of SLR 
observation residuals shows (Fig. 3a) that the CNES RL04MF and CNES RL05MF models 
provide the smallest average value of this parameter (1.91 cm), while the GRIM5-C1 model 
provides the largest (2.37 cm) average value of this parameter over the complete time span. 
A more detailed analysis shows that CNES RL05MF performs better than CNES RL04MF 
at the time span 2016–2023. The GOCO06S and ITSG-GRACE2018S models show trends 
in the cross-track empirical acceleration in 1992–2005 (Fig. 3b), since the secular terms 
and annual variations of the gravity field coefficients determined over 2002–2016 for these 
models have to be used outside of this time span, and since they are constant for each coef-
ficient over the complete time span. This shows importance of modeling the time-variable 
part of the Earth’s gravity field at the complete time span at which satellites orbits are to be 
computed, not just at the GRACE time span. GRIM5-C1 and EIGEN-GL04S1 provide the 
largest scatter of empirical acceleration (Fig. 3b) that absorbs mismodeling coming from 
these gravity field models. The largest absolute mean values of empirical accelerations are 
obtained for ITSG-GRACE2018S and GOCO06S models, showing TVG mismodeling that 
has been absorbed by larger absolute values of empirical accelerations. On the contrary, 
Figs. 3 and 4b show that CNES RL04MF and RL05MF models provide smallest standard 
deviations of empirical acceleration indicating that it is least scattered. The average values 

Table 4   A list of estimated parameters

Parameter Frequency A priori sigma

Keplerian elements Once per arc Unconstrained
Solar radiation pressure scale factor Once per arc 0.1 [–]
Earth’s albedo and infrared radiation scale factor Once per arc 0.1 [–]
Atmospheric drag scale factor Every 12 h 0.1 [–]
Empirical acceleration (sine and cosine terms of
the cross-track and along-track components) Once per arc 1.34⋅10−9 [m/s2]
Empirical acceleration (coefficient of a continuous
piecewise linear function of the cross-track
and along-track components) Every 12 h 1.34⋅10−9 [m/s2]
SLR range bias of selected stations Once per arc 0.1 [m]
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of the mean of SLR observation residuals are of 0.06–0.07  cm for most models, except 
EIGEN-6S that provides a larger value of 0.09 cm for this parameter.

Jason-3 is of particular interest for this study, since the time span of its orbit (Feb-
ruary 2016–June 2023) covers the periods of the last months of GRACE data, a gap 
between GRACE and GRACE-FO and a period of GRACE-FO data used to derive 
the CNES RL05MF model. Therefore, we analyze the results for this satellite in more 
details. An impact of the gravity field models on the mean and standard deviations of 
the following orbital parameters of Jason-3 is shown in Fig. 4: RMS and mean values of 
SLR observation residuals, scale factors of the solar radiation pressure (SRP), Earth’s 

Fig. 3   Time series of the (a) arc-wise RMS values of SLR observation residuals and (b) sine term of the 
cross-track empirical acceleration over the time span of all four altimetry satellites obtained using various 
gravity field models
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albedo and infrared radiation (ALB), atmospheric drag (ATM), sine (S), cosine (C), 
and piecewise linear (P) terms of the along-track (EA) and cross-track (EC) empirical 
accelerations. These so-called spider plots show how close the average values of the 

Fig. 4   Mean (a) and standard deviations (b) of orbital parameters of Jason-3 obtained using various gravity 
field models
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respective orbit parameters are to the nominal values forming a reference polygon. The 
values of the reference polygon are equal to zero for the residuals and accelerations and 
to 1 for the scale factors, since this would mean perfect values of these parameters. The 
closer the average values are to the reference polygon, the better is the performance 
of the respective model. The smallest average value of the RMS of SLR observation 
residuals (1.48 cm) is obtained for this satellite using CNES RL05MF indicating that 
this model performs best among the nine models tested for this satellite, whereas the 
largest average value (2.56 cm) is obtained for GRIM5-C1 indicating its worst perfor-
mance. The smallest absolute mean values of SLR observation residuals (0.01–0.05 cm) 
are obtained for the seven most recent models tested, while GRIM5-C1 and EIGEN-
GL04S1 provide the largest absolute values (0.08–0.16 cm) of this parameter. A replace-
ment of the Earth’s gravity field model does not impact the scale factor of the solar radi-
ation pressure significantly: the values are within 0.987–0.998 for various models. The 
values of the scale factor of the atmospheric drag closest to 1 (0.99–1.00) are obtained 
for the latest four gravity field models, i.e., ITSG-GRACE2018S, GOCO06S, CNES 
RL04MF, and CNES RL05MF, whereas five older models, i.e., GRIM5-C1, EIGEN-
GL04S1, EIGEN-6S, EIGEN-6S2ext2, and CNES RL03MF, provide average values 
of 0.98–1.04 that differ more significantly from the nominal value. This indicates that 
some mismodeling of five older Earth’s gravity field models is absorbed by the scale 
factor for atmospheric drag acting in the along-track direction. Empirical accelerations 
absorb unmodeled or mismodeled effects affecting the satellite orbit, including those 
coming from TVG. Standard deviation characterizes, how the time series is scattered. 
Mean value specifies a bias. Absolute values of empirical accelerations in the cross-
track and along-track directions are about 3–8 times larger for GRIM5-C1, EIGEN-6S, 
and EIGEN-6S2ext2, than for other models. Figure 4b clearly shows that the standard 
deviations of most orbital parameters obtained using the CNES RL05MF model are 
closer to the nominal values being 0, while those obtained using GRIM5-C1, EIGEN-
GL04S1, and EIGEN-6S are the largest for most orbital parameters indicating their 
larger scatter around the average values. We conclude from this analysis that the CNES 
RL05MF model provides the best performance for Jason-3 among the nine models used 
in these tests.

To quantify the impact of the Earth’s gravity field models on orbit differences in the 
radial direction, we provide the RMS and mean values of radial orbit differences of Jason-3 
orbits derived using CNES RL05MF (reference solution, since this model shows the 
best performance among the models tested) and other gravity field models of Table 3 in 
Fig. 5. GRIM5-C1 provides significant orbit differences in the radial direction w.r.t. CNES 
RL05MF with the RMS values of 1.88 cm. For the recently developed models, the RMS 
values of orbit differences in the radial direction fit within 0.7–0.8 cm with smallest values 
provided by CNES RL04MF and GOCO06S. A trend in the RMS values of radial orbit dif-
ferences visible for EIGEN-6S and CNES RL04MF, as compared to CNES RL05MF, as 
well as increasing (with time) scatter of the mean values of radial orbit differences for all 
models shown in Fig. 5b are due to the extrapolation errors of these models, derived using 
the data of the time spans by 2017, at the Jason-3 time span of 2016–2023.5. GRIM5-
C1 provides significantly larger (0.34 cm) absolute mean values of radial orbit differences 
w.r.t. CNES RL05MF than other models.
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5 � Altimetry Crossover Results

In order to investigate the impact of different gravity field models used for orbit computa-
tions on satellite altimetry results and sea level determination, sea surface height (SSH) 
crossover differences are analyzed. Based on the results of POD tests (Sect. 3), we choose 
only the seven mean gravity field models from Table 3 developed since 2011. For this pur-
pose, in a first step, the seven different orbit solutions for Jason-2 and Jason-3 are used to 
compute SSH and to build single-satellite crossover differences (SXO) between ascending 

Fig. 5   RMS (a) and mean (b) values of radial orbit differences of Jason-3 orbits derived using CNES 
RL05MF (reference) and other gravity field models of Table 3
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and descending passes with a time limit of two days. For each 10-day cycle of the mis-
sions, the means and standard deviations of these SXO are analyzed.

Figure 6 shows the average mean values and standard deviations of the SXO for both 
satellites and all available orbit solutions. It should be noted, that the absolute numbers 
include not only the effects due to orbit uncertainties but also all other components of SSH, 
such as measurement uncertainties and errors in geophysical corrections. Therefore, the 
Jason-2 and Jason-3 numbers are not directly comparable, neither with each other nor with 
results from other groups that may use different time limits to define the crossover points. 
Only the differences between the solutions based on different gravity fields should be ana-
lyzed. The top plot shows the mean SXO. For Jason-2, their absolute values are less than 
1.5 mm for all orbit solutions, and the differences between the solutions are not significant. 
For Jason-3, however, the absolute values are much larger and all exceed 3 mm, except for 
the latest solution CNES RL05MF. In particular, the value of about -8 mm for EIGEN-6S 
indicates systematic errors in this gravity field for the Jason-3 time period.

Looking at the standard deviations, it can be seen that for both missions, the newer 
models generally perform better than the older ones. However, the differences are quite 
small: only 0.5 mm for Jason-2. For Jason-3, the differences are about twice as large: up to 
1.2 mm. The older EIGEN models are clearly worse than ITSG-GRACE2018s, GOCO06S, 
and CNES RL05MF.

The data also allow an analysis of the temporal evolution of SXO. Computing the dif-
ferences in SXO statistics between the EIGEN-6S and CNES RL05MF results (Fig.  7, 
black points), a temporal drift in both the means and the standard deviations can be clearly 
seen, indicating a decreasing performance of EIGEN-6S (developed using the data of 
1985–2009) over the years of 2016–2022, i.e., at the extrapolation time interval. The dif-
ferences in the SXO statistics between the CNES RL04MF and CNES RL05MF results 
(Fig. 7, red points) also indicate a trend caused by the computation of the secular terms of 
the CNES RL04MF geopotential model just over two years (2014–2016) and the extrapola-
tion over the Jason-3 time span (2016–2022). However, this trend is smaller than that one 
obtained for the differences between EIGEN-6S and CNES RL05MF, since the measure-
ment period of CNES RL04MF is closer to the Jason-3 time span than that of EIGEN-6S.

Fig. 6   Single-satellite crossover (SXO) statistics for Jason-2 and Jason-3
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If, in addition to the single-satellite crossover differences, one also analyses differences 
to other missions, a so-called multi-mission crossover analysis (MMXO) can be used to 
calculate time series of radial errors for all missions and derive geographically correlated 
mean errors (GCE). The theory for this was already developed in the early years of satel-
lite altimetry (e.g., Rosborough (1986), Klokočník and Wagner (1999), Klokočník et  al. 
(2004)) and since then dual-satellite crossover differences have been used for many differ-
ent missions and applications (e.g., Jolly and Moore (1995), Labroue et al. (2012), Prandi 
et al. (2015)). The MMXO as it is used in this study was described in detail in Bosch et al. 

Fig. 7   Differences between means (a) and standard deviations (b) of single-satellite crossover differences 
between solutions based on EIGEN-6S and CNES RL04MF w.r.t. those based on the CNES RL05MF grav-
ity field model for Jason-3
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Fig. 8   Geographically correlated mean errors (GCE) of Jason-3 based on different orbit solutions computed 
with the seven gravity field models used in the tests. The name of the gravity field model is given within 
each subplot (a–g)

Fig. 9   Standard deviations of geographically correlated mean errors (GCE) for Jason-2 and Jason-3
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(2014) and has already been used for evaluation of different orbits and input models, e.g., 
in Rudenko et al. (2014, 2018).

In this study, the Envisat, SARAL, and Sentinel-3 (A/B) missions were used in addition 
to the Jason satellites, depending on the time period. The data from these additional mis-
sions are identical for all runs with the different orbits for Jason-2 and Jason-3. Care was 
also taken to ensure that the corrections applied were selected as uniformly as possible for 
all missions. Nevertheless, only the differences between the solutions should be interpreted 
and not the absolute values, which, in addition to possible orbit effects, can contain effects 
due to other influences that may also be different for Jason-2 and Jason-3.

Figure  8 shows the GCE for the seven different orbit solutions for Jason-3. One can 
see clear differences between the solutions. In particular, the EIGEN-6S solution shows 
values of up to 1.5  cm with a clear east–west pattern. In contrast, the GCE of CNES 
RL03MF, CNES RL04MF, GOCO06S, and ITSG-GRACE2018S are significantly smaller 
and relatively similar. The smallest GCE are obtained for the CNES RL05MF solution. 
Figure  9 shows the standard deviations of these values. Larger standard deviations of 

Fig. 10   Trends in geographically correlated mean errors (GCE) of Jason-3 orbits computed using the grav-
ity field models of these tests
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GCE for Jason-3 for all TVG models, except CNES RL05MF, are due to the extrapola-
tion errors of these models derived using data before 2009–2017 at the time interval of 
Jason-3 (2016–2022). The standard deviations of GCE for Jason-2 do not show so much 
dependence on the TVG model, since the time span of this mission (2008–2019) is mainly 
within the time interval that was used to determine the TVG models or partly just shortly 
after that, when the extrapolation errors are still small. The Jason-2 GCE are therefore not 
shown here.

Since the SXO of the Jason-3 solutions show some temporal variations, it can be 
assumed that the GCE will also not be constant over the entire mission duration, and Fig. 8 
only shows the mean values. To investigate this, the GCE were calculated for periods of six 
cycles each (60 days, approximately two months). A larger grid width (5◦ instead of 3 ◦ ) 
was chosen in order to obtain enough observations for each location. A linear trend was 
then calculated for each grid point. The results for Jason-3 are shown in Fig. 10.

The computed GCE trends yield up to about 3  mm/year for EIGEN-6S and CNES 
RL04MF and remain below 1 mm/year for the other solutions, with the smallest values for 
the CNES RL05MF gravity field. The high GCE trend value of CNES RL04MF for Jason-3 
can probably be explained by a short (just two-year long) time interval (2014–2016) on 
which the extrapolated trend was computed for this gravity field model. The same can be 
seen when analyzing the different components of the center-of-origin shifts. These are 
derived for the estimated radial errors as explained in detail in Bosch et  al. (2014). The 
trend is clearly visible in the y-component of the EIGEN-6S results, but also for CNES 
RL04MF (see Fig. 11).

6 � Conclusions

We have performed a review of the Earth’s mean TVG models developed in 
2000–2023 and available for POD of Earth orbiting satellites. The TVG part of 
the models developed before the GRACE mission and during its first years, i.e., 

Fig. 11   The realizations of the origin (shifts in dx, dy, dz) computed for Jason-3 orbits derived using vari-
ous gravity field models
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in 2000–2011, consists mainly of secular terms of degree  2–4 zonal coefficients. 
EIGEN-GL04S-ANNUAL published in 2007 is the first Earth’s mean TVG model 
that contains, besides secular terms, also periodic (annual and semi-annual) variations 
of geopotential coefficients (up to d/o 50). The amplitudes of sine and cosine varia-
tions of gravity coefficients of this model were constant over the complete time span 
of analyzed (GRACE) data. Analysis of the Earth’s TVG using GRACE, GRACE-FO, 
spherical geodetic, and some non-spherical satellites using SLR and DORIS measure-
ments allowed to model the Earth’s TVG more precisely, so that the amplitudes of 
sine and cosine terms of annual and semi-annual variations in the latest Earth’s mean 
TVG models, such as CNES RL05MF, are no longer constant, but change with time. 
The time-variable part of the latest models is provided for d/o 2–90, for some of them 
up to 200.

To quantify the impact of the changes in modeling of Earth’s TVG in the recent TVG 
models on the orbits of altimetry satellites and altimetry results, we have performed POD 
of four altimetry satellites TOPEX/Poseidon (1992–2005), Jason-1 (2002–2013), Jason-2 
(2008–2019), and Jason-3 (2016–2023) at the time spans given using nine selected gravity 
field models. These include the CNES/GRGS mean gravity field models of releases 2 to 5, 
ITSG-GRACE2018S and GOCO06S, as well as the older (GRIM5-C1, EIGEN-GL04S1, 
and EIGEN-6S) models. We have assessed the impact of these models on different orbit 
parameters, such as scale factors of the solar radiation pressure, Earth’s albedo and infrared 
radiation, and atmospheric drag, coefficients of a sine, a cosine, and a continuous piece-
wise linear terms of the along-track and cross-track empirical accelerations, as well as the 
RMS and mean values of SLR observation residuals and orbit differences. Furthermore, 
the impact of the models developed in 2011–2023 on altimetry (single- and multi-satel-
lite) sea surface height crossover differences, radial errors, geographically correlated mean 
errors and their trends is investigated.

Among the models tested, the CNES RL05MF model performs best, in particular for the 
Jason-3 time span (2016–2023), since the time-variable terms of this model were determined 
over the longest time span (1980–2022) among the models used in this study and covering the 
major part of Jason-3 time span. Additionally, GRACE, GRACE-FO, SLR observations to six 
spherical satellites and DORIS observations to all DORIS-carrying satellites were used for this 
model contributing to the improvement of its quality. The models developed without using any 
CHAMP, GRACE, GRACE-FO, and GOCE data show degraded orbit quality compared to the 
recently developed models based on these data and modeling secular, annual and semi-annual 
changes of gravity field coefficients. The weakest performance among the models tested is 
obtained for the GRIM5-C1 gravity field model, derived using the data only until 2000. Extrapo-
lation of the TVG for this model at the time span of Jason-3 (2016–2023) causes degraded per-
formance of all orbit parameters and altimetry analysis results.

Among the models developed in 2011–2023, the EIGEN-6S model provides nota-
ble geographically correlated errors (up to 15 mm) and about 8 mm mean single-satellite 
crossover differences for Jason-3 due to extrapolation errors of time-variable terms of this 
model, that were determined over a short time span (2003–2009). EIGEN-6S provides the 
largest (4.8 mm) and CNES RL05MF provides the smallest (1.8 mm) standard deviations 
of geographically correlated mean errors for Jason-3 among the models tested. Newer grav-
ity field models, such as ITSG-GRACE2018s, GOCO06S, and CNES RL05MF, provide 
smaller standard deviations of crossover differences than the other models tested. EIGEN-
6S and CNES RL04MF provide the largest (up to 3  mm/year) trends of geographically 
correlated errors for Jason-3. These trends are, most probably, caused by the extrapolation 
errors of the TVG secular terms determined either long in the past in case of EIGEN-6S or 
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at a short time span in case of CNES RL04MF. The GCE trend is below 1 mm/year for all 
other models and the smallest trend is obtained for CNES RL05MF.

The GOCO06S and ITSG/GRACE2018S models show trends in the cross-track empiri-
cal acceleration in 1992–2005 due to the extrapolation of the TVG part at this time span.

For the Jason-2 time span (2008–2019), most models tested show a comparable perfor-
mance, though CNES RL04 and RL05 provide smallest mean of the standard deviations of 
SXO differences.

The RMS values of orbit differences in the radial direction are of 0.7 cm for Jason-3 
orbits computed using the latest versions of CNES models, namely CNES RL04MF and 
RL05MF. Older Earth’s gravity field models, such as GRIM5-C1, EIGEN-GL04S1, 
EIGEN-6S, EIGEN-6S2ext2, and CNES RL03MF, derived using data by 2009–2014, indi-
cate larger RMS values of radial orbit differences of 0.8–1.9 cm. EIGEN-6S and CNES 
RL04MF models derived using data at the time spans by 2017 show a trend in RMS values 
of radial orbit differences and increased scatter of these differences.

The results obtained in this study show an importance of regular reprocessing of Earth’s 
gravity field models for POD of Earth orbiting (altimetry) satellites by determining Earth’s 
TVG at the complete time span at which POD is to be performed. Modeling secular and 
periodic variations of the Earth’s gravity is important to get high-quality satellite orbits, 
especially in times of climate change on the Earth.

Appendix A: POD Setup

The main models used in the POD in this paper are given in Tables 5, 6, 7, 8, and 9.

Table 5   Force models used

a (https://​ilrs.​cddis.​eosdis.​nasa.​gov/​docs/​Jason-1_​specs.​pdf)

Force component Model description

Earth’s gravity field The models of Table 3,
static part: up to d/o 120,
time-variable part: maximum d/o are from the model

Lunar gravitational attraction  Konopliv et al. (2001), up to d/o 50
Third body gravity attraction Moon, Sun, Mercury, Venus, Mars, Jupiter, Saturn

(DE 421, Folkner et al. (2008))
Solar radiation pressure Constant radiation with eclipse modeling
Atmospheric drag NRLMSISE-00 model (Picone et al. 2002),

Horizontal Wind Model HWM14 (Drob et al. 2015)
Earth’s radiation pressure Albedo and infrared (Knocke et al. 1988)
Solid Earth tides IERS Conventions 2010 (Petit and Luzum 2010)
Ocean tides EOT11A (Savcenko and Bosch 2012) up to d/o 30

+ 62 admittance waves (Petit and Luzum 2010)
Atmospheric tides Biancale and Bode 2003 (Biancale and Bode 2006)
General relativistic correction Schwarzschild, de Sitter, Lense-Thirring

 (Petit and Luzum 2010)
Thermal radiation Applieda for Jason-1/-2/-3
Non-tidal perturbations (atmospheric, oceanic, 

hydrological)
Not applied

https://ilrs.cddis.eosdis.nasa.gov/docs/Jason-1_specs.pdf
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Table 6   Reference frame

a http://​hpiers.​obspm.​fr/​iers/​eop/​eopc04/​eopc04.​1962-​now

Component Its description

Terrestrial Reference Frame SLRF2020 with post-seismic deformations and periodic
variations from ITRF2020 (Altamimi et al. 2023)

Inertial reference frame Geocentric Celestial Reference System (GCRS)
Precession/nutation IAU2000A/IAU2006 model up to degree 10

 (Mathews et al. 2002)
Earth Orientation Parameters IERS EOP 20 C04a

Mean pole Quadratic mean pole convention for GRIM5-C1,
EIGEN-GL04S1 and EIGEN-6S;
Linear mean pole for all other gravity field models

Table 7   SLR measurement corrections and settings

Component Its description

Tropospheric zenith correction Mendes-Pavlis with temperature correction
 (Mendes and Pavlis 2004)

Tropospheric mapping function  Mendes et al. (2002)
Relativistic range correction  Petit and Luzum (2010)
Center-of-mass correction Satellite-dependent, available from the IDS satellite

mass history files
SLR measurement correction TOPEX/Poseidon: Zeitlhöfler et al. (2023),

Jason-1/-2/-3: none
Range biases LAGEOS-1 long-term mean range biases from the ILRS

Data Handing File for SLRF2020
(version of 13 February 2024)

Time biases not applied
Elevation cut-off angle 5◦

Observation weight 1 cm, no elevation- and station-dependent weighting applied

Table 8   SLR station coordinate corrections

a https://​cddis.​nasa.​gov/​archi​ve/​slr/​slrocc/​ecc_​xyz.​snx
 bftp://​edc.​dgfi.​tum.​de/​pub/​slr/​aux_​data/​ILRS_​Disco​ntinu​ities_​File.​snx

Component Its description

Station eccentricities ILRS eccentricity filea

Station discontinuities ILRS discontinuity fileb

Solid earth tidal correction Anelastic model (Petit and Luzum 2010)
Permanent tide Conventional model (Petit and Luzum 2010)
Ocean tide loading EOT11a (Savcenko and Bosch 2012)
Atmospheric tidal loading S1/S2 tidal model (Ray and Ponte 2003)
Solid earth pole tide displacement Secular pole model (Petit and Luzum 2010)
Ocean pole tide loading  Desai (2002)
Non-tidal displacement (atmospheric, oceanic, hydrological) Not applied

http://hpiers.obspm.fr/iers/eop/eopc04/eopc04.1962-now
https://cddis.nasa.gov/archive/slr/slrocc/ecc_xyz.snx
ftp://edc.dgfi.tum.de/pub/slr/aux_data/ILRS_Discontinuities_File.snx
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Table 9   Satellite information

a https://​ilrs.​gsfc.​nasa.​gov/​missi​ons/​satel​lite_​missi​ons/​past_​missi​ons/​topx_​com.​html
b https://​ilrs.​gsfc.​nasa.​gov/​missi​ons/​satel​lite_​missi​ons/​past_​missi​ons/​jas1_​com.​html
c https://​ilrs.​gsfc.​nasa.​gov/​missi​ons/​satel​lite_​missi​ons/​past_​missi​ons/​jas2_​com.​html
d https://​ilrs.​gsfc.​nasa.​gov/​missi​ons/​satel​lite_​missi​ons/​curre​nt_​missi​ons/​jas3_​com.​html
e ftp://​ftp.​ids-​doris.​org/​pub/​ids/​satel​lites/​ja1ma​ss.​txt, ftp://​ftp.​ids-​doris.​org/​pub/​ids/​satel​lites/​ja2ma​ss.​txt, 
ftp://​ftp.​ids-​doris.​org/​pub/​ids/​satel​lites/​ja3ma​ss.​txt, ftp://​ftp.​ids-​doris.​org/​pub/​ids/​satel​lites/​topma​ss.​txt
f ftp://​ftp.​ids-​doris.​org/​pub/​ids/​satel​lites/​topatt.​txt
g https://​cddis.​nasa.​gov/​archi​ve/​doris/​ancil​lary/​quate​rnions/

Component Its description

Orbit integration step size 30 s
SLR array offset TOPEX/Poseidona, Jason-1b, Jason-2c, Jason-3d

Satellite mass Time-variablee

Satellite attitude Nominal yaw steering model for TOPEX/Poseidonf,
measured attitude for Jason-1/-2/-3 available fromg

and preprocessed according to Bloßfeld et al. (2020)
Satellite macromodel CNES box-wing model (Cerri et al. 2023)

https://ilrs.gsfc.nasa.gov/missions/satellite_missions/past_missions/topx_com.html
https://ilrs.gsfc.nasa.gov/missions/satellite_missions/past_missions/jas1_com.html
https://ilrs.gsfc.nasa.gov/missions/satellite_missions/past_missions/jas2_com.html
https://ilrs.gsfc.nasa.gov/missions/satellite_missions/current_missions/jas3_com.html
ftp://ftp.ids-doris.org/pub/ids/satellites/ja1mass.txt
ftp://ftp.ids-doris.org/pub/ids/satellites/ja2mass.txt
ftp://ftp.ids-doris.org/pub/ids/satellites/ja3mass.txt
ftp://ftp.ids-doris.org/pub/ids/satellites/topmass.txt
ftp://ftp.ids-doris.org/pub/ids/satellites/topatt.txt
https://cddis.nasa.gov/archive/doris/ancillary/quaternions/
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