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Abstrakt

Pohyb geocentra odrazi rozsahlou redistribuci hmoty v zemském systému a lze jej odvozovat z
druzicovych geodetickych technik. V této studii hodnotime cCasové tfady geocentra od deseti
analyzacnich center IGS pokryvajici obdobi 1994-2025 (IGS Repro3 a nasledné aktualizace) spole¢né
s kombinovanym GNSS fe$enim na zakladé odhadu komponent rozptylu od Zajdela et al. (2025). Tyto
série porovnavame s nezavislymi odhady ze SLR observaci k druzicim LAGEOS-1/2, z precizniho
urcovani drah druzic LEO a z geofyzikdlnich modelt zatizeni (GGFC a ESM). Spektralni dekompozice
ukazuje, ze rocni a pololetni signaly ptfedstavuji pouze ~20-35 % rozptylu GNSS, zatimco zbyvajici
¢asti dominuji vysokofrekvencni a drakonitické artefakty. Porovnani napii¢ technikami ukazuje, ze
ro¢ni signal zachyceny GNSS ma pievazné geofyzikalni ptivod, s korelacemi ~0,8 a s rozdily mezi
pouzitymi technickami ptiblizn€ 2—-3 mm v amplitudé a 20-30° ve fazi. Vnitini konzistence GNSS je v
Repro3 oproti Repro2 vyrazné zlepSena, ackoliv rozdily vié¢i SLR, LEO a modelum zatiZeni pietrvavaji,
zejména v komponenté Z.

Abstract

Geocenter motion reflects large-scale mass redistribution in the Earth system and can be inferred from
space-geodetic techniques. We evaluate geocenter time series from ten IGS Analysis Centers spanning
1994-2025 (IGS Repro3 and updates), together with a variance-component—based combined GNSS
solution from Zajdel et al. (2025). These series are cross-compared with independent estimates from
SLR to LAGEOS-1/2, precise orbit determination of LEO satellites, and geophysical loading models
(GGFC and ESM). Spectral decomposition shows that annual and semiannual signals represent only
~20-35% of GNSS variance, with high-frequency and draconitic artifacts dominating the remainder.
Multi-technique comparisons indicate that the annual signal captured by GNSS is largely geophysical,
with correlations ~0.8 and inter-technique differences of ~2—-3 mm in amplitude and ~20-30° in phase.
Internal GNSS consistency is substantially improved in Repro3 relative to Repro2, although
discrepancies with SLR, LEO, and loading models persist, particularly in the Z component.
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1 Introduction

Global Navigation Satellite Systems (GNSS) today provide information not only for navigation
purposes. One natural process that can be monitored using GNSS satellite observations is the motion of
the Earth’s center of mass, referred to as geocenter motion (GCC) in geodesy. This motion, represented
as a time-varying vector, reflects large-scale changes in the distribution of mass within the Earth system,
arising mainly from the redistribution of mass in the oceans, atmosphere, and terrestrial hydrology [1].
This information is important both for maintaining global reference frames and for monitoring climate-
related processes.

In recent years, as part of the preparations for the latest realization of the International Terrestrial
Reference Frame (ITRF2020; [2]), the analysis centers (ACs) of the International GNSS Service (IGS;
[3], which are responsible for processing GNSS data from the global network of permanent stations,
carried out a campaign known as IGS Repro3 [4], [5]. As part of this effort, all available observations
dating back to 1994 were reprocessed using the latest knowledge and advancements in GNSS data
processing, particularly in orbit modeling. One of the parameters provided by these centers is the
representation of GCC.

The goal of the study is to perform a long-term evaluation of the GCC time series derived from multiple
independent sources, including Global Navigation Satellite Systems (GNSS), Satellite Laser Ranging
(SLR) to LAGEOS-1/2, Precise Orbit Determination (POD) of Low Earth Orbiters (LEO), and
geophysical loading models. The latter include outputs from the Earth System Modeling (ESM)
developed at the GFZ German Research Centre for Geosciences as well as products from the Global
Geophysical Fluid Center (GGFC). The analysis covers the period 1994-2024, enabling a
comprehensive assessment of the consistency, trends, and variability of the GCC across techniques and
geophysical drivers.

2 Dataset

Our dataset integrates multiple independent estimates of GCC spanning 19942024 from space geodesy
and geophysical modeling. The GNSS contribution consists of daily solutions from ten ACs, each
employing distinct processing strategies that significantly affect GCC retrieval, primarily due to
differences in solar radiation pressure (SRP) modeling [5]. GCC is derived via a network-shift approach,
enabling an assessment of the latest 1GS reprocessing campaign to determine whether previously
“apparent” consistency with independent techniques is improved [6], [7], [8], thereby enhancing the
geophysical reliability of GNSS-based GCC. In addition, individual GNSS series were combined using
variance component estimation (V3M; [9]).

Complementary GCC estimates are provided by Satellite Laser Ranging (SLR) to LAGEQOS-1/2, using
7-day arc solutions that estimate satellite orbits, Earth rotation parameters, station coordinates, range
biases, and GCC. Only a single satellite type is used to avoid target-change artifacts [10]. Owing to its
simple orbit modeling and independence from GNSS-specific error sources, SLR is considered a highly
suitable technique for sensing the GCC, although it remains sensitive to network coverage, geographic
distribution, and station performance [11].

A third observational dataset comes from GPS-based Precise Orbit Determination (POD) of Low Earth
Orbiters (LEO), including GRACE, GRACE-FO, and seven additional missions [12]. Daily GCC
estimates from individual satellites, covering diverse orbital configurations, are combined using a
Square-Root Information Filter to mitigate non-gravitational force modeling errors. GCC is sensed
directly through LEO orbital motion with reduced reliance on GPS orbit modeling, yielding monthly
GCC time series.

In addition, two suites of geophysical loading models are incorporated: GGFC GCTI20 [13] and
ESMGFZ [14]. Both provide atmospheric (NTAL), oceanic (NTOL), and terrestrial water storage
(HYDL) contributions. GGFC is forced by ERAS reanalysis, while ESMGFZ uses ECMWEF operational
analysis and ERA-Interim fields. Both modeling systems enforce global mass conservation, and
ESMGFZ additionally includes explicit sea level loading (SLEL) from the sea level equation. All
loading model outputs are averaged to daily resolution for direct comparison with space-geodetic series.
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Finally, we also include a parameter-level GNSS combination prepared by [9], who employed Forstner’s
variance component estimation to optimally weight the individual AC contributions; this combined
GNSS series is referred to as V3M.

3 Results

Fig. 1 summarizes the distribution of signal power within selected spectral bands expressed as a
percentage of the total variance. The GNSS solutions exhibit pronounced high-frequency artifacts, most
visibly in the X component due to orbital modeling errors, and elevated intra-seasonal power in Z
associated with draconitic errors. The combined GNSS solution (V3M) enhances the annual and
semiannual signals while suppressing most high-frequency and intra-seasonal variability (periods <150
days). However, much of the amplified sub-annual power remains artificial, originating from draconitic
harmonics or from direct and aliased effects of high-frequency orbital errors. In contrast, SLR and LEO
series—owing to coarser temporal sampling—feature most of their power at sub-annual to inter-annual
scales. The two loading model suites (GGFC vs ESM) are highly consistent, with frequency-band power
differences on the order of only a few percent.
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Fig. 1 Power distribution of the specific spectral band as a percentage of the total power.

Fig. 2 presents the standard deviation of the GCC computed within sliding 5-year windows from 1995
to 2024. This metric highlights the temporal evolution of variability in the X, Y, and Z components,
allowing direct comparison across techniques and models while accounting for changes in constellation
geometry, tracking networks, and data quality over the nearly three-decade span.
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Fig. 2 Standard deviation of GCC in 5y windows from 1995 to 2024.

The temporal evolution of scatter reveals several important characteristics. GNSS exhibits elevated
variability prior to ~2000, reflecting incomplete constellations and sparse ground tracking; after ~2005
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the variability strongly decreases, with window-to-window standard deviations dropping below 1-2
mm. Across the techniques, SLR and GNSS show larger variability than LEO and the geophysical
loading products. The Z component consistently displays the highest excess scatter (roughly 2-3x
larger), while X and Y are moderately elevated (approximately 1.5x larger). Within the ESM suite,
atmospheric (NTAL) and oceanic (NTOL) components dominate the scatter budget.

Fig. 3 displays correlation matrices (upper triangles) and standard deviations of pairwise differences in
millimeters (lower triangles) for the X (left), Y (middle), and Z (right) GCC components, allowing a
direct assessment of cross-technique consistency in both temporal coherence and amplitude agreement.
One should note that only the seasonal signal is analyzed, while the remaining temporal bands have been
filtered out using a Butterworth filter. The best agreement is found in the Y component, with correlations
typically exceeding 0.95 among V3M, SLR, LEO, and GGFC/ESM. Agreement in the X and Z
components are more moderate: SLR and LEO correlate with GGFC/ESM at levels of 0.85-0.94,
whereas GNSS correlations to other datasets usually fall within 0.6-0.8. Component-wise amplitude
differences are smallest for X/Y (~1-2 mm), and substantially larger for Z (often >3 mm), underscoring
the heightened sensitivity of the Z component to technique-specific and modeling differences.
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Fig. 3 Correlation matrices (upper triangle) and standard deviations of differences in mm (lower triangle) for X
(left), Y (middle), and Z (right) GCC components.

Tab. 1 summarizes the characteristics of annual signal — amplitudes and phases — estimated for the
GCC time series over the common analysis period (2008-2020). The table includes individual AC
solutions, the combined GNSS solution (V3M), and independent reference series from SLR, LEO, and
geophysical loading models.

The results reveal a substantial variability in GNSS-derived annual amplitudes and phases, particularly
in the X and Z components, indicating that much of the observed variability reflects processing artifacts
rather than genuine geophysical signals. For example, in the Z component, the 90° phase offset between
ESA (—195°) and GRG (—105°) corresponds to a roughly three-month difference in the timing of the
maximum GCC displacement, with one solution peaking in boreal winter and the other in spring.
Importantly, no systematic link emerges between the choice of GNSS constellations (first column of
Tab. 1) and differences in annual amplitudes or phases, underscoring that constellation composition
alone does not explain the divergence among AC solutions.

Comparison with independent techniques highlights further component-specific behavior. In the X
component, GNSS amplitudes (V3M) are consistent with LEO and GGFC/ESM loading models,
whereas SLR shows amplitudes roughly three times larger. In the Y component, GNSS amplitudes
(V3M) are approximately 2 mm larger than GGFC/ESM and about 1 mm larger than SLR or LEO,
suggesting that GNSS may overestimate lateral annual variability. In the Z component, GNSS (V3M),
SLR, and LEO exhibit mutually consistent amplitudes but remain about 1.5 mm higher than
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GGFC/ESM, again indicating an increased sensitivity of the Z component to technique-specific errors
and modeling limitations.

Tab. 1 Annual signal parameters for the GCC time series (2008—2020).

soL R Y Z
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Fig. 4 illustrates the temporal evolution of the annual signal amplitudes estimated from the GCC series
for the X, Y, and Z components (top panels), together with the corresponding inter-solution correlation
coefficients (bottom panel). The sliding-window analysis highlights how both the magnitude of the
annual signal and the degree of agreement among techniques vary over time, allowing assessment of
long-term consistency, convergence, and divergence across GNSS ACs, combined GNSS products, and
independent datasets.

Annual variability is assessed using sliding 3-year windows in which a sinusoid with a fixed period of
365.25 days is fitted to each component. The loading models (GGFC and ESM) exhibit the lowest
variability in annual amplitude, providing a stable geophysical benchmark against which observational
techniques can be compared. In contrast, annual amplitudes estimated from GNSS, LEO, and SLR
display markedly a higher temporal variability, reflecting a stronger influence of processing strategies,
network evolution, and force-modeling choices rather than a pure response to the Earth system mass
redistribution.

The correlation matrices (bottom panel) further show that GNSS solutions remain more mutually
consistent than externally consistent—particularly in the Y component — indicating that internal GNSS
processing conventions help maintain a coherence within the technique, even when biases with respect
to geophysical models persist. The X and Z components reveal more complex patterns: while periods of
strong GNSS agreement occur, cross-technique correlations remain weaker, highlighting continued
sensitivity to orbit modeling, constellation geometry, and empirical force parameterization. Collectively,
these results underscore that externally validating annual GCC amplitudes remains challenging for
space-geodetic techniques, and that geophysical loading models currently provide the most stable
reference for a long-term annual variability.
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Fig. 4 Temporal evolution of annual signal amplitudes for GCC time series across the X, Y, and Z components
(top panels), and corresponding correlation coefficients between individual solutions (bottom panel).

4  Conclusion

This study shows that while GNSS, SLR, and LEO each capture GCC annual variability, they exhibit
non-negligible inter-technique differences, with annual phase offsets of ~20-30° and amplitude
discrepancies of ~2-3 mm that define the present level of cross-technique agreement. GNSS solutions
demonstrate stronger internal than external consistency, particularly in the Y component, while the X
and Z components remain more affected by modeling and draconitic artifacts, with Z consistently the
most sensitive. Importantly, IGS Repro3 significantly improves intra-technique GNSS consistency
compared to Repro2 [7], reducing annual amplitude spread (~0.5 mm in X/Y; ~1.5 mm in Z) and
tightening phase alignment (~25° in X/Z; ~5° in Y) across ACs. A parameter-level combination (V3M)
effectively suppresses GNSS-specific high-frequency and draconitic signatures and yields seasonal
signals more consistent with independent techniques, while SLR and LEO provide complementary
constraints that mitigate GNSS orbit-modeling dependencies. Geophysical loading models
(GGFC/ESM) remain the most stable reference for annual variability, underscoring that full GCC
characterization benefits from multi-technique synthesis rather than reliance on a single observing
system.
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