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Abstract: Recent studies have identified a near six-year oscillation (S5YO) in Global Navi-
gation Satellite Systems (GNSS) surface displacements, with a degree 2, order 2 spherical
harmonic (SH) pattern and retrograde motion. The cause is uncertain, with proposals
ranging from deep Earth to near-surface sources. This study investigates the SYO and
possible causes from surface loading. Considering the irregular spatiotemporal distribution
of GNSS data and the variety of contributors to surface displacements, we used synthetic
experiments to identify optimal techniques for estimating low degree SH patterns. We
confirm a reported retrograde SH degree 2, order 2 displacement using GNSS data from
the same 35 stations used in a previous study for the 19952015 period. We also note that
its amplitude diminished when the time span of observations was extended to 2023, and
the retrograde dominance became less significant using a larger 271-station set. Surface
loading estimates showed that terrestrial water storage (TWS) loads contributed much
more to the GNSS degree 2, order 2 SYO, than atmospheric and oceanic loads, but TWS load
estimates were highly variable. Four TWS sources—European Centre for Medium-Range
Weather Forecasts Reanalysis 5 (ERA5), Modern-Era Retrospective analysis for Research
and Applications (MERRA), Global Land Data Assimilation System (GLDAS), and Gravity
Recovery and Climate Experiment (GRACE/GRACE Follow-On)—yielded a wide range
(24% to 93%) of predicted TWS contributions with GRACE/GRACE Follow-On being the
largest. This suggests that TWS may be largely responsible for SYO variations in GNSS
observations. Variations in SYO GNSS amplitudes in the extended period (1995-2023) were
also consistent with near surface sources.

Keywords: six-year oscillation; GNSS; surface loading; satellite gravimetry; terrestrial
water storage; wavelet transform

1. Introduction

A ~six-year oscillation (S5YO) has been detected throughout the Earth system, including
length of day changes (ALOD) [1-3], polar motion [4], magnetic field [5], gravity field [6,7],
surface deformation [8,9], and the climate system [10-12]. The authors of [12] provided
a comprehensive review and discussion of the difficulties in identifying precisely the
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period(s) of fluctuations in varied geophysical properties, due to limitations imposed by
data length. The authors of [13] proposed several scenarios to explore the causes of SYO
from Earth’s deep interior to the climate system, but its origin remains uncertain. The
SYO in ALOD has been attributed to the deep Earth [4,14-17], with various proposed
physical causes, including Mantle-Inner-Core Gravitational coupling (MICG) and torsional
modes in the outer core. For the SYO in surface deformation, the authors of [8,9] also
proposed deep Earth sources, but other work [18] indicated that surface displacements
resulting from core processes would be too small to be detected in Global Navigation
Satellite Systems (GNSS) observations. The authors of [19] identified the SYO in GNSS
interannual signals in reginal surface loading studies and highlighted the complexity of
its cause. Their findings revealed inconsistencies in the amplitude and phase agreements
between GNSS and environmental loadings. A near SYO in surface deformation, gravity
field, and other quantities suggests the importance of climate sources [20]. Additionally, the
authors of [21] found SYO variations at specific GNSS stations, which would be associated
with regional climate effects.

Here, we use the term SYO to imply variations over periods near but not precisely
lasting six years. We focus on strategies for estimating SYO pro- and retrograde variations
having a SH degree 2, order 2 (abbreviated [2, 2]) pattern in GNSS (here, only Global
Positioning System (GPS)) surface deformation, as reported in [8], and examine geophysical
contributions from surface loading. Because deep Earth sources at higher SH degrees would
have diminished surface effects [22,23], [2, 2] variations are a good candidate for study.
The authors of [9] found evidence of a SYO in a stack (average) of 12 years of GPS vertical
displacements at 523 stations, although averaging over all longitudes would likely attenuate
a [2, 2] pattern.

The 38 GPS stations used in [8] were very unevenly distributed, with only four in
the Southern Hemisphere. This imbalance may have allowed local signals, such as the
~six-year periodic signal associated with land hydrology in California [24], to introduce
aliasing in the [2, 2] estimate. Therefore, the first topic of our study was identifying an
effective strategy for the estimation of a [2, 2] pattern from available data. Our second
topic was understanding the contamination, uncertainty, and deformation associated with
observational noise and surface loading from atmospheric, oceanic, and land hydrological
(terrestrial water storage or TWS) sources. Quantification of surface loading sources were
expected to help identify cause(s) of SYO behavior which have varied explanations, as
mentioned above. We examined various loading contributions from model estimates and
satellite gravimetry observations.

2. Materials and Methods
2.1. GPS Data

The GPS vertical displacement time series used in this study are from NASA’s Jet
Propulsion Laboratory (JPL), which provides data from more than 2800 stations [25]. Two
station sets were selected, one being the same used in [8] comprising 38 stations, covering
the period from January 1995 to April 2015, and the other comprising 271 stations spanning
April 2002 to May 2023. For both station sets, we applied the same data selection criteria as
in [8], ensuring data gaps were below 180 days. Figure 1 shows the locations of the 38 and
271 station sets. A list of stations used in this study is shown in the Supporting Information
(Table S1). Breaks and jumps caused by equipment changes and earthquakes, as well as
annual and semi-annual terms, have been removed using JPL estimates. A least square fit
(LSQ) linear trend was removed prior to spectral analysis. Figure 2 shows the monthly GPS
vertical displacements (black curves) for the ALGO (North America), DAV1 (Antarctica),
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GENO (Southern Europe), KOKB (Central Pacific), LHAZ (Central Asia), and NKLG (West
Africa) stations, as examples. These example stations are indicated by gold stars in Figure 1.
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Figure 1. Locations of the 38 GPS stations used in [8] (green dots), and 271 (red dots) GPS stations;
41 blue triangle stations were a subset of the 271 chosen for a more uniform geographical distribution
as described below. Example (gold star) stations (Figure 2) were ALGO (North America), DAV1
(Antarctica), GENO (Southern Europe), KOKB (Central Pacific), LHAZ (Central Asia), and NKLG
(West Africa).
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Figure 2. GPS vertical displacements (black curves) and total environmental vertical loading dis-
placements (atmospheric, OBP, and TWS from selected models as described below) (red curves) at
the (a) ALGO, (b) DAV1, (c¢) GENO, (d) KOKB, (e) LHAZ, and (f) NKLG stations. Breaks and jumps,
annual and semi-annual terms, and linear trends have been removed. The differences between GPS
displacements and model predictions at KOKB and NKLG were mainly caused by the inaccuracy of
the atmospheric model for a mid-ocean island (KOKB) and coastal area (NKLG).
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2.2. Loading Data

The School and Observatory of Earth Sciences (EOST) loading service (http://loading.
u-strasbg.fr/index.php) provides estimates of surface deformations from various climate
sources as both Stokes coefficients and station displacements [26,27]. We used EOST
center-of-figure station displacements in this study. EOST estimates atmospheric loads
from two surface pressure data sources, the European Centre for Medium-Range Weather
Forecasts Reanalysis 5 (ERA5) and the Modern-Era Retrospective analysis for Research
and Applications, Version 2 (MERRA-2). EOST non-tidal oceanic loading is estimated
from ocean bottom pressure (OBP) data provided by the Circulation and Climate of the
Ocean, Phase II (ECCO2). Because atmospheric and oceanic contributions are largely
anti-correlated over the oceans due to the inverted barometer (IB) response of the oceans,
we separated continental and oceanic loads to clarify their individual contributions. The
continental component was calculated from surface pressure data over land only. The
ocean component was calculated directly from OBP containing both atmospheric and
oceanic loads.

EOST terrestrial water storage (TWS) loading was estimated from soil moisture, snow,
and canopy water data from three sources, ERA5, MERRA-2, and the Global Land Data
Assimilation System (GLDAS). In addition to these EOST TWS estimates, Gravity Recovery
and Climate Experiment (GRACE) and GRACE Follow-On (GRACE-FO) gravity data
were available to estimate TWS loading displacement. We used the University of Texas
at Austin Center for Space Research (UTCSR) Release 6.2 (RL06.2) 0.25° x 0.25° mascon
solutions [28,29], which have been supplemented at low SH degrees using satellite laser
ranging data (Cyg, C39) with estimated degree-1 (Cyp, Cy11, S11) coefficients, corrections for
glacial isostatic adjustment (GIA), and GAD fields (equivalent to OBP over the oceans). We
subtracted GAD gridded fields so that the residual equivalent water thickness (EWT) over
land would represent TWS loading. The approximately one-year gap between GRACE
and GRACE-FO, along with smaller gaps within the GRACE and GRACE-FO period, was
addressed by first removing the average seasonal components, linearly interpolating the
residual time series, and then restoring the seasonal components. The GRACE/GRACE-FO
estimates of TWS vertical loading displacements were calculated by convolution of EWT
with a Green’s function for the Preliminary Reference Earth Model [30,31]. The Green’s
function, in Figure S1, shows that displacement dropped rapidly away from the load. For
example, the vertical displacement of a 10 km disc load fell to about 10% of its peak value
at about 30 km from the load center.

For our initial calculations, we selected load estimates from ERA5, ECCO2, and ERA5
models for atmosphere, OBP, and TWS loads, respectively. Their cumulative vertical
loading displacements at the six example stations are shown by red curves in Figure 2.
Subsequently, we examined other climate model and GRACE/GRACE-FO estimates. In
fact, the differences among atmospheric model estimates were small (Figure S2 shows this
for the six example station time series), whereas Figure 3 shows relatively larger differences
among TWS load estimates from hydrological models and GRACE/GRACE-FO data. The
large differences at specific stations were likely due to limited data coverage in certain
regions (e.g., the absence of modeled data over Antarctica at DAV1) or differences in land-
ocean mask definitions among models, which may have led to inconsistencies in TWS
estimates near coastal stations (e.g., NKLG).
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Figure 3. TWS load vertical displacements from ERA5, MERRA-2, GLDAS, and GRACE/GRACE-FO
at the (a) ALGO, (b) DAV1, (c¢) GENO, (d) KOKB, (e) LHAZ, and (f) NKLG stations. Annual and
semi-annual terms and linear trends have been removed.

2.3. Methods

Surface deformation V (6, ¢) at colatitude 6 and longitude ¢ can be expressed in a
SH expansion:

N I
V(6,9) =Y Y Puu(cos8)(Cpycosmep + Spysin me) (1)
[=0m=0

where Py, (cos 0) are normalized Legendre functions of degree  and order m, and Cy,,;, and
Sim are real-valued SH coefficients. N is the maximum expansion degree. Coefficients Cj,,
and Sy, were estimated via LSQ from GPS surface displacements (Equation (2)):

m - (YTWY) YTwy @)

where Y represents the degree and order summation of P}, (cos ) multiplied by cos m¢ or
sinm¢, W is a weight applied to vertical displacement data, and C, S, and V represent Cy,,,,
Sim, and V (0, ¢), respectively. We omit the summation symbol for conciseness. The total
number of coefficients for a specific degree I was 2! + 1, so displacements at a minimum
of five GPS stations were needed to estimate degree 2 coefficients, but the actual number
of stations would be larger, so data quality and geographical distribution needed to be
considered when interpreting estimates.

To replicate and extend the results of [8], we estimated SH [2, 2] coefficients Cyy and Sy
using LSQ fits to vertical displacements and then expressed time series of coefficients in the
complex form Cpp + iSp to allow pro- and retrograde separation. The next section examines
various approaches to LSQ estimation considering the irregular spatial sampling of the sta-
tion sets. Periodogram spectra from the Discrete Fourier Transform (DFT) of Cy 4 iSp; time
series separated positive and negative frequencies, corresponding to pro- and retrograde
variations, respectively. In addition, real-valued Morlet wavelet spectral analysis [32-34]
was used to examine time-varying spectra of pro- and retrograde components:

F(a,b) \f/ £(1) <ab>dt 3)
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where F(a, b) is the amplitude at frequency/period a and time b, f(t) is the time series, and

14 (d) represents the Morlet basis wavelet.

a

3. Results
3.1. Synthetic Tests of SH Coefficient Estimation

To evaluate how LSQ estimates of [2, 2] coefficients varied with the number and spatial
distribution of GPS stations, as well as with the number of SH coefficients being fit, we
conducted a series of controlled experiments using synthetic data.

First, we generated synthetic time-varying global mass load fields representing climate-
related signals from April 2002 to May 2023. These fields combined atmospheric, oceanic,
and terrestrial hydrology loads and were constructed by summing GRACE/GRACE-FO
dealiasing fields (AOD1B GAC) with GLDAS model outputs. The synthetic fields were
expressed as SH expansions up to degree and order 100.

Second, these global fields were converted to vertical loading displacements at selected
GPS station locations. To simulate observational uncertainty, randomly generated flicker
noise with a variance of 3 mm?—consistent with typical GPS time series residuals after
removing linear trends and seasonal signals—was added to the displacements. Ensembles
of 100 noise realizations were created for each test.

Third, LSQ fits were applied to the GPS station data to estimate SH coefficients. The
station samples were weighted by cos*(latitude), because [2, 2] variations are largest at the
equator, with variance proportional to the fourth power of the cosine of latitude. We tested
cases of fitting coefficients to degree 2 only, degrees 0 through 2, and degrees 0 through 3
for both the 38 and 271 station sets and a subset of 41 with a more uniform distribution
(as shown in Figure 1). The resulting LSQ estimates of the [2, 2] coefficients were then
compared to their known true values from the synthetic fields.

Figure 4a—c show DFT periodogram spectra of Cyy + iSpy for the true (red curves) and
ensemble means of estimates (black curves) using 38, 271, and 41 stations. In Figure 4 all
coefficients from degrees 0 to 2 are fit. The LSQ annual, semi-annual components, and linear
trends have been removed, and a two- to eight-year zero phase band-pass Butterworth filter
was applied prior to spectral analysis. The gray-shaded areas indicate the 30 confidence
intervals (~99.7% confidence level) derived from an ensemble of 100. These results show
that using 271 stations has an advantage in suppressing random observation noise, thus
reducing areas of the 30 confidence regions. The discrepancy between black and red curves
in Figure 4a indicates that there was an overestimation of power by 10 to 20 dB with only
38 stations. Overestimations were reduced using both 271 and 41 stations, suggesting this
effect may have been related to the uneven geographical distribution of the 38 stations.

Figure 5 shows DFT periodogram spectra of Cp; + iSp; for the true (red curve) and
ensemble means of the estimates (black curves) using 271 stations. Figure 5a—c illustrate
the results when all coefficients were fit to degree 2 only, degrees 0 through 2, and degrees 0
through 3. A two- to eight-year zero-phase band-pass Butterworth filter was applied prior
to spectral analysis. The gray area contains the 30 confidence region of the ensemble of 100.
These results show that fitting coefficients from the 0 through 3 degrees results was less
effective in suppressing random noise, as evidenced by the larger 30 confidence regions.
The results for fitting coefficients from degree 2 only or degrees 0 through 2 were quite
similar, and we adopted LSQ fits to degrees 0 through 2 in subsequent analyses.
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Figure 4. DFT periodograms of Cy; + iSyy: true (red) and ensemble means of LSQ estimates (black)
with randomly generated flicker noise at (a) 38 sites, (b) 271 sites, and (c) 41 sites. The gray area

contains the 30 confidence region. Station data are latitude weighted as described in the text, and all

coefficients from degrees 0 to 2 were estimated simultaneously. A two- to eight-year band-pass filter

was applied prior to spectral analysis.

The real-valued Morlet wavelet spectra of [2, 2] coefficients from the two experiments

are presented in the Supplementary Information (Texts S1 and S2).
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Figure 5. DFT periodograms of Cp + iSyy: true (red) and ensemble means of LSQ estimates (black)
with randomly generated flicker noise at 271 sites. All coefficients from (a) degree 2 only, (b) degree 0
through 2, and (c) degree 0 through 3 were estimated simultaneously. The gray area contains the 3¢
confidence region. Station data are latitude weighted as described in the text. A two- to eight-year
band-pass filter was applied prior to spectral analysis.

3.2. SYO Signals in GPS Observations
3.2.1. Spectral Analysis

To replicate the findings in [8], we first examined the same 38 GPS stations and time
span (January 1995 to April 2015) and then extended the analysis through 2023. Three of
the 38 stations (BRIB, BRMU, PIN2) did not have publicly available data for the extended
period, possibly due to discontinued operation or other technical issues, and were excluded
in our analysis. We also used the 271 stations shown in Figure 1 for the same analysis.

Figures 6 and 7 compare DFT and wavelet spectra of Cyy + iSpy, respectively. The
case of 35 stations was computed for the two periods (January 1995 to April 2015 and
January 1995 to April 2023). The longer time span (1995-2023) provided better frequency
resolution (red curve in Figure 6). For both time spans in the 35-station case, a retrograde
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Periods (year) Periods (year)

Periods (year)

SYO spectral peak was evident and was larger than at the prograde frequency, consistent
with the results presented in [8]. However, for the longer time span, the peak prograde
SYO power (approximately at a 5.42-year period) increased by ~4 dB (black versus red
curves in Figure 6), making the retrograde dominance less evident. The DFT periodogram
using 271 stations (blue curve in Figure 6) shows that the retrograde dominance was even
less evident and nearly disappeared. The wavelet spectra in Figure 7 show that prior to
2005, the retrograde SYO was strong but weakened after 2010. For the extended period, a
prograde SYO became prominent after about 2010.
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Figure 6. DFT periodogram of Cy; + iSy; estimated from 35 and 271 GPS-station sets over different
time spans.
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Figure 7. Morlet wavelet spectra of band-pass filtered Cyy + iSyy estimated from 35 (a-d) and 271
(e,f) GPS-station sets. Retrograde and prograde signals are shown in the left and right columns,
respectively. (a,b) are from January 1995 to April 2015; (c,d) are from January 1995 to April 2023;
(e,f) are from May 2002 to April 2023. Spectral magnitudes have been scaled by 1 x 101
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3.2.2. Surface Loading Effects

We first examined surface loading displacements from the atmosphere over the con-
tinents, OBP, and TWS using ERA5, ECCO2, ERAS estimates, as noted earlier. Wavelet
spectra and DFT periodograms for [2, 2] GPS series and loading estimates for the 271-station
set are shown in Figures 8 and S5 (for brevity), respectively. A prograde and retrograde
SYO was evident in atmospheric and TWS loadings, whereas OBP loading showed less
evidence of a SYO with varying amplitudes. TWS loading tended to be in phase with
GPS [2, 2] displacements for both prograde and retrograde SYO, whereas atmospheric
loading appeared out of phase with GPS displacements. The six-year phase ¢ was de-
fined by Acos(w(t —ty) — ¢), where A is the amplitude, t( is the start of the year, and
wis % cycles/year. Table 1 summarizes the phases from GPS and environmental loading
estimates, further supporting the observed in-phase and out-of-phase relationships.

Retrograde Prograde

IS}
IS}

Periods (year)

5 ® o &
Periods (year)

B® o &

T2 T2
o o
> >
8 8
Q4 94
© ©
) )
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2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

Figure 8. Morlet wavelet spectra of band-pass filtered Cy + Sy, estimated from 271 GPS vertical
displacements and individual vertical loading displacements from different sources. Retrograde and
prograde signals are in the left and right columns, respectively. (a,b) from observed GPS vertical
displacements; (c,d) from atmospheric loading over the continent; (e,f) from OBP loading; (g,h) from
TWS loading. Spectral magnitudes are scaled by 1 x 101,

Table 1. Phase (in degrees) of the six-year periodic component for prograde and retrograde [2, 2] in
GPS observations and environmental loadings.

Retrograde Prograde
GPS 341 218
ATM-Land 146 11
OBP 328 186
TWS 318 205

Figure 9 shows DFT periodogram spectra of GPS deformation after being corrected for
individual climate-related loads. The corresponding wavelet spectra appear in Figure Sé6.
For the chosen models in these initial experiments, the largest reduction in SYO power
resulted from the correction with ERA5 TWS loading (Figure 9¢) by about 1.4 dB at the
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retrograde peak near ~5.0-year and 1.2 dB at the prograde peak near ~6.1-year. Larger
reductions were obtained using other TWS estimates, as discussed below. Correcting for
atmospheric loading produced a slight increase in power, with the effect of OBP correction
being quite small.
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Figure 9. DFT periodograms of Cyy + Sy, estimated from 271 GPS stations (black curves) and GPS
minus individual loading contributions from (a) atmosphere over the continents, (b) OBP (c) TWS
(red curves).

The contributions due to loading sources could be quantified by comparing the sinu-
soidal fits at periods near six years (corresponding to periodogram peaks) to [2, 2] GPS
and loading displacements. The results for the six example stations are shown in Figure S7.
TWS loading sinusoids tended to be in phase with the 271-station [2, 2] sinusoids, with
amplitudes of ~24% of prograde and ~32% of retrograde GPS sinusoids. The amplitude of
the atmospheric load over the continents was comparable to that of TWS, but the periods
associated with periodogram peaks differed from those in GPS periodogram spectra. The
result was that the sinusoids went in and out of phase. The OBP load was small, and
the near-six-year spectral peaks of atmospheric loading over the continents appeared at
4.49-years prograde and 6.83-years retrograde. Note that SYO [2, 2] sinusoids represented
quite small contributors to the displacement time series at individual stations. For example,
at ALGO, the sinusoid amplitude associated with the spectral peak was only about 0.3 mm,
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contributing only ~10% to the standard deviation of the broad-band series, about 3 mm
(black curves in Figure 2).

4. Discussion

The analysis above used ERAS (for atmosphere and TWS) and ECCO2 (for ocean)
loading calculations. We examined periodogram spectra of [2, 2] loading using the other
models for the atmosphere (ERA5 and MERRA-2) and for TWS (ERA5, MERRA-2, GLDAS
and GRACE/GRACE-FO).

DFT periodograms of band-pass filtered Cyy + iSpp from 271-station GPS vertical dis-
placements and TWS load series are shown in Figure 10. All the TWS loading sources
showed spectral peaks near positive and negative six-year periods, but there were distinct
power differences. The GRACE/GRACE-FO TWS [2, 2] spectrum had the largest SYO
power, especially for the retrograde component. ERA5 TWS, used in the earlier calcula-
tion, was the smallest. We could quantify the effect of TWS loading from the different
estimates by computing the power difference (AdB) at peak frequencies near +six years
of GPS and of TWS (black and colored curves in Figure 10). The AdB was converted
to amplitude percentage via 10 x 100% in Table 2. The wide range of amplitudes in
Table 2 shows that the TWS contribution to [2, 2] GPS deformation was highly uncertain.
Thus, TWS may explain anywhere from a fraction to most of the observed SYO [2, 2] GPS
variation. It is also interesting that the GRACE/GRACE-FO estimate, which represented
a direct observation rather than a model, showed the largest amplitude. This was partly
because satellite gravimetry captures a more comprehensive range of TWS components
(e.g., groundwater depletion) than climate models, but it may also reflect potential overesti-
mation in the GRACE/GRACE-FO estimate due to the inclusion of mass changes within
the Earth’s interior.
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Figure 10. DFT periodogram of Cy; + iS5y, estimated from 271 GPS station heights (black curve)
and TWS loading using ERA5 (red curve), MERRA-2 (blue curve), GLDAS (green curve), and
GRACE/GRACE-FO (magenta curve) models/observations.
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Besides the periodograms of GPS and TWS load series shown in Figure 10, a com-
parison with TWS load-corrected series is also shown in Figure S8. There was reduced
spectral power after applying TWS load corrections using any of the four models, further
supporting the importance of TWS in the SYO GPS signals.

Table 2. TWS loading contributions to GPS vertical displacement amplitudes of SH [2, 2] SYO from
different models/observations.

ERA5 MERRA-2 GLDAS GRACE/GRACE-FO
Prograde 24% 51% 57% 56%
Retrograde 32% 49% 67% 93%

Due to the large differences among different TWS estimates, we applied the Three-
Cornered Hat (TCH) method [35,36] to assess the uncertainties of [2, 2] based on these
estimates. For a common signal (e.g., TWS-derived [2, 2]), each estimate can be represented
as the sum of the true signal and a noise term, i.e., Estimate; = True + Noise;. By computing
the variance of the difference between any two TWS estimates, thereby eliminating the
common true signal, we obtained six equations involving four unknown noise variances,
as shown in Equation (5). These unknowns can be solved using a LSQ approach; the results
are presented in Table 3.

var(Noise;) + var(Noise;) = var(Estimate; — Estimate;). 5)

Table 3. Standard deviation of the noise in [2, 2] from each TWS estimate.

ERA5 MERRA-2 GLDAS GRACE/GRACE-FO
Cx 2.63 x 10711 847 x 10712 1.36 x 10711 4.03 x 10711
S» 1.65 x 10711 337 x 10711 243 x 10712 754 x 1011

It is important to note that the uncertainties estimated from the TCH method should
be interpreted in the context of the method’s assumptions and limitations. First, the un-
derlying assumption of independence among the TWS estimates was not strictly met, as
the model-based estimates (e.g., ERA5, MERRA-2, GLDAS) may have shared similar forc-
ing data, parameterizations, or structural components. Second, the GRACE/GRACE-FO
estimates contained observed signals—such as mass changes from groundwater, ice, and
surface water—that were not fully represented in the land surface models. As a result,
GRACE/GRACE-FO exhibited higher apparent noise variance in the TCH framework,
which did not necessarily reflect lower data quality but rather a mismatch in signal con-
tent. Therefore, the uncertainties estimated by the TCH method should be regarded as
approximate indicators rather than absolute measures and were best used for qualitative
comparison or as a reference for uncertainty characterization.

Figure S9 shows that both a prograde and retrograde SYO persisted after atmospheric
load correction using either model. There was an amplification of ~1 dB using the ERA5
model to correct for atmospheric loading, but the differences between the two models
were minor. Our results are consistent with previous studies of SYO in ALOD [4,12,20,37],
which reported that atmospheric angular momentum corrections enhance the SYO ob-
served in ALOD. Different ocean models are reported to exhibit poor agreement at low SH
degrees [23], highlighting uncertainties in representing large-scale ocean mass variability.
Although the ECCO model suggested only a minor ocean contribution to SYO variations,
this did not preclude the presence of unmodeled signals arising from limitations or sim-
plifications in current ocean models. Imperfections, such as inadequate representation of
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deep ocean dynamics, boundary conditions, or data assimilation techniques, may have
led to residual oceanic signals that were not fully captured, potentially contributing to the
uncertainties in the SYO signal. Unmodeled non-linear variations in the current linear GIA
model may also have contributed to the SYO signal.

The above analysis was conducted with monthly data samples, but we also examined
daily station data and the wavelet spectra of [2, 2] coefficients. There were minor differences
using daily data, and notably, Figure S10a bears a strong resemblance to Figure 3b in [8],
confirming the same retrograde SYO signal found in their study using daily data. Similar
to Figure 7, the daily data also showed a decrease in the strength of the retrograde SYO
signal after 2010.

5. Conclusions

GPS vertical displacements showed SYO behavior, as reported in the literature [8,9].
Both the spatial distribution of GPS stations and details of the LSQ fitting affected the
estimated variation. The uneven spatial distribution of GPS stations may have led to biases
in estimating SYO power. We found an overestimation of SYO power in our 38-station
synthetic data experiment, which was reduced when the station set was larger or more
evenly distributed geographically. Synthetic data experiments also showed that with the
spatial and temporal range of available GPS data, the SYO [2, 2] estimates may have
been contaminated by observational noise and would have deteriorated if higher degree
coefficients had been included in the LSQ fit.

We confirm the results presented in [8] using the same 35 stations, finding a dominant
retrograde SYO using data from January 1995 to April 2015, but in the extended period
to April 2023, the retrograde signal weakened while the prograde signal intensified, par-
ticularly after 2010. Additionally, retrograde dominance became much less significant in
estimates using the more reliable 271-station set.

Morlet wavelet spectra of corrections appeared in-phase with the [2, 2] GPS vertical
displacement signal, consistent with evidence of a SYO reported in GRACE/GRACE-FO
data by [12]. Contributions from TWS load amplitudes varied considerably among different
models/observations, ranging over values of 24%, 51%, 57%, and 56% of GPS prograde
[2, 2] and 32%, 49%, 67%, and 93% of retrograde amplitudes using ERA5, MERRA-2,
GLDAS, and GRACE/GRACE-FO, respectively. As noted above, the low spatial resolution
of TWS fields and spatial sensitivity of the loading Green’s function might have led to an
underestimate of TWS loading at individual stations. Our results indicate that the [2, 2]
SYO signal may have been largely related to the surface loading effect. The rapid decline in
retrograde dominance over the extended period of observation was also consistent with a
near surface climatic source.

GPS continues to provide accurate observation of surface deformations, which is
important for observing and investigating the global SYO deformation mode. Continuing
to extend the record of GPS observations will provide essential insights into possible SYO
sources within the Earth system and further enhance understanding of global dynamic and
coupling processes.
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The following abbreviations are used in this manuscript:

DFT Discrete Fourier Transform

ECCO Circulation and Climate of the Ocean

EOST School and Observatory of Earth Sciences

ERA5 European Centre for Medium-Range Weather Forecasts Reanalysis 5
EWT Equivalent water thickness

GIA Glacial isostatic adjustment

GLDAS Global Land Data Assimilation System

GNSS Global Navigation Satellite Systems

GPS Global Positioning System

GRACE Gravity Recovery and Climate Experiment

GRACE-FO GRACE Follow-On

1B Inverted barometer

JPL Jet Propulsion Laboratory

LOD Length of day

LSQ Least square fit

MERRA Modern-Era Retrospective analysis for Research and Applications
MICG Mantle-Inner-Core Gravitational coupling

OBP Ocean bottom pressures

SH Spherical harmonic

SYO 6-year oscillation

TWS Terrestrial water storage

UTCSR University of Texas at Austin Center for Space Research
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