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Abstract. Precise Global Navigation Satellite System (GNSS) measurements are essential for monitoring vertical land motion 

in Antarctica, where geophysical processes such as glacial isostatic adjustment (GIA) and ice mass change produce complex 

and often subtle deformation signals. However, a substantial portion of the variability in GNSS time series is caused by non-

tidal loading (NTL), which can bias trend estimates and obscure geophysical signals if left uncorrected. This study evaluates 10 

the impact of 11 NTL correction model combinations from EOST (École & Observatoire des Sciences de la Terre, Strasbourg) 

and ESMGFZ (Earth System Modelling Group of GeoForschungsZentrum Potsdam) on vertical GNSS time series at three 

East Antarctic stations located in Dronning Maud Land (DML) using five datasets processed with distinct strategies. Results 

show that NTL corrections substantially reduce root mean square (RMS), noise, and seasonal amplitudes in datasets with high 

initial variability, particularly in precise point positioning (PPP)-based solutions, while network-based and combined solutions 15 

show limited improvement or even increased variability. Among loading components, non-tidal atmospheric loading (NTAL) 

consistently yielded the greatest reductions, while the added contribution of non-tidal oceanic (NTOL) and hydrological 

(HYDL) loading were beneficial only in specific GFZ model combinations in PPP-processed datasets. GFZ corrections 

generally outperformed EOST at two stations, where RMS values were reduced by more than 20 %. On the other hand, EOST 

corrections were more effective at one station, where RMS values were reduced by approximately 15 %. These results 20 

demonstrate the critical role of processing strategy, NTL model choice, and station environment in improving Antarctic GNSS 

time series for geophysical interpretation.  

1 Introduction 

Precise geodetic measurements of vertical land motion are essential for studying a wide range of geophysical processes in 

climatically sensitive regions such as Antarctica. These processes include postglacial rebound and glacial isostatic adjustment 25 

(GIA), tectonic deformation, orogeny, sea-level rise, and transient phenomena such as earthquakes, volcanic activity, 

hydrological and cryospheric loading (Gobron et al., 2021; He et al., 2017; Hohensinn et al., 2024; Plag et al., 2010). In 

Antarctica, vertical land motion reflects both short-term variability and long-term signals associated with ice sheet mass change 

(Pan et al., 2025). Observations from the Global Navigation Satellite System (GNSS) capture signals related to mass 
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redistribution across the Earth system, including the solid Earth, oceans, atmosphere, cryosphere, and terrestrial water, and 30 

provide critical constraints for modelling these processes. Seasonal variations in estimated GNSS site positions are primarily 

driven by gravitational influences on atmospheric and water masses, thermally and hydrologically induced surface 

deformations, and residual systematic errors such as draconitic signals caused by satellite orbit mismodelling or errors in data 

processing (Altamimi et al., 2016; He et al., 2017). 

A substantial portion of the seasonal and interannual variability observed in GNSS time series is caused by non-tidal loading 35 

(NTL), which includes non-tidal atmospheric (NTAL), oceanic (NTOL), and hydrological loading (HYDL). These surface 

mass redistributions induce elastic deformation of the Earth’s crust, resulting in vertical displacements of up to several 

centimetres (Glomsda et al., 2023). NTL effects can account for up to 40 % of the seasonal signals observed in GNSS position 

time series (Dong et al., 2002; Van Dam and Wahr, 1998) and applying NTAL and NTOL corrections has been shown to 

reduce GNSS height variance by 20–30 % (Williams and Penna, 2011). Although some studies report variability across 40 

correction models and processing strategies (Jiang et al., 2013), global-scale NTL models generally exhibit small differences, 

often less than 2 %, in their impact on seasonal amplitudes and scatter (Mémin et al., 2020; Rebischung et al., 2024).  

Applying NTL corrections is therefore not only beneficial for reducing variance and improving interpretation of geophysical 

signals but also critical for meeting the accuracy goals set by the Global Geodetic Observing System (GGOS), which targets 

1 mm positional accuracy and 0.1 mm/yr velocity stability for terrestrial reference frames (Plag et al., 2010). Unmodelled 45 

loading effects can bias vertical velocity estimates by up to 1 mm/yr, exceeding these thresholds and compromising the ability 

to reliably monitor processes like sea level rise, ice mass loss, and other climate-related changes (Kotsakis and Chatzinikos, 

2023). Furthermore, loading effects affect the accuracy of the International Terrestrial Reference Frame (ITRF) and Earth 

orientation parameters (EOP), which can introduce systematic errors in station coordinates, distort the realization of global 

reference frames, and degrade the precision of Earth rotation modelling (Glomsda et al., 2022; Mémin et al., 2020). Improving 50 

models of station coordinate trajectories by accounting for environmental loading, can help construct more stable and 

consistent reference frames (Altamimi et al., 2016; Bevis et al., 2020). 

There have been numerous regional (Ejigu et al., 2024; Ejigu and Nordman, 2025; Hohensinn et al., 2024; Khorrami et al., 

2024; Klos et al., 2021; Martens et al., 2020; Nordman et al., 2015; Springer et al., 2019) and global (Dong et al., 2002; Gobron 

et al., 2021; Jiang et al., 2013; Männel et al., 2019; Mémin et al., 2020; Santamaría-Gómez and Mémin, 2015; Van Dam et al., 55 

2012; Van Dam et al., 1994; Van Dam and Wahr, 1998) studies on the effects of NTL on GNSS time series. Research 

specifically focused on Antarctica remains limited (Andrei et al., 2018; Koulali et al., 2022; Buchta et al., 2025c; Liu et al., 

2018; Pan et al., 2025), although several global analyses have incorporated data from Antarctic stations. Despite their 

importance, applying NTL corrections remains challenging particularly in polar regions due to model limitations, signal 

correlations, and inherent noise in GNSS data. GNSS station position time series contain both deterministic and stochastic 60 

signals, including seasonal components typically modelled with fixed annual and semi-annual terms, and non-deterministic 

components often estimated using Kalman filters (Gobron et al., 2024; He et al., 2017). 
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However, fully separating these signals is difficult because their stochastic properties are often correlated with coloured noise, 

which may itself contain valuable geophysical information. Stochastic variations in GNSS time series show both temporal and 

spatial correlations, with noise commonly represented as a combination of white noise (WN) and power-law (PL) components 65 

(Gobron et al., 2024). In polar regions, WN estimates are often extremely low, approaching zero, whereas PL noise can be 

very high, with amplitudes peaking around 10 mm/yr1/4  before NTL corrections (Ejigu and Nordman, 2025; Gobron et al., 

2021; Williams et al., 2004). Some of the spatially correlated noise has been attributed to reference frame errors and orbit 

modelling inaccuracies. Regional GNSS solutions often display lower noise levels, depending on network extent, inter-site 

distances, and the number and quality of stations available to estimate and mitigate common mode errors. 70 

Given this context, this study aims to evaluate the impact of NTL corrections on GNSS time series in East Antarctica, focusing 

on three stations located in Dronning Maud Land (DML). While NTL corrections are widely applied in global studies, 

relatively few have examined their effectiveness in Antarctica, where unique geophysical conditions, limited spatial coverage 

of geodetic measurements, and elevated noise levels may alter correction performance. By comparing multiple correction 

models and GNSS datasets, this study contributes to a better understanding of the regional variability in NTL effects and the 75 

suitability of existing models in the Antarctic context. These insights are essential for improving accuracy of Antarctic GNSS 

time series, refining regional and global reference frames, and ensuring the reliable detection of long-term geophysical signals. 

2 Data description 

2.1 GNSS data and processing  

This study focuses on three GNSS stations in DML, East-Antarctica: the Finnish ABOA, the Japanese SYOG, and the South-80 

African VESL stations (Figure 1). These stations were selected due to their long and relatively continuous observations, each 

with more than 18 years of data, which represent some of the longest GNSS time series available on the continent. For a study 

of this type, it is prudent to concentrate on a limited number of stations in detail, both because of computational constraints 

and because of the limited number of stations with similarly long records. In addition, the three stations are geographically 

close in East-Antarctic terms but in distinct environmental settings: SYOG is located on an island, while ABOA and VESL 85 

are further inland, approximately 130 – 160 km from the ice shelf edge, which may affect the surface mass loading signals 

observed at each site. Unlike the more densely instrumented Antarctic Peninsula and Transantarctic Mountains, East Antarctica 

remains sparsely covered by geodetic infrastructure, with GNSS stations generally confined to exposed bedrock near the coast 

(Andrei et al., 2018; Buchta et al., 2025c). The availability of exposed bedrock is the main constraint on station placement, as 

stable monumentation is not possible on ice sheets or ice shelves due to their continuous flow. Ice motion is depth-dependent 90 

and varies across the ice sheet, influenced by ice thickness and basal topography (Reading et al., 2022; Sandells and Flocco, 

2022), which would introduce non-tectonic movement to geodetic time series.   
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Figure 1: Location of the GNSS stations used in this study, marked with red points. The map was made with the Python library 

PolarToolkit (Tankersley, 2024). 

This study compares five GNSS datasets derived from three processing sources: the Nevada Geodetic Laboratory (NGL) 95 

(Blewitt et al., 2018), the GIANT-REGAIN (GR, Geodynamics In ANTarctica based on REprocessing GNSS dAta Initiative) 

project (Buchta et al., 2025b), and an in-house solution referred to as AY (Aalto Yliopisto/University). The GR dataset is a 

combination solution, generated by merging four solutions from different analysis centres: Technical University of Dresden 

(TUD), University of Tasmania (UTAS), Ohio State University (OSU), and Newcastle University (NEWC). In addition to the 

combined GR dataset, two of its contributing solutions (TUD and OSU) were analysed separately to assess the impact of 100 

processing strategies and NTL corrections. These two solutions were selected as they represent the two extremes of the 

observed variation (Buchta et al., 2025c). Out of the five datasets, NGL does not include ABOA in their processing. A summary 

of the datasets and their processing characteristics is provided in Table 1.  

Table 1: Summary of GNSS datasets used in this study and their processing characteristics. 

Dataset Source Strategy 
Reference 

Frame 
Software 

Satellite 

System 
NTL corrections 

AY Aalto University PPP IGS20 GipsyX v2.3 GPS only Not applied 

NGL 
Nevada Geodetic 

Laboratory 
PPP IGS14 GipsyX v1.0 GPS only Not applied 

GR 
GIANT-REGAIN (TUD, 

UTAS, OSU, NEWC) 

Combination of 4 

solutions with PPP and 

DD 

IGb14 

Bernese v5.2, Gipsy 

v6.4, 

GAMIT/GLOBK 

v10.71 and v10.70 

GPS only NTAL applied 

TUD 
Technical University of 

Dresden 
DD (regional sites) IGb14 Bernese v5.2 GPS only Not applied 

OSU Ohio State University DD (global sites) IGb14 
GAMIT/GLOBK 

v10.71 
GPS only Not applied 
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As shown in Table 1, the datasets were processed with distinct methodologies and rely on different realizations of the ITRF. 105 

NGL uses IGS14, GR uses IGb14, and AY uses IGS20. These are GNSS-specific realizations aligned with ITRF2014 (IGS14 

and IGb14) and ITRF2020 (IGS20), respectively (Liu et al., 2021; Rebischung et al., 2024). While IGb14 is a refinement of 

IGS14 that includes updated station metadata and antenna calibrations, IGS20 is based on the ITRF2020, which benefits from 

a longer time series and improved modelling. ITRF2020 is aligned with ITRF2014 through a 14-parameter Helmert 

transformation derived from 131 globally distributed reference stations (Altamimi et al., 2023). The resulting differences, 110 

approximately 1.6–3.4 mm in position and 0.1–0.3 mm/yr in velocity, are small but can still affect long-term trend estimates 

if not consistently accounted for across datasets. 

The NGL dataset was generated using precise point positioning (PPP) in GipsyX v1.0 with carrier-phase ambiguity resolution 

based on Jet Propulsion Laboratory’s (JPL) WLPB (Wide-Lane Phase Bias) products (Blewitt et al., 2018; Gobron et al., 

2021). Processing retained only Global Positioning System (GPS) data, excluding L2C/C2 observations. Atmospheric delays 115 

were modelled with Vienna Mapping Function 1 (VMF1) and ECMWF (European Centre for Medium-Range Weather 

Forecasts) grids, and ionospheric effects were corrected up to second order using IONEX (ionosphere exchange) and IGRF12 

(International Geomagnetic Reference Field 12). Ocean and pole tide loading followed the IERS 2010 conventions with 

FES2004, while NTL was not applied. Station displacements were estimated using a stochastic Kalman filter in the IGS14 

frame without applying a priori plate motion constraints.  120 

The GR dataset was constructed by merging four independently processed GNSS solutions contributed by the GIANT-

REGAIN project partners. Each group used different software and strategies to process the data, after which the solutions were 

aligned using Helmert transformations and combined station by station with weighted averages (Buchta et al., 2025c). NTAL 

was accounted for in the combination solution, but the individual TUD and OSU solutions were also obtained without NTAL 

applied.  125 

TUD applied a network-based double-difference (DD) strategy using Bernese GNSS Software v5.2 (Buchta et al., 2025c).  

Antarctic stations were processed along with selected International GNSS Service (IGS) sites using final orbit and Earth 

rotation products from CODE (Centre for Orbit Determination in Europe). Atmospheric delays were estimated with the VMF3 

mapping function using 1-hour zenith tropospheric delays (ZTD) and daily gradients. CODE global ionosphere maps (GIMs) 

products were used to model ionospheric delays up to third order. FES2014 ocean tide loading and atmospheric tide corrections 130 

from Ray and Ponte were applied, while NTL was excluded. Solid Earth and pole tide corrections followed IERS2010 

standards. Ambiguities were resolved using a baseline-dependent strategy, and the IGb14 frame was realized using a no-net-

translation (NNT) constraint with a core set of IGS stations. 

OSU used DD processing in GAMIT/GLOBK v10.71, parallelised using the Parallel.GAMIT framework on high performance 

computing (HPC) infrastructure (Buchta et al., 2025c). IGS14 final orbits were applied. VMF1 gridded products were applied 135 

as a priori information for the zenith hydrostatic and wet delays, while GAMIT estimated the ZTD as a stochastic parameter 

using piecewise linear constrains with 1-hour resolution. Ocean tidal loading was corrected using FES2014b. Antarctic stations 

were processed within a Southern Hemisphere regional network, divided into sub-networks of approximately 40 stations, each 
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including a backbone of around 50 stations for reference. Daily subnet solutions were combined using GLOBK. The IGb14 

frame was realized using a regional approach that constrained position, velocity, and seasonal signals with 60 core IGb14 140 

stations. 

The AY dataset was processed using undifferenced PPP with GipsyX v2.3, applying ionosphere-free linear combinations of 

carrier phase (LC) and pseudorange (PC) observations at 5-minute intervals and second-order ionospheric corrections applied 

with IONEX and IGRF12. JPL final orbits and clock products were used, with a priori tropospheric delays were obtained from 

the Vienna Mapping Function 1 (VMF1) grids (Böhm et al., 2006). The hydrostatic and wet zenith delays were mapped to the 145 

observation elevations using VMF1. The temporal variability of the zenith tropospheric delay was represented by a stochastic 

random-walk process with a process noise of 1.0 × 10−5𝑚/√𝑠𝑒𝑐. Tidal corrections included solid Earth, ocean (FES2004), 

and pole tides, following IERS 2010 conventions. Ambiguities were resolved with WLPB products, and daily station positions 

were estimated with a stochastic Kalman filter using a square root information smoother. Coordinates were transformed into 

the IGS20 reference frame, and final solution is in the centre of figure (CF) frame.  150 

2.2 Non-tidal loading data 

NTL data from two Earth system modelling groups, EOST (École & Observatoire des Sciences de la Terre, Strasbourg) and 

ESMGFZ (Earth System Modelling Group of GeoForschungsZentrum, Potsdam), were obtained and used in this study. Both 

groups provide displacement time series for NTAL, NTOL, and HYDL, computed using Green’s functions following Farrell 

(1972). However, the groups differ in their choice of Earth models and source datasets. EOST calculates Green’s functions 155 

based on the PREM (Preliminary Reference Earth Model) Earth model (Dziewonski and Anderson, 1981), as reported by 

Mémin et al. (2020).  ESMGFZ uses the elastic Earth model “ak135” (Kennett et al., 1995), as described in Dill and Dobslaw 

(2013). All NTL displacement time series were obtained in the CF frame and were resampled to daily resolution by daily 

averaging.  

For NTAL, the EOST dataset includes models based on ERA5 with inverse barometer (IB) corrections (ERA5IB), the TUGO-160 

m (Toulouse Unstructured Grid Ocean model) barotropic model, as well as the MERRA-2 (The Modern-Era Retrospective 

analysis for Research and Applications, v2) reanalysis (Boy, 2021; Gelaro et al., 2017; Mémin et al., 2020). ESMGFZ provides 

NTAL based on the ECMWF operational forecast model, with atmospheric tides removed using harmonic analysis (Dill and 

Dobslaw, 2013; Dill et al., 2022). For NTOL, EOST uses the baroclinic ECCO2 (Estimating the Circulation and the climate 

of the Ocean, v2) ocean model (Mémin et al., 2020; Menemenlis et al., 2008), which does not include atmospheric pressure 165 

forcing. On the other hand, ESMGFZ relies on the MPIOM (Max Planck Institute Ocean Model) model (Jungclaus et al., 2013; 

Shihora et al., 2022a), which includes dynamic coupling with sea ice and Antarctic ice shelf cavities.  

For HYDL, ESMGFZ uses the LSDM (Land Surface Discharge Model) model (Dill and Dobslaw, 2013; Dill et al., 2022), 

which includes surface water, snow, and runoff. EOST HYDL models were excluded due to their removal of permanently ice-

covered regions, such as Antarctica, making them unsuitable for this study. Although LSDM provides global coverage, 170 

including Antarctica, it is important to recognize that current HYDL models remain highly uncertain in polar regions. In 
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Antarctica, seasonal hydrological signals are expected due to snow accumulation and melt, but existing HYDL models exhibit 

large inter-model inconsistencies and often lack precision metadata, making external validation necessary (Li et al., 2025). 

Moreover, HYDL models, including LSDM, do not explicitly incorporate glacial processes (e.g., ice dynamics or ice mass 

discharge), which are key drivers of surface loading in Antarctica (Poropat et al., 2019). A summary comparison of the models 175 

and processing approaches used by each group is presented in Table 2. 

Table 2: Comparison of ESMGFZ and EOST NTL models and processing characteristics. 

Aspect EOST ESMGFZ 

NTAL model 
ERA5IB (0.25˚, 1h), MERRA-2 (0.625˚, 1h), 

TUGO-m (0.25˚, 3h) 
ECMWF operational model (0.5˚, 3h) 

NTAL tide removal 
IB correction (ERA5IB, MERRA-2), dynamic 

response (TUGO-m) 

Harmonic analysis of wind and pressure 

components 

NTOL model 
ECCO2 (0.25˚, daily), baroclinic; no atmospheric 

pressure forcing 

MPIOM (1.0˚, 3h); dynamic ocean forced by 

ECMWF 

NTOL tide removal Dynamic ocean model or IB assumption 
Harmonic removal of 12 constituents (currents + 

bottom pressure) 

HYDL model not used; ice-covered areas excluded LSDM (0.5˚, daily) 

Earth model PREM ak135 elastic Earth model 

Reference Frame CF CF 

Output Resolution 0.25˚ - 1˚ (depends on model) 
Final output: 0.5˚; internal: 0.125˚ (near), 2.0˚ 

(far) 

Coverage of Polar 

regions 

All NTAL models are global and include polar 

regions; ECCO2 includes sea-ice model; HYDL 

models don’t cover permanently ice-covered 

areas 

NTAL and HYDL models are global and include 

polar regions; NTOL model includes sea-ice 

components and Antarctic ice-shelf cavities 

Mass conservation 

handling 
Uniform land-ocean mass balancing Boussineq correction for ocean bottom pressure 

3 Methodology 

This study evaluates the impact of NTL corrections on GNSS timeseries using the Hector 2.1 software (Bos et al., 2013). The 

analyses focus on trends, seasonal signals and noise characteristics. Since the GNSS time series varied in length, a common 180 

starting date of 1.2.2003, the first day present in all datasets, was selected. This results in approximately 18 years of continuous 

data, sufficient to resolve long-term trends and multiple seasonal cycles, thereby enhancing the robustness of the noise and 

signal estimates.  

To ensure consistency across all datasets, GNSS station positions were converted from geocentric Cartesian coordinates (XYZ) 

to local topocentric Cartesian coordinates (ENU). Coordinate differences relative to the first epoch were calculated following 185 

Eq. (1): 

 

∆𝑋 = 𝑋𝑖 − 𝑋0,   ∆𝑌 = 𝑌𝑖 − 𝑌0,   ∆𝑍 = 𝑍𝑖 − 𝑍0                                                                                                                            (1) 
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where 𝑋𝑖, 𝑌𝑖, 𝑍𝑖 are the Cartesian coordinates at epoch 𝑖, and  𝑋0, 𝑌0, 𝑍0 are the reference Cartesian coordinates from the first 190 

epoch. These differences were then transformed into ENU displacements using a rotation matrix based on each station’s 

geodetic latitude 𝜙 and longitude 𝜆 following Eq. (2). This approach ensures that displacements are defined relative to a 

common topocentric frame across all datasets.  

 

[
𝐸
𝑁
𝑈

] = [
−𝑠𝑖𝑛𝜆 𝑐𝑜𝑠𝜆 0

−𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜆 −𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜆 𝑐𝑜𝑠𝜙
𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜆 𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜆 𝑠𝑖𝑛𝜙

] [
∆𝑋
∆𝑌
∆𝑍

]                                                                                                                       (2) 195 

 

The resulting displacements were expressed in millimetres. To correct for loading effects, NTL data was requested from the 

EOST and ESMGFZ repositories in the CF frame. The raw GNSS time series were adjusted by subtracting the corresponding 

loading displacements. No NTAL corrections were applied to the GR dataset, as these corrections were already included during 

initial processing (Buchta et al., 2025c). The types and combinations of NTL corrections are summarised in Table 3. Each 200 

combination was applied separately, and individual files were generated for both the uncorrected and corrected data for each 

station and displacement component. 

Table 3: Summary of applied NTL correction combinations. 

Referred as NTL type Correction model Provider 

EOST1 NTAL ERA5IB EOST 

EOST2 NTAL  MERRA2 EOST 

GFZ1 NTAL ECMWF ESMGFZ 

EOST3 NTAL + NTOL ERA5TUGO-m EOST 

EOST4 NTAL + NTOL ERA5IB + ECCO2  EOST 

EOST5 NTAL + NTOL MERRA2 + ECCO2 EOST 

GFZ2 NTAL + NTOL ECMWF + MPIOM  ESMGFZ 

GFZ3 NTAL + NTOL + HYDL ECMWF + MPIOM + LSDM ESMGFZ 

EOST6 NTOL ECCO2 EOST 

GFZ4 NTOL MPIOM ESMGFZ 

GFZ5 NTOL + HYDL MPIOM + LSDM ESMGFZ 

 

Time series modelling was conducted using the Power-Law + White Noise (PLWN) noise model in Hector. For each 205 

uncorrected and corrected time series, Hector estimated trends, seasonal amplitudes, and noise characteristics were obtained 

by running the scripts provided by Bos et al. (2013). Offsets were accounted for based on the log files provided by Buchta et 

al. (2025a). The PLWN model was selected as it accurately captures the temporal correlations typically present in GNSS 

position series, which arise from a combination of geophysical, instrumental, and environmental factors. As noted by 
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Hohensinn et al. (2024), inadequate stochastic modelling, particularly of low-frequency noise, can substantially bias estimates 210 

of station velocity and its uncertainty. Numerous studies have shown that PLWN provides a realistic representation of GNSS 

time series noise (Bevis et al., 2020; Bos et al., 2010; Gobron et al., 2024; He et al., 2019; Klos et al., 2017; Williams et al., 

2004).  

Following Hector analysis, displacement residuals were calculated by subtracting the observed positions from the modelled 

displacements. To assess the impact of loading corrections both root mean square (RMS) and weighted root mean square 215 

(WRMS) of the residuals were calculated before and after applying the corrections. These metrics were calculated separately 

for the east, north, and up components, using the following formulas Eq. (3) and Eq. (4) as also outlined in Ejigu et al., (2024): 

 

𝑅𝑀𝑆 = √
1

𝑁
∑ 𝑇𝑠𝑖

2𝑁
𝑖=1                                                                                                                                                                      (3) 

 220 

𝑊𝑅𝑀𝑆 =
√ 1

𝑁−1

∑ (
(𝑇𝑠𝑖−𝑇𝑠𝑖̅̅ ̅̅ ̅)

2

𝜎𝑖
2 )𝑁

𝑖=1

∑ 𝜎𝑖
2𝑁

𝑖=1

                                                                                                                                                          (4) 

 

 

where 𝑇𝑠𝑖 is the daily coordinate displacement solution, N is the total number of observations, 𝜎𝑖 is the formal error, and 𝑇𝑠𝑖
̅̅ ̅̅  

is the weighted average calculated as Eq. (5): 225 

 

𝑇𝑠𝑖
̅̅ ̅̅ =

∑
𝑇𝑠𝑖

𝜎𝑖
2

𝑁
𝑖=1

∑
1

𝜎𝑖
2 𝑁

𝑖=1

                                                                                                                                                                                  (5) 

 

To quantify the effectiveness of each loading correction, the relative change in RMS and WRMS was expressed as a percentage 

using the following formula Eq. (6): 230 

 

𝐶ℎ𝑎𝑛𝑔𝑒 (%) = (
𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙−𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

 𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙
) × 100%                                                                                                                                  (6) 

 

Positive values indicate a reduction (i.e., improved model fit), while negative values indicate an increase in RMS or WRMS. 

This analysis was carried out separately for each correction model, station, and GNSS dataset. In addition, Hector provided 235 

uncertainty estimates for linear trends and seasonal amplitudes, accounting for the noise model used. 
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4 Results 

The effectiveness of the NTL corrections in improving data quality was assessed by examining RMS values and Hector-

estimated parameters, including trends, spectral indices, noise components (PL and WN), and seasonal amplitudes. The main 

objective of this analysis was to determine how the 11 different NTL correction model combinations, along with GNSS datasets 240 

with different processing strategies affect the stability and accuracy of the time series. The results indicate significant 

differences between different datasets, both prior and following the application of corrections. 

4.1 Comparison of uncorrected GNSS datasets 

Before assessing the impact of NTL corrections, it is important to understand the behaviour of the uncorrected GNSS time 

series. This provides a reference against which the effect of loading corrections can be evaluated and offers insights into how 245 

processing strategies and underlying assumptions influence estimated trends, seasonal amplitudes and noise characteristics. 

Such differences can impact the interpretation of geophysical signals, such as crustal motion or GIA.  

Figure 2 presents the uncorrected vertical displacement time series for the five datasets at each station. Among the stations, 

SYOG provides the most continuous record with relatively few gaps. In contrast, ABOA shows longer data gaps in 2006 and 

2021, while VESL has interruptions around 2007, 2009, and 2013. In terms of apparent long-term behaviour, ABOA shows a 250 

quite even trend, SYOG a slight downward trend likely caused by the offsets, while VESL appears to rise during the first half 

of the record and then subside in later years. Across the datasets, the GR solution exhibits the least variation and smoothest 

time series. In comparison, the AY, NGL, OSU, and TUD datasets display higher variation, stronger seasonal oscillations, and 

increased sensitivity to offsets and seasonal variability.  
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Figure 2: Uncorrected vertical displacement time series for five GNSS datasets (AY, NGL, OSU, TUD, GR) at each station (ABOA, 255 
SYOG, VESL; top to bottom). Black dotted lines indicate offsets considered during processing. Axes are plotted using a consistent 

scale. 

Closer inspection of the Hector-estimated parameters (Figure 3) reveals substantial variability between datasets in vertical 

trends, noise, and seasonal amplitudes. For example, at SYOG (middle column of each subplot in Figure 3), the uplift rates 

vary from 0.53 ± 0.16 mm/yr in the GR solution to 1.10 ± 0.23 mm/yr in the AY solution. Noise spectra at SYOG are dominated 260 

by a mixture of white and flicker noise, with spectral indices typically between –0.8 and –0.98. PL amplitudes exceed WN 

amplitudes in all cases, with SYOG generally showing the lowest PL amplitudes. Exceptions are the TUD and GR datasets, 

with PL amplitudes of 12.45 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄  and 7.65 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ , respectively, and corresponding WN amplitudes of 1.44 mm 

and 0.81 mm. In other datasets, WN amplitudes are close to zero, while PL amplitudes are around 12 – 14 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ . Seasonal 

cycles also differ: TUD shows the weakest annual (1.32 ± 0.36 mm) and semi-annual (0.55 ± 0.24 mm) signals, while other 265 

datasets yield annual amplitudes of ~2.1 – 2.8 mm and semi-annual amplitudes near 1 mm. 
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Figure 3: Comparison of Hector-estimated parameters across stations and datasets: vertical trends (upper left), spectral index 𝜿̂ 

(upper right), PL amplitude (middle left), WN amplitude (middle right), annual amplitude (bottom left), and semi-annual amplitude 

(bottom right). The WN amplitudes of AY, NGL, and OSU are close to zero at SYOG and VESL. The scales vary between different 

metrics. 270 

At ABOA (left column of each subplot in Figure 3), trends are smaller overall. The TUD dataset shows a negative vertical 

trend (–0.49 ± 0.67 mm/yr), while AY yields the most positive trend (0.44 ± 0.52 mm/yr). Noise levels are generally higher 

than at SYOG: spectral indices are close to –1.0, and PL amplitudes are large. The AY dataset has the highest PL amplitude 

(16.42 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ ) and the lowest WN amplitude (0.46 mm), whereas the TUD dataset has one of the highest PL (16.08 

𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ ) and WN amplitudes (1.32 mm). Seasonal amplitudes are comparable to those at SYOG, with annual amplitudes 275 

exceeding 2 mm and semi-annual amplitudes around 1 mm. 

VESL (right column of each subplot in Figure 3) exhibits the greatest variability between datasets. The AY dataset stands out 

with a relatively strong positive vertical trend (0.65 ± 0.44 mm/yr), while GR is nearly even (0.09 ± 0.27 mm/yr). Noise spectra 

are similar across datasets, with 𝜅̂ values approximately –1.0. Both PL and WN amplitudes are larger than at SYOG or ABOA: 

NGL shows the largest PL amplitude (18.91 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ ), while TUD has the highest WN amplitude (1.64 mm). Seasonal 280 

signals are also more variable. AY shows the strongest annual amplitudes (4.80 ± 0.58 mm), while TUD and GR have weaker 
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annual amplitudes (TUD: 2.33 ± 0.54 mm; GR: 1.91 ± 0.32 mm). The semi-annual amplitudes are relatively consistent across 

datasets. 

Overall, the reference solutions reveal notable variability across stations and processing strategies. The GR dataset consistently 

exhibits lower PL amplitudes and more stable trend and seasonal signal estimates. This is likely attributable to two factors: 285 

first, the GR dataset is a combination of four independent solutions, which reduces random noise through ensemble averaging; 

second, it includes prior NTAL corrections, which already mitigate some transient environmental effects. However, while this 

combination strategy improves signal stability, it may also smooth out localized geophysical signals present in individual 

solutions. In contrast, the AY, NGL, TUD, and OSU datasets exhibit larger PL and seasonal amplitudes in the uncorrected 

time series. Elevated PL amplitudes indicate stronger long-term correlations, which inflate uncertainty in velocity and seasonal 290 

terms. On the other hand, WN amplitudes, particularly in TUD and GR, primarily indicate short-term scatter and have limited 

impact on long term trends.  

In addition, vertical trend estimates occasionally differ between datasets by more than their formal uncertainty bounds. These 

discrepancies likely arise from differences in processing strategies, reference frame realizations, and the application or absence 

of a priori corrections (Table 1). As such, they directly influence the reliability of trend and seasonal signal estimates, with 295 

implications for interpreting crustal deformation and surface mass loading in Antarctica. The observed discrepancies also raise 

a critical question: which dataset most accurately represents geophysical reality? As seen here, in some cases, even the direction 

of vertical crustal motion differs between datasets, with different solutions indicating either uplift or subsidence at the same 

station. Although often within error margins, these discrepancies are important for applications such as GIA model verification, 

where both the sign and magnitude of vertical trends are decisive. 300 

4.2 Impact of loading corrections on GNSS time series 

The application of NTL corrections to GNSS time series affected vertical displacement trends, seasonal amplitudes, and noise 

characteristics across all datasets. However, the magnitude and direction of these effects depend strongly on the station 

location, processing strategy, and specific correction model applied. This section presents a comparative analysis of three 

Antarctic GNSS stations (ABOA, SYOG, VESL) using five datasets (AY, NGL, OSU, TUD, GR) and 11 different model 305 

combinations. The focus is on evaluating correction effectiveness through vertical trends, seasonal signals, noise, and RMS 

metrics derived from Hector outputs. Full Hector results are presented in Appendix A, while RMS values are compiled in 

Appendix B. 

4.2.1 Vertical displacement trends 

Vertical displacement rates are sensitive to NTL corrections, although the direction and magnitude of change vary by station, 310 

dataset and correction model. These variations are illustrated in Figure 4, which compares the impact of NTL corrections on 

vertical trends for ABOA, SYOG, and VESL.  
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Figure 4: Effect of NTL corrections on vertical displacement trends at ABOA (top), SYOG (middle), and VESL (bottom). Each 

panel shows trend estimates for different datasets and correction models, allowing direct comparison of correction sensitivity across 

stations. For each dataset, the uncorrected trend is shown first, followed by NTAL, NTAL + NTOL, NTAL + NTOL + HYDL, and 315 
the GR-specific corrections. All values are shown as absolute trends, and a consistent vertical axis scale is used to facilitate inter-

station comparison.  

At ABOA, vertical trends are generally stable across correction models, with modest sensitivity to loading effects. In the AY 

dataset, the uncorrected trend is 0.44 ± 0.52 mm/yr, and most corrections keep values within 0.43 – 0.53 mm/yr. An exception 

occurs with GFZ3, which reduces the rate to 0.37 ± 0.11 mm/yr. In contrast, the TUD dataset exhibits larger variability. The 320 

uncorrected rate of –0.49 ± 0.67 mm/yr is increased with all corrections. For example, EOST4 changes the sign of the rate, 

yielding uplift of 0.54 ± 0.14 mm/yr, whereas GFZ1 increases it more modestly to –0.24 ± 0.48 mm/yr.   
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At SYOG, vertical trends are dataset dependent but relatively stable in magnitude. The AY dataset consistently has the largest 

uplift, with the uncorrected value of 1.10 ± 0.23 mm/yr reduced under most corrections to ~1.0 mm/yr, except GFZ2 and 

GFZ3, which increases it slightly to ~1.13 mm/yr. In the NGL dataset, corrections generally increase uplift, from 0.83 ± 0.28 325 

mm/yr to ~0.91 mm/yr with GFZ2 and GFZ3. The OSU dataset follows a similar pattern, with uncorrected uplift of 0.81 ± 

0.22 mm/yr decreasing slightly under NTAL-only corrections but returning to ~0.81 mm/yr with GFZ2 and GFZ3. In contrast, 

TUD consistently yields lower uplift than other datasets, with values around 0.71 – 0.78 mm/yr. Across datasets, corrections 

at SYOG tend to reduce formal uncertainties in the PPP-processed datasets, and GFZ models in particular often enhance uplift 

relative to uncorrected series. 330 

At VESL, vertical trends resemble ABOA in their large uncertainties and modest sensitivity to corrections. All datasets indicate 

uplift, although uncertainties are sufficiently large that subsidence cannot be excluded. The AY dataset shows the highest 

uplift, with the original trend of 0.66 ± 0.44 mm/yr decreasing under corrections to ~0.58 – 0.65 mm/yr. In the NGL dataset, 

uplift rates decrease from 0.33 ± 0.47 mm/yr to ~0.27 – 0.36 mm/yr under most corrections, while in OSU values are lowered 

from 0.21 ± 0.34 mm/yr to ~0.15 – 0.22 mm/yr. In the TUD dataset, uplift nearly vanished, with the uncorrected rate of 0.11 335 

± 0.43 mm/yr reduced to ~0.00 – 0.07 mm/yr. Overall, at VESL corrections typically reduce uplift and uncertainties, though 

the effect varies in magnitude across datasets. 

Overall, NTL corrections have a variable impact on vertical displacement trends, depending on the dataset, station, and 

correction model. Corrections applying NTAL alone generally have modest effects, often slightly reducing the trend 

magnitude. The addition of NTOL tends to introduce larger shifts and, in some cases, reverse the sign of the rate, as observed 340 

at ABOA. The inclusion of HYDL seems to generally increase uplift rates. The effects on the GR dataset remain modest, but 

corrections including HYDL still induce noticeable shifts (e.g., at ABOA from 0.14 ± 0.39 mm/yr to 0.03 ± 0.49 mm/yr). Thus, 

the results show that NTL corrections do not have uniform effects across Antarctica and that their influence depends on both 

the choice of dataset and the combination of loading components applied.  

4.2.2 Seasonal amplitude changes 345 

NTL corrections also affect the seasonal amplitude structure of GNSS time series. The changes vary slightly across stations 

and correction models, with annual amplitudes generally more sensitive than semi-annual amplitudes. These results are 

summarised in Figure 5, which separated annual and semi-annual amplitude responses. 
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Figure 5: Effect of NTL corrections on seasonal amplitudes at ABOA (top), SYOG (middle), and VESL (bottom). The first column 

shows annual amplitudes and the second column semi-annual amplitudes. For each dataset, the uncorrected amplitude is shown 350 
first, followed by NTAL, NTAL + NTOL, NTAL + NTOL + HYDL, and the GR-specific corrections. All values are shown as absolute 

amplitudes, and a consistent vertical axis scale is used to facilitate inter-station comparison. 

At ABOA, most corrections reduce the vertical annual amplitude, especially in the AY and OSU datasets. For example, the 

AY dataset’s annual amplitude decreases from 2.46 ± 0.48 mm to 0.55 ± 0.14 mm under GFZ3, while OSU decreases from 

2.26 ± 0.42 mm to 0.38 ± 0.19 mm with the same correction. In contrast, the TUD and GR datasets generally show increased 355 

annual amplitudes post-correction (e.g., TUD: from 1.09 ± 0.46 mm to 2.06 ± 0.41 mm). Semi-annual amplitudes are smaller 

(typically ~0.7 – 1.1 mm) and remain relatively stable across corrections, with only modest changes. 

At SYOG, similar patterns are observed, with most datasets exhibiting reduced annual amplitudes after corrections. The largest 

decreases occur in the AY, NGL, and OSU datasets under GFZ2 and GFZ3. For instance, AY decreases from 2.81 ± 0.33 mm 

to 0.98 ± 0.19 mm with GFZ2, while NGL decreases 2.52 ± 0.38 mm to 0.51 ± 0.22 mm with GFZ3. In contrast, the TUD and 360 

GR datasets often show amplification: GFZ2 increases the TUD annual amplitude 1.33 ± 0.36 mm to 2.25 ± 0.38 mm, while 

GFZ4 increases GR from 2.13 ± 0.21 mm to 2.96 ± 0.27 mm. Semi-annual amplitudes remain comparatively stable, although 

slight increases occur in GR and TUD.  

At VESL, annual amplitudes are generally larger than at ABOA and SYOG, but corrections effectively reduce them in all 

datasets except GR. For example, the NGL dataset decreases from 3.82 ± 0.59 mm to 1.36 ± 0.31 mm with GFZ3, while OSU 365 
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drops from 3.75 ± 0.42 mm to 1.36 ± 0.36 mm under the same correction. In AY, annual amplitudes decline from 4.80 ± 0.58 

mm to 2.34 ± 0.35 mm with GFZ2, and even TUD decreases from 2.33 ± 0.54 mm to 0.65 ± 0.34 mm with GFZ3. Semi-annual 

amplitudes are smaller (typically ~0.6 – 1.3 mm) and decrease after most corrections, although the GR dataset again shows 

minor increases. 

Overall, annual amplitudes are more responsive to NTL corrections than semi-annual amplitudes. The inclusion of NTOL and 370 

HYDL tends to enhance the reduction of annual amplitudes, but in many cases, it leads to larger semi-annual amplitudes. 

However, these effects are not uniform: in the GR and TUD datasets, seasonal amplitudes often increase at ABOA and SYOG, 

and at VESL the GR dataset could not be improved. Among the three stations, ABOA and SYOG generally achieve smaller 

corrected seasonal amplitudes, while VESL retains the largest seasonal signal even after correction. Phase shits between 

stations and datasets also vary, with most seasonal peaks occurring between late austral winter and early austral autumn 375 

(August to March). The addition of HYDL generally has the strongest impact on the phase. 

4.2.3 Noise characteristics 

Noise levels in the vertical component are an important metric for evaluating the effectiveness of corrections. Figure 6 

illustrates 𝜅̂, PL amplitude, and WN amplitude for each dataset and correction. These three parameters together indicate the 

relative contribution of temporally correlated and uncorrelated noise to the time series.  380 

Figure 6: Effect of NTL corrections on noise levels at ABOA (top), SYOG (middle), and VESL (bottom). For each dataset, the 

uncorrected noise is shown first, followed by NTAL, NTAL + NTOL, NTAL + NTOL + HYDL, and the GR-specific corrections. All 

values are shown as absolute noise, and a consistent vertical axis scale is used to facilitate inter-station comparison. 
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At ABOA, uncorrected time series typically show high PL amplitudes (e.g., AY: 16.42 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ ; TUD: 16.08 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ ) 

consistent with strong low-frequency noise, and moderate WN levels (0.5 – 1.3 mm). Corrections generally reduce the PL 385 

amplitude with the most effective depending on the dataset (e.g., GFZ3 for AY: 6.41 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ ; EOST4 for TUD: 6.32 

𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ ). At the same time, corrections seem to reduce 𝜅̂ values in most datasets, except for GR. This indicates a relative 

shift toward less correlated noise. In contrast, the GR dataset retains high PL amplitudes (≥ 10 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ ) with no 

improvement, suggesting corrections are less effective for this solution. WN amplitudes vary more strongly: some corrections 

introduce additional uncorrelated noise (e.g., AY EOST1: from 0.46 mm to 2.46 mm), while others reduce it substantially 390 

(e.g., OSU EOST2: from 1.04 mm to 0.009 mm). 

At SYOG, uncorrected datasets also display large PL amplitudes (AY: 12.97 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ ; NGL: 14.24 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ ) with 𝜅̂ 

values near –1.0, characteristic of flicker noise. Corrections consistently reduce PL amplitudes, often to 7 – 9 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄  

under all corrections. The largest reductions are observed in AY (to 7.12 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ ) and NGL (to 8.74 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ ) with the 

GFZ3 corrections. WN amplitudes are generally higher than at other stations, and some corrections (e.g., AY EOST1–5) 395 

increase WN levels relative to the uncorrected time series, while others (OSU GFZ2–3) yield extremely low estimates. The 

spectral index remains relatively stable, although some corrections produce slightly flatter slopes, indicating a modest 

reduction in correlation strength.   

At VESL, noise levels are the largest among the three stations. Uncorrected series exhibit the highest PL amplitudes (AY: 

18.22 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ ; NGL: 18.91 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ ; TUD: 16.98 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ ). Corrections reduce PL amplitudes considerably, 400 

although values remain higher than at ABOA or SYOG. For example, AY decreases to 11.33 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄  and NGL to 10.88 

𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄  with GFZ3. OSU and TUD show more modest improvements (e.g., TUD to 14.40 𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄  with GFZ1). WN 

amplitudes at VESL are also higher, particularly for TUD (>2.0 mm after corrections), reflecting strong short-term scatter. The 

spectral index remains steep and lower than at other stations, consistent with dominant PL processes.    

Overall, corrections generally reduce PL amplitudes across stations, with GFZ3 frequently providing the strongest 405 

improvements. WN amplitudes respond more inconsistently: in some cases, they increase as PL amplitudes decrease (e.g., 

ABOA AY EOST2), while in other cases, they also decrease. Spectral index values remain similar across all stations and 

datasets, with most changes occurring at ABOA. Among the three stations, ABOA and SYOG also show the most consistent 

improvement in both PL and WN noise after correction, while VESL retains the largest and most correlated noise even after 

corrections.  410 

4.2.4 RMS improvement and correction efficiency 

RMS values provide a comprehensive measure of residual variability and correction effectiveness. While WRMS values were 

also calculated, one dataset lacked formal error values, preventing full WRMS-based comparison. Given that both RMS and 

WRMS exhibited similar patterns across datasets, only RMS values are analysed in detail here. The vertical RMS values are 

shown in Figure 7, with full results provided in Appendix B.  415 
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Figure 7: Effect of NTL corrections on RMS in the vertical component at ABOA (top), SYOG (middle), and VESL (bottom). Negative 

values indicate an increase in WRMS, while positive values indicate a reduction. All plots share the same vertical axis scale to 

facilitate inter-station comparison. 

At ABOA, most corrections reduce vertical RMS, but the degree of improvement varies. The largest relative gains are observed 

in the AY dataset, where GFZ3 reduces RMS by 26.04 %, and most corrections including both NTOL and HYDL typically 420 

yield better results than those incorporating only NTAL. In contrast, the OSU and TUD datasets show more modest 

improvements (OSU: 3 – 10 %; TUD: 12 – 15 %), and in the case of GFZ2 in OSU, RMS degradation is observed (–1.05 %). 

The GR dataset displays no benefit from corrections, with RMS increasing by up to 4.89 % under GFZ5.  

At SYOG, significant improvements occur in the AY and NGL datasets, particularly when using GFZ or EOST corrections 

with NTOL. The GFZ2 correction yielded the largest improvements, reducing RMS by 23.21 % in AY and 21.32 % in NGL. 425 

Meanwhile, the OSU, TUD, and GR datasets show limited or negative responses to corrections that are reduced with the 
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addition of NTOL and HYDL. For example, OSU shows moderate improvements overall (4 – 10 %), while TUD shows even 

more limited improvement (–0 – 3 %), with models including NTOL driving the change toward 0 %. The GR dataset benefits 

again the least form the corrections, with RMS increasing by over 12 % with GFZ models. 

At VESL, AY and NGL again achieve the most substantial reductions across all corrections, with the NGL dataset benefitting 430 

slightly more from the corrections. Improvements reach 13 – 15 % in the AY dataset and 14 – 17 % in the NGL dataset, with 

GFZ3 and EOST3 providing the largest reductions. In contrast, corrections applied to the TUD, OSU, and GR datasets either 

show smaller improvements or increase RMS values (TUD: 5 – 8 %; OSU: 0 – 3 %; GR: –2 – 1 %). 

Across stations, NTAL appears to have the largest impact on reducing RMS, while NTOL and HYDL provide smaller 

additional contributions. AY and NGL consistently show the largest RMS reductions at each station, whereas OSU and TUD 435 

exhibit more limited improvements. Interestingly, TUD performs better at ABOA and VESL, while OSU achieves larger 

improvements at SYOG. These differences are likely tied to the differing network strategies used. Both OSU and TUD are 

processed as network solutions using GAMIT and Bernese, respectively, which depend on the spatial distribution and quality 

of reference stations. In Antarctica, where the reference network is sparse and unevenly distributed, this can introduce 

additional spatial biases and reduce the effectiveness of NTL corrections.  440 

In contrast, the better performance of PPP-processed datasets (AY and NGL) suggests that PPP may be more robust under 

these conditions, as it does not rely on a dense reference network and is less sensitive to errors in reference frame realization. 

This is also consistent with findings by He et al. (2017), who showed that Antarctic stations tend to exhibit higher WRMS 

values in DD solutions compared to PPP solutions. Further differences in reference frame realization likely also contribute to 

the varying performance across datasets. For example, according to Buchta et al. (2025c), the OSU solution uses globally 445 

distributed IGS reference sites, while the TUD solution uses regionally distributed sites, resulting in different vertical 

translation rates and associated velocity patterns. In addition, the TUD analysis applied antenna misalignment corrections, 

which may have introduced lateral biases further complicating the signal and reducing correction effectiveness.   

5 Discussion 

This study applied various NTL corrections from two different loading services to reduce the noise and variability in GNSS 450 

time series in DML, East Antarctica. The results show that the effectiveness of these corrections depends on the GNSS dataset, 

its processing strategy, and the station environment. NTAL corrections generally have the most pronounced effect on reducing 

noise and RMS values, NTOL impacts vary by station, and HYDL mainly shifts the phase of annual amplitudes and reduces 

them as well as noise in some datasets. Corrections are more effective in datasets with high initial variability and those 

processed with PPP strategy, such as AY and NGL. Overall, GFZ corrections yielded slightly larger RMS reductions at ABOA 455 

and SYOG, while EOST corrections were more effective at VESL. 

These findings align with earlier work that has primarily focused on global or Northern Hemisphere GNSS datasets, with 

Antarctic stations typically included in global studies. Studies such as Niu et al. (2022) found that loading deformation explains 
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nearly 50 % of the vertical GNSS seasonal displacements, but less than 20 % in the horizontal components. Altamimi et al. 

(2016) reported improvements in the vertical component at 41 % of global GNSS following NTAL corrections, while Buchta 460 

et al. (2025c) observed station-dependent RMS reductions in Antarctica.  

Several studies have noted that NTAL corrections help reduce non-seasonal scatter, with particularly strong effects at high 

latitudes where vertical reductions can exceed 2 mm or 50 % (Buchta et al., 2025c; Gobron et al., 2021; Mémin et al., 2020; 

Rebischung et al., 2024). While NTOL corrections tend to be more modest and mainly confined to certain coastal regions, 

HYDL corrections primarily affect annual amplitudes and have minimal impact on non-seasonal scatter. However, both this 465 

current study and the one by Jiang et al. (2013) emphasize that the effectiveness of NTL corrections varies substantially 

depending on the correction models used, the datasets, and the specific station environments. Ejigu & Nordman (2025) show 

that applying combined NTL (atmospheric, oceanic, and hydrological) corrections greatly improves GNSS time series in 

northern Europe, reducing vertical WRMS by up to ~58%, halving power-law noise, and lowering trend uncertainties, with 

hydrological effects introducing annual phase shifts for more accurate geophysical monitoring. In coastal regions, for example, 470 

mismodelling of tidal constituents and land-sea mask inconsistencies can introduce additional spurious seasonal signals to the 

time series (Niu et al., 2022). 

On the continental scale, prior findings on NTL correction effectiveness in Antarctica have been mixed. At ABOA, Andrei et 

al. (2018) found negligible improvements, with vertical trend changes under 0.01 mm/yr and a slight increase in total residual 

RMS from 5.7 to 6.1 mm. In comparison, this study observed slightly larger differences in trends and RMS values between 3 475 

– 6 mm depending on the dataset, with RMS values generally decreasing after applying the same corrections. Vertical trend 

estimates also differed (e.g., Andrei et al: 0.79 ± 0.35 mm/yr; AY: 0.44 ± 0.52 mm/yr; OSU: 0.16 ± 0.51 mm/yr; TUD: -0.49 

± 0.67 mm/yr; GR: 0.14 ± 0.39 mm/yr), which may reflect the longer time span used in this study or an increased snow 

accumulation in recent years introducing elastic loading effectively slowing the post-glacial land uplift (Medley et al., 2018).  

At SYOG and VESL, the results of this study align well with earlier studies. Mémin et al. (2020) and Gobron et al. (2021) 480 

reported vertical WRMS or RMSE reductions of 10 – 20 % at these stations. However, Mémin et al. (2020) noted that NTOL 

models based on the IB assumption underestimated dynamic pressure effects from the Antarctic Circumpolar Current (ACC), 

while Gobron et al. (2021) and Koulali et al. (2022) found NTOL improvements limited to 0 – 5 %. In this study, the dynamic 

ocean model (EOST3) did generally not perform significantly better than those using IB forcing. In addition, the inclusion of 

NTOL improved performance by only 1 – 3 % in the PPP-processed datasets at ABOA and SYOG. Why ABOA benefits from 485 

NTOL to a similar extent as SYOG, but more than VESL, remains unclear, given that both ABOA and VESL are located over 

100 km inland from the ice shelf edge, while SYOG is situated on an island. Furthermore, Jiang et al. (2013) also reported 

negative or positive WRMS changes of up to 20 % depending on the correction model used.   

Several studies have further compared the performance of different NTL correction models. For instance, Rebischung et al. 

(2024) observed that global mean vertical WRMS residuals could be reduced by 19.4 % when applying GFZ corrections and 490 

by 20.2 % with EOST models, with NTAL having the largest impact. Similarly, Wu et al. (2020) found that the mean global 

RMS values decreased by 10.6 % and 15.4 % with GFZ and EOST corrections, respectively. Both studies suggest that EOST 
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corrections may perform better on a global scale. However, regional variations remain important. In this study, GFZ-based 

corrections produced marginally better results in the PPP-processed datasets, while EOST models were somewhat more 

effective for the DD-processed datasets. At station level, Rebischung et al. (2024) and Wu et al. (2020) reported WRMS 495 

reductions of approximately 15–30% for GFZ models and 10–20% for EOST models at SYOG and VESL, which is consistent 

with the results obtained in this study for the PPP-processed datasets. These findings suggest that while EOST models may 

perform slightly better on a global scale, GFZ corrections can be equally effective in specific Antarctic regions. 

NTL corrections have been also shown to impact annual signals. Rebischung et al. (2024) found that global annual amplitudes 

reduced 56.3 % (GFZ) and 48.4 % (EOST), with HYDL contributing the most to these reductions. Semi-annual amplitudes 500 

were reduced by 18.3 % (GFZ) and 15.1 % (EOST), where NTAL had the largest effect. Wu et al. (2020) similarly reported a 

reduction in annual amplitude of approximately 30 %. They however emphasize that the effect of NTL corrections varies 

greatly among GNSS stations. In this study, the vertical annual amplitudes generally decreased at each station, with the 

reductions ranging between approximately 15 % to 70 % depending on the correction model, dataset, and station. As noted by 

Niu et al. (2023), annual signals exhibit weaker spatial coherence than draconitic signals and often reflect station-specific 505 

noise, suggesting that residual seasonal signals post-correction are likely dominated by local environmental effects. 

Overall, the results of this study are broadly consistent with previous research, reinforcing the conclusion that the impact of 

NTL corrections is highly dependent on the choice of model, dataset, and site characteristics. Consistent with earlier findings, 

correction efficiency is greater at SYOG than at VESL. At the same time, the results also highlight important limitations in 

current approaches. Antarctica’s vast, remote, and environmentally extreme terrain, with sparse infrastructure and logistical 510 

constraints, limits spatial coverage and density of geodetic observations. This sparse distribution of observations complicates 

the detection and validation of localized loading signals and may lead to oversimplified surface load representations (Mémin 

et al., 2020). Moreover, the coarse spatial resolution of NTL models increases sensitivity to large-scale signals while 

underrepresenting regional and localized processes, which causes high uncertainties especially in HYDL models (Niu et al., 

2022). While different NTAL models typically agree well, significant discrepancies remain between NTOL and HYDL models 515 

(Santamaría-Gómez and Mémin, 2015).  

In regions like the ACC, NTOL estimates remain uncertain due to limited bottom pressure data and complex wind-driven 

dynamics (Mémin et al., 2020; Shihora et al., 2022b). Although HYDL corrections performed surprisingly well in this study, 

current HYDL models are known to be incomplete in Antarctica and may underestimate true deformation, particularly in 

regions with complex glacial hydrology (Santamaría-Gómez and Mémin, 2015). In addition, unmodelled geophysical 520 

processes, such as ongoing ice mass loss, viscoelastic Earth responses to past and present ice and water loading (e.g., GIA), 

and the presence of groundwater or subglacial aquifers, can substantially influence surface deformation. In particular, 

temporally correlated glacier mass changes and the viscoelastic rebound of low-viscosity mantle regions may introduce 

additional unmodelled signals that reduce the accuracy and representativeness of the applied loading corrections. 

Residual annual signals in GNSS time series may also reflect monument and site-specific effects not fully captured by loading 525 

models. These include thermoelastic and poroelastic deformation of the monument and surrounding ground, as well as 
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systematic errors such as multipath, antenna phase centre variations under changing snow or ice conditions, mismodelling of 

tropospheric delays, and sub-daily tidal effects (Rebischung et al., 2024; Niu et al., 2022; He et al., 2017). Draconitic errors 

and uncorrected atmospheric S1/S2 loading further contribute to unmodelled variability. In addition, discontinuities may arise 

from equipment changes or maintenance cycles, which are particularly relevant in Antarctica due to long service intervals and 530 

harsh conditions. For example, the ABOA receiver was historically exchanged annually between two receivers of the same 

make and model to retrieve the data and verify receiver performance in Finland. The antenna and receiver were changed 2024 

and data was lost in 2006 due to a corrupted memory card and 2021 due to COVID-19 pandemic. On the other hand, SYOG 

has seen multiple receiver, antenna, and radome changes since 1995, while VESL, though more stable installation, upgraded 

its receiver in 2008 and relies on an internal oscillator less precise than SYOG’s caesium standard (Buchta et al., 2025a; Finnish 535 

Meteorological Institute, 2024; Scheinert et al., 2023). Moreover, snow accumulation on GNSS antennas or intrusion through 

drainage holes can lead to outliers and time series discontinuities, with vertical displacements of approximately 3 – 5 mm (He 

et al., 2017; Larson, 2013; Koulali and Clarke, 2020; Dong et al., 2002). These effects add noise that may obscure subtle 

geophysical signals.   

This study also showed significant differences in correction effectiveness across different GNSS datasets, emphasizing the 540 

influence of processing strategy. The independently processed AY dataset demonstrated larger RMS and noise reductions than 

external solutions, particularly at ABOA and SYOG, suggesting that correction performance is partially influenced by baseline 

noise levels and processing choices. While the tested NTL corrections proved reasonably effective, further improvements are 

likely through the development of models tailored to the Antarctic environment. Existing global models may fail to fully 

capture regional hydrological and oceanic processes, limiting their accuracy at certain stations. Increasing the spatial and 545 

temporal resolution of NTL models, developing region-specific corrections, and independently computing loading 

displacements could all improve displacement estimates further. Integrating complementary datasets, such as satellite 

altimetry, gravimetry, or InSAR, could help overcome data gaps and support the development of more accurate, site-specific 

NTL corrections. For now, correcting for NTL remains a major challenge for the sparce and unevenly distributed GNSS 

network in Antarctica. 550 

6 Conclusion 

This study evaluated the impact of NTL corrections on vertical GNSS time series across three Antarctic stations, ABOA, 

SYOG, and VESL, using five distinct datasets (AY, NGL, GR, OSU, and TUD), and 11 different correction model 

combinations. The results show that NTL corrections can significantly improve time series quality by reducing RMS, noise, 

and seasonal amplitudes, particularly in datasets with high initial variability such as AY and NGL. Several central findings 555 

emerge from the analysis. 

First, the GNSS processing strategy plays a significant role in determining correction effectiveness. The PPP-processed 

datasets, AY and NGL, consistently responded more positively to loading corrections than the network-based DD solutions 
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(OSU and TUD) or the combined solution (GR). In PPP datasets, vertical RMS was frequently reduced by more than 20 %, 

while the already NTAL-corrected GR dataset showed limited sensitivity to further adjustments. In several cases, additional 560 

corrections introduced new variability by increased noise levels and RMS.  

Second, the relative contributions of NTAL, NTOL, and HYDL components varied by station and dataset. NTAL alone 

typically yielded the most consistent reductions in RMS, noise, and seasonal amplitudes. The combined application of NTOL 

and HYDL improved performance only in the PPP-processed datasets. Applying the same combinations to DD-processed or 

combined datasets often introduced additional variability. The inclusion of NTOL had limited impact at VESL but produced 565 

more substantial improvements at ABOA and SYOG. HYDL effects were more variable, depending on both dataset and 

station. While some combinations (e.g., GFZ3 applied to AY or NGL at ABOA) led to improvements, other applications (e.g., 

GFZ5 applied to GR) increased RMS, noise, and seasonal amplitudes. 

Third, the choice of NTL model had only a limited effect on correction performance. Differences between the models by the 

different providers were minimal. GFZ-based corrections tended to outperform EOST models in reducing vertical RMS, noise, 570 

and seasonal amplitudes in the PPP-processed datasets at ABOA and SYOG, with GFZ3 consistently emerging as one of the 

most effective models. In contrast, EOST corrections performed better at VESL, where GFZ models were generally less 

effective. These differences suggest that both environmental conditions and model parameterisation influence correction 

outcomes. Further research is needed to better understand these regional differences and to refine model inputs so that NTL 

corrections can be more reliably applied across the Antarctic continent.  575 

Finally, this study shows that the choice of GNSS processing strategy and NTL model choices can affect the estimated vertical 

trends, in some cases even altering their direction. This has critical implications for GIA research, where GNSS is used to 

validate geophysical models or construct empirical ones, emphasizing the need for careful consideration of both processing 

methods and correction strategies. Since ready-processed GNSS datasets and open global NTL models include many 

parameters that influence results but cannot be fine-tuned by the user, future work will focus on performing both the GNSS 580 

processing and NTL model computations in-house to assess whether the findings are robust and consistent. 

Appendix A: Hector time series analysis  

Table A1: Estimated trends, seasonal amplitudes, and noise parameters from Hector analysis with different corrections at ABOA, 

SYOG, and VESL stations. 

Station Dataset Correction 
Trend 

(mm/yr) 

Trend 𝜎 

(mm/yr) 

Annual 

Amp 

(mm) 

Annual 

Amp 𝜎 

(mm) 

Semi-

Annual 

Amp 

(mm) 

Semi-

Annual 

Amp 𝜎 

(mm) 

𝜎𝑃𝐿   

(𝑚𝑚 𝑦𝑟𝜅̂ 4⁄⁄ )  

𝜎𝑊𝑁 

(mm) 
𝜅̂ 

ABOA AY Original 0.44 0.52 2.46 0.48 1.15 0.34 16.43 0.46 -0.96 

ABOA AY EOST1 0.53 0.36 1.49 0.31 1.08 0.22 10.14 2.46 -1.01 

ABOA AY EOST2 0.45 0.25 1.41 0.26 1.10 0.20 10.17 0.30 -0.72 

ABOA AY GFZ1 0.45 0.26 1.35 0.27 1.03 0.21 10.38 0.36 -0.73 
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ABOA AY EOST3 0.45 0.28 1.36 0.27 1.05 0.20 9.91 1.88 -0.85 

ABOA AY EOST4 0.44 0.26 1.25 0.27 1.11 0.20 10.25 0.74 -0.75 

ABOA AY EOST5 0.43 0.20 1.17 0.22 1.13 0.17 8.71 1.26 -0.68 

ABOA AY GFZ2 0.50 0.23 1.25 0.24 1.11 0.19 9.32 1.02 -0.71 

ABOA AY GFZ3 0.37 0.11 0.55 0.14 1.39 0.12 6.41 0.72 -0.42 

ABOA OSU Original 0.16 0.51 2.26 0.42 1.23 0.28 12.73 1.04 -1.17 

ABOA OSU EOST1 0.18 0.11 1.79 0.13 0.86 0.11 5.60 0.48 -0.56 

ABOA OSU EOST2 0.17 0.51 1.76 0.42 0.91 0.28 12.97 0.01 -1.16 

ABOA OSU GFZ1 0.18 0.12 1.71 0.14 0.84 0.11 5.81 0.31 -0.60 

ABOA OSU EOST3 0.15 0.41 1.87 0.35 0.84 0.24 11.31 0.33 -1.08 

ABOA OSU EOST4 0.16 0.17 1.77 0.18 0.85 0.14 6.94 0.02 -0.71 

ABOA OSU EOST5 0.17 0.29 1.71 0.27 0.89 0.19 9.14 0.61 -0.94 

ABOA OSU GFZ2 0.29 0.48 1.94 0.40 0.90 0.26 12.25 0.68 -1.16 

ABOA OSU GFZ3 0.23 0.28 0.38 0.19 1.10 0.19 9.05 0.00 -0.91 

ABOA TUD Original -0.49 0.67 1.09 0.46 0.70 0.31 16.08 1.33 -1.02 

ABOA TUD EOST1 0.16 0.29 1.32 0.25 0.93 0.19 9.12 1.59 -0.70 

ABOA TUD EOST2 -0.12 0.42 1.24 0.34 0.97 0.25 11.71 1.18 -0.84 

ABOA TUD GFZ1 -0.24 0.48 1.31 0.38 0.90 0.27 12.65 1.34 -0.91 

ABOA TUD EOST3 0.42 0.19 1.72 0.18 0.94 0.15 7.65 0.87 -0.49 

ABOA TUD EOST4 0.54 0.14 1.68 0.15 0.97 0.13 6.32 1.54 -0.38 

ABOA TUD EOST5 0.48 0.18 1.64 0.17 1.00 0.15 7.34 0.90 -0.46 

ABOA TUD GFZ2 -0.18 0.52 2.06 0.41 1.04 0.29 13.72 0.65 -0.91 

ABOA TUD GFZ3 0.26 0.21 1.29 0.20 1.26 0.17 8.16 0.85 -0.54 

ABOA GR Original 0.14 0.39 2.60 0.31 0.81 0.22 9.92 0.55 -0.97 

ABOA GR EOST6 0.14 0.39 3.05 0.31 0.86 0.22 10.06 0.17 -0.96 

ABOA GR GFZ4 0.22 0.46 3.43 0.36 0.93 0.24 10.95 0.77 -1.04 

ABOA GR GFZ5 0.03 0.49 2.60 0.38 1.21 0.25 11.32 0.87 -1.08 

SYOG AY Original 1.10 0.23 2.81 0.33 0.99 0.25 12.97 0.00 -0.80 

SYOG AY EOST1 1.01 0.14 1.54 0.20 0.61 0.15 7.80 2.33 -0.76 

SYOG AY EOST2 1.02 0.14 1.48 0.20 0.64 0.15 7.82 2.35 -0.76 

SYOG AY GFZ1 1.01 0.13 1.39 0.20 0.63 0.15 7.79 2.30 -0.74 

SYOG AY EOST3 1.03 0.14 1.34 0.20 0.65 0.15 7.43 2.57 -0.83 

SYOG AY EOST4 1.05 0.14 1.32 0.20 0.59 0.15 7.48 2.54 -0.81 

SYOG AY EOST5 1.07 0.14 1.25 0.20 0.61 0.15 7.47 2.56 -0.82 

SYOG AY GFZ2 1.12 0.15 0.98 0.19 0.66 0.15 7.19 2.65 -0.87 

SYOG AY GFZ3 1.14 0.14 1.47 0.19 0.96 0.15 7.12 2.66 -0.86 

SYOG NGL Original 0.83 0.28 2.52 0.38 1.10 0.27 14.24 0.00 -0.87 

SYOG NGL EOST1 0.80 0.19 1.95 0.25 0.57 0.18 9.24 2.32 -0.90 

SYOG NGL EOST2 0.82 0.19 1.88 0.25 0.59 0.18 9.23 2.34 -0.90 

SYOG NGL GFZ1 0.81 0.19 1.90 0.25 0.57 0.18 9.22 2.30 -0.88 
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SYOG NGL EOST3 0.82 0.20 2.10 0.25 0.58 0.18 9.00 2.51 -0.96 

SYOG NGL EOST4 0.85 0.20 2.00 0.25 0.53 0.17 8.93 2.51 -0.96 

SYOG NGL EOST5 0.87 0.20 1.94 0.25 0.55 0.18 8.94 2.52 -0.96 

SYOG NGL GFZ2 0.91 0.21 2.05 0.25 0.60 0.18 8.78 2.57 -0.99 

SYOG NGL GFZ3 0.92 0.20 0.51 0.22 0.87 0.18 8.74 2.57 -0.98 

SYOG OSU Original 0.81 0.22 2.69 0.28 0.85 0.20 10.40 0.00 -0.93 

SYOG OSU EOST1 0.75 0.20 1.39 0.25 0.46 0.17 8.95 0.94 -0.96 

SYOG OSU EOST2 0.76 0.20 1.33 0.25 0.49 0.17 8.98 0.94 -0.96 

SYOG OSU GFZ1 0.75 0.19 1.25 0.25 0.49 0.17 9.02 0.84 -0.94 

SYOG OSU EOST3 0.74 0.19 1.21 0.25 0.51 0.17 9.30 0.00 -0.90 

SYOG OSU EOST4 0.78 0.20 1.18 0.26 0.45 0.17 9.36 0.77 -0.96 

SYOG OSU EOST5 0.79 0.21 1.11 0.26 0.48 0.18 9.40 0.77 -0.96 

SYOG OSU GFZ2 0.81 0.21 0.90 0.27 0.54 0.19 9.95 0.00 -0.94 

SYOG OSU GFZ3 0.81 0.21 1.37 0.27 0.81 0.19 9.93 0.00 -0.94 

SYOG TUD Original 0.75 0.30 1.33 0.36 0.55 0.24 12.45 1.44 -0.98 

SYOG TUD EOST1 0.71 0.37 1.50 0.36 0.64 0.24 11.32 2.18 -1.15 

SYOG TUD EOST2 0.72 0.37 1.47 0.37 0.66 0.24 11.37 2.19 -1.16 

SYOG TUD GFZ1 0.72 0.36 1.59 0.36 0.69 0.24 11.40 2.16 -1.13 

SYOG TUD EOST3 0.71 0.35 1.93 0.37 0.75 0.24 11.47 2.08 -1.12 

SYOG TUD EOST4 0.75 0.38 1.81 0.38 0.68 0.24 11.57 2.18 -1.16 

SYOG TUD EOST5 0.76 0.39 1.79 0.38 0.70 0.24 11.62 2.19 -1.17 

SYOG TUD GFZ2 0.78 0.36 2.25 0.38 0.76 0.25 11.94 2.04 -1.12 

SYOG TUD GFZ3 0.72 0.35 1.09 0.36 0.97 0.25 11.83 2.02 -1.10 

SYOG GR Original 0.53 0.16 2.13 0.21 1.08 0.16 7.66 0.81 -0.87 

SYOG GR EOST6 0.56 0.17 2.54 0.23 1.11 0.17 8.38 0.27 -0.86 

SYOG GR GFZ4 0.59 0.21 2.96 0.27 1.16 0.19 9.46 0.00 -0.91 

SYOG GR GFZ5 0.55 0.21 2.13 0.27 1.39 0.19 9.46 0.00 -0.91 

VESL AY Original 0.66 0.44 4.80 0.58 1.27 0.39 18.82 0.00 -1.07 

VESL AY EOST1 0.58 0.24 3.15 0.35 0.95 0.25 12.09 1.60 -0.96 

VESL AY EOST2 0.59 0.24 3.13 0.35 0.97 0.25 12.06 1.61 -0.96 

VESL AY GFZ1 0.61 0.24 3.11 0.36 0.95 0.26 12.38 1.51 -0.97 

VESL AY EOST3 0.58 0.26 2.80 0.36 1.00 0.25 11.74 1.87 -1.03 

VESL AY EOST4 0.59 0.24 2.68 0.35 0.97 0.25 11.79 1.79 -0.99 

VESL AY EOST5 0.60 0.24 2.66 0.35 0.99 0.25 11.76 1.79 -0.99 

VESL AY GFZ2 0.65 0.25 2.34 0.35 1.01 0.25 11.54 1.91 -1.02 

VESL AY GFZ3 0.61 0.25 2.53 0.34 1.35 0.24 11.33 1.95 -1.03 

VESL NGL Original 0.33 0.47 3.83 0.59 1.19 0.39 18.91 0.00 -1.10 

VESL NGL EOST1 0.27 0.21 2.67 0.33 0.68 0.23 11.52 1.25 -0.92 

VESL NGL EOST2 0.28 0.21 2.62 0.33 0.70 0.23 11.48 1.30 -0.92 

VESL NGL GFZ1 0.31 0.22 2.62 0.34 0.71 0.24 11.93 1.09 -0.93 
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VESL NGL EOST3 0.29 0.23 2.53 0.32 0.66 0.22 10.90 1.70 -0.99 

VESL NGL EOST4 0.29 0.21 2.37 0.32 0.65 0.22 11.17 1.53 -0.95 

VESL NGL GFZ2 0.36 0.22 2.24 0.32 0.67 0.22 10.93 1.69 -0.98 

VESL NGL GFZ3 0.31 0.21 1.36 0.31 0.97 0.23 10.88 1.63 -0.96 

VESL OSU Original 0.21 0.34 3.75 0.42 1.26 0.29 13.80 0.00 -1.09 

VESL OSU EOST1 0.14 0.28 2.62 0.37 0.62 0.24 12.27 0.00 -1.06 

VESL OSU EOST2 0.16 0.28 2.56 0.37 0.63 0.24 12.29 0.00 -1.06 

VESL OSU GFZ1 0.18 0.26 2.54 0.34 0.66 0.23 11.49 0.58 -1.06 

VESL OSU EOST3 0.15 0.29 2.43 0.36 0.57 0.23 11.89 0.43 -1.09 

VESL OSU EOST4 0.15 0.31 2.33 0.39 0.56 0.24 12.89 0.00 -1.08 

VESL OSU EOST5 0.17 0.31 2.25 0.39 0.57 0.24 12.84 0.00 -1.09 

VESL OSU GFZ2 0.22 0.31 2.16 0.38 0.60 0.24 12.74 0.00 -1.09 

VESL OSU GFZ3 0.18 0.28 1.36 0.36 0.80 0.25 12.10 0.00 -1.06 

VESL TUD Original 0.11 0.43 2.33 0.54 0.87 0.35 16.98 1.64 -1.05 

VESL TUD EOST1 0.00 0.41 1.32 0.46 0.55 0.27 14.51 2.23 -1.11 

VESL TUD EOST2 0.01 0.41 1.24 0.45 0.56 0.27 14.41 2.25 -1.11 

VESL TUD GFZ1 0.04 0.44 1.28 0.46 0.55 0.27 14.40 2.36 -1.15 

VESL TUD EOST3 0.01 0.44 1.36 0.46 0.58 0.28 14.34 2.33 -1.16 

VESL TUD EOST4 0.02 0.41 1.22 0.45 0.57 0.27 14.57 2.21 -1.11 

VESL TUD EOST5 0.03 0.41 1.14 0.44 0.57 0.27 14.48 2.21 -1.11 

VESL TUD GFZ2 0.07 0.41 1.30 0.46 0.59 0.28 14.43 2.24 -1.12 

VESL TUD GFZ3 0.01 0.43 0.66 0.34 0.92 0.32 14.65 2.28 -1.14 

VESL GR Original 0.10 0.27 1.92 0.32 0.57 0.21 9.95 1.10 -1.09 

VESL GR EOST6 0.11 0.27 2.27 0.33 0.64 0.22 10.28 0.99 -1.08 

VESL GR GFZ4 0.13 0.25 2.61 0.33 0.69 0.23 10.81 0.10 -1.01 

VESL GR GFZ5 0.05 0.25 1.78 0.33 1.05 0.23 10.88 0.00 -1.01 

 585 

Appendix B: RMS evaluation 

Table B1: Percentage change in RMS values after applying different loading corrections at the ABOA, SYOG, and VESL stations. 

Negative values indicate an increase in RMS, while positive values indicate a reduction.   

Station Dataset Correction RMS (mm) RMS change (%) 

ABOA AY Original 5.61 0.00 

ABOA AY EOST1 4.54 18.99 

ABOA AY EOST2 4.39 21.69 

ABOA AY GFZ1 4.47 20.36 

ABOA AY EOST3 4.43 21.02 

ABOA AY EOST4 4.38 21.89 
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ABOA AY EOST5 4.34 22.58 

ABOA AY GFZ2 4.30 23.28 

ABOA AY GFZ3 4.15 26.04 

ABOA OSU Original 3.75 0.00 

ABOA OSU EOST1 3.47 7.33 

ABOA OSU EOST2 3.63 3.11 

ABOA OSU GFZ1 3.35 10.54 

ABOA OSU EOST3 3.61 3.62 

ABOA OSU EOST4 3.60 3.78 

ABOA OSU EOST5 3.70 1.30 

ABOA OSU GFZ2 3.78 -1.05 

ABOA OSU GFZ3 3.60 3.77 

ABOA TUD Original 5.69 0.00 

ABOA TUD EOST1 4.84 14.84 

ABOA TUD EOST2 4.94 13.18 

ABOA TUD GFZ1 5.01 11.90 

ABOA TUD EOST3 4.84 14.98 

ABOA TUD EOST4 4.81 15.47 

ABOA TUD EOST5 4.81 15.37 

ABOA TUD GFZ2 5.09 10.55 

ABOA TUD GFZ3 4.90 13.92 

ABOA GR Original 3.34 0.00 

ABOA GR EOST6 3.38 -1.32 

ABOA GR GFZ4 3.49 -4.54 

ABOA GR GFZ5 3.50 -4.89 

SYOG AY Original 4.97 0.00 

SYOG AY EOST1 3.95 20.53 

SYOG AY EOST2 3.96 20.32 

SYOG AY GFZ1 3.95 20.41 

SYOG AY EOST3 3.87 22.01 

SYOG AY EOST4 3.88 21.84 

SYOG AY EOST5 3.89 21.68 

SYOG AY GFZ2 3.81 23.21 

SYOG AY GFZ3 3.82 23.18 

SYOG NGL Original 5.20 0.00 

SYOG NGL EOST1 4.18 19.69 

SYOG NGL EOST2 4.18 19.70 
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SYOG NGL GFZ1 4.18 19.61 

SYOG NGL EOST3 4.16 20.09 

SYOG NGL EOST4 4.13 20.58 

SYOG NGL EOST5 4.14 20.47 

SYOG NGL GFZ2 4.09 21.32 

SYOG NGL GFZ3 4.10 21.19 

SYOG OSU Original 3.68 0.00 

SYOG OSU EOST1 3.33 9.50 

SYOG OSU EOST2 3.34 9.19 

SYOG OSU GFZ1 3.35 8.99 

SYOG OSU EOST3 3.41 7.21 

SYOG OSU EOST4 3.41 7.29 

SYOG OSU EOST5 3.42 7.02 

SYOG OSU GFZ2 3.53 3.98 

SYOG OSU GFZ3 3.53 4.19 

SYOG TUD Original 4.71 0.00 

SYOG TUD EOST1 4.61 2.00 

SYOG TUD EOST2 4.63 1.67 

SYOG TUD GFZ1 4.55 3.30 

SYOG TUD EOST3 4.64 1.44 

SYOG TUD EOST4 4.70 0.21 

SYOG TUD EOST5 4.71 0.02 

SYOG TUD GFZ2 4.71 -0.13 

SYOG TUD GFZ3 4.65 1.19 

SYOG GR Original 3.05 0.00 

SYOG GR EOST6 3.21 -5.08 

SYOG GR GFZ4 3.44 -12.63 

SYOG GR GFZ5 3.44 -12.70 

VESL AY Original 7.03 0.00 

VESL AY EOST1 6.05 13.99 

VESL AY EOST2 6.05 13.91 

VESL AY GFZ1 6.12 12.91 

VESL AY EOST3 6.00 14.62 

VESL AY EOST4 6.01 14.45 

VESL AY EOST5 6.02 14.37 

VESL AY GFZ2 6.03 14.24 

VESL AY GFZ3 5.98 14.94 
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VESL NGL Original 7.14 0.00 

VESL NGL EOST1 6.01 15.91 

VESL NGL EOST2 6.02 15.78 

VESL NGL GFZ1 6.15 13.93 

VESL NGL EOST3 5.96 16.58 

VESL NGL EOST4 5.98 16.31 

VESL NGL EOST5 5.97 16.50 

VESL NGL GFZ2 6.06 15.22 

VESL NGL GFZ3 6.04 15.45 

VESL OSU Original 5.53 0.00 

VESL OSU EOST1 5.43 1.74 

VESL OSU EOST2 5.45 1.46 

VESL OSU GFZ1 5.38 2.57 

VESL OSU EOST3 5.35 3.10 

VESL OSU EOST4 5.49 0.66 

VESL OSU EOST5 5.51 0.36 

VESL OSU GFZ2 5.50 0.50 

VESL OSU GFZ3 5.39 2.54 

VESL TUD Original 6.90 0.00 

VESL TUD EOST1 6.42 6.94 

VESL TUD EOST2 6.41 7.10 

VESL TUD GFZ1 6.50 5.74 

VESL TUD EOST3 6.41 7.12 

VESL TUD EOST4 6.37 7.65 

VESL TUD EOST5 6.36 7.79 

VESL TUD GFZ2 6.40 7.24 

VESL TUD GFZ3 6.52 5.47 

VESL GR Original 5.21 0.00 

VESL GR EOST6 5.19 0.41 

VESL GR GFZ4 5.18 0.51 

VESL GR GFZ5 5.30 -1.66 
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Data and code availability 

Data are available through various open repositories. NGL data can be accessed at 

https://geodesy.unr.edu/NGLStationPages/stations/, and GR data at https://doi.pangaea.de/10.1594/PANGAEA.967516. The 

AY solution can be provided by the corresponding author upon request. Code is available at the following GitHub repository 

in two Jupyter notebooks: https://github.com/ainoschulz/Antarctica_NTL  595 
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