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Analyzing the 3D Deformation Induced
by Non-tidal Loading in GNSS Time Series
in Finland

Yohannes Getachew Ejigu , Jean-Paul Boy, Arttu Raja-Halli,
Fatemeh Khorrami, Jyri Naranen, and Maaria Nordman

Abstract

Improving our understanding of non-tidal loading (NTL) in geodetic time series, especially
at regional and local scales, holds paramount importance. This deeper comprehension
enables accurate modeling and effective removal of NTL effects from the time series,
consequently enhancing the overall stability and reliability of geodetic observations. In this
study, we compared the performance of different loading products and investigated their
impact on the 20-year time series of four permanent GNSS stations within the Finnish per-
manent GNSS network (FinnRef). We employed original GNSS time series data products
generated by four different analysing centers. We qualitatively compared NTL corrections
involving ten different combinations of different hydrological, non-tidal atmospheric, and
non-tidal oceanic loading models to see how various loading configurations operate and
how they affect the noise characteristics of GNSS 3D time series, and ultimately to figure
out which models are the most realistic in Finland. We observed weighted RMS reduction
rates of up to 20% for the vertical coordinate and up to 10% for the horizontal coordinate.
Additionally, we identified a maximum annual amplitude reduction rate of 87.2%. The
results demonstrate a substantial improvement through the integration of hydrological
loading products derived from GRACE satellites in our study conducted over Finland.
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1 Introduction

At different scales in space and time, the Earth’s surface is
subject to various perturbations, including tectonic move-
ments, volcanic eruptions, and landslides. Mass changes in
oceans, atmosphere, groundwater, and other natural systems
induce detectable changes in the Earth’s shape and gravity
field (Blewitt et al. 2001). Responding to mass redistribution
occurring on sub-daily to inter-annual timescales, which
are not due to gravitational forces from Sun and Moon,
is referred to as non-tidal loading (NTL). In theory, over
seasonal timescales, non-tidal atmospheric, and hydrological
loading have the potential to induce deformations of up to
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30 mm in the vertical coordinate (van Dam et al. 2001; Schuh
et al. 2003).

Global Navigation Satellite Systems (GNSS) have been
used to explore geophysical phenomena, including the NTL
surface deformation (e.g., Nordman et al. 2009, 2015, van
Dam et al. 2012, Mémin et al. 2020. GNSS position time
series often exhibit unforeseen broadband fluctuations (such
as a nonlinear motion) depending on unknown deterministic
parameters (Bevis and Brown 2014), and unknown stochastic
parameters (Bos et al. 2020), characterized by power-law
and white noise models (Mao et al. 1999; Williams et al.
2004; Santamaria-Gomez et al. 2011). Interpreting interan-
nual variations in GNSS position time series and their com-
mon modes across a region remains a challenging task due to
the correlation between NTL and noise variations (Williams
et al. 2004). Moreover, GNSS serves as a pivotal geodetic
technique, providing essential input to the International Ter-
restrial Reference Frame (ITRF) for the precise computation
of coordinates (Altamimi et al. 2016). Correcting the NTL
could contribute to the stability of the ITRF by improving
the GNSS positioning quality, and statistical modelling of
geodetic time series.

The NTL typically encompasses non-tidal atmospheric
loading (NTAL), non-tidal ocean loading (NTOL), and
hydrological loading (HYDL). In their recent study, Nicolas
et al. (2021) showed the impact of river storage-induced
HYDL on the substantial enhancement of both vertical and
horizontal GNSS displacements in regions across South
America. Klos et al. (2021) found that HYDL contributes to
GNSS displacements within the seasonal band, while NTAL
exhibits a positive correlation with GPS displacements across
a range of temporal resolutions. Li et al. (2020) conducted
a comparative analysis of surface mass loading corrections
in GNSS time series, with a reduction in the RMS value
reaching up to 20% in the vertical component. Nordman et
al. (2009) employed tide gauge data to assess the impact
of NTOL on the vertical positioning of GPS stations in the
Baltic Sea. Overall, numerous researchers have delved into
the deformation resulting from NTL. However, the majority
of these studies focus on the separation of NTL into distinct
components such as NTAL (e.g., Tregoning and van Dam
2005; Tregoning and Watson 2011), NTOL (e.g, Nordman
et al. 2009; van Dam et al. 2012; Geng et al. 2012; Williams
and Penna 2011, Gobron et al. 2021), and HYDL (van Dam
et al. 2001, 2007; Davis et al. 2004; Tregoning et al. 2009).
This study, however, is focused on examining the combined
contributions of NTAL, NTOL, and HYDL in long-period
GNSS time series data.

The NTL displacement products are available from differ-
ent Earth System Modeling groups, including the School and
Observatory of Earth Sciences (EOST)1 loading service from

1http://loading.u-strasbg.fr/.

the University of Strasbourg, and the German Research Cen-
ter for Geosciences in Potsdam (ESMGFZ).2 We conducted
a comprehensive performance comparison of the EOST and
ESMGFZ loading model products while also examining their
influence on the scatter of GNSS time series data across
four permanent GNSS stations of the FinnRef network.
Furthermore, we delved into different loading configurations
and their respective impacts on the noise characteristics of
GNSS vertical displacement trend time series. Ultimately,
our objective is to identify the most optimal loading models
within the context of the Finnish region.

In this chapter, we first present a concise overview of the
GNSS processing strategy and introduce the NTL computa-
tion, including the use of different models (Sect. 2). Section 3
presents results obtained before and after implementing NTL
corrections. The chapter concludes in Sect. 4 with a summary
of findings and an outlook for future research.

2 Data and Methods

2.1 GNSS Data and Processing

In this study, we focused on four GNSS stations within the
FinnRef network in Northern Europe: JOEN in East Finland,
METS in South Finland, SODA in North Finland, and VAAS
in West Finland (for locations, see Fig. 3). Our analy-
sis encompassed a 20-year (2002–2022) dataset obtained
from three distinct GNSS analysis centers including the
Nevada Geodetic Laboratory (NGL, Blewitt et al. 2018), the
Jet Propulsion Laboratory (JPL, specifically ‘JPL-2018a’,
Bertiger et al. 2020), and the IGS CNES-CLS analysis
center (hereafter referred to as CNE, Michel et al. 2021).
Furthermore, we created our own solution, processing GNSS
data using PRIDE-AR ver 2.2 GNSS software (Geng et al.
2019a). Both NGL and JPL position timeseries products
were estimated using the JPL GipsyX software, while CNES
utilized the GINS software.

In both NGL and PRIDE (PRI), the apriori tropospheric
delays are sourced from the Vienna Mapping Function
(VMF1) grids (Böhm et al. 2006b). Also, the hydrostatic
and wet zenith delays are mapped to observation elevations
using VMF1. The JPL and CNE solutions employ the
global mapping function (GMF) (Böhm et al. 2006a) for
tropospheric modeling, along with the global pressure and
temperature empirical function GPT2 (Lagler et al. 2013) to
estimate tropospheric delays.

All four GNSS (actually GPS-only) datasets share a com-
mon processing strategy based on precise point positioning
(PPP) (Zumberge et al. 1997) with carrier phase ambigu-
ity resolution (JPL and NGL (Bertige et al. 2010), CNE
(Loyer et al. 2012) and PRI (Geng et al. 2019b)). The final

2http://rz-vm115.gfz-potsdam.de:8080/repository.
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daily coordinates position time series are expressed in the
IGS14 reference frame (Altamimi et al. 2016). The impact
of the first-order ionospheric effect was removed using the
ionospheric-free linear combination. A second-order calibra-
tion of the remaining ionosphere effects was implemented
using IGS’s global ionospheric maps in conjunction with
the International Geomagnetic Reference Field (IGRF-12)‘s
magnetic field model; the solid Earth tide and pole tide were
corrected according to the IERS 2010 Conventions, and the
ocean tide loading effect were corrected using the FES2004
model (Lyard et al. 2006). The NTL corrections were not
applied to these timeseries products. The resulting time series
are in CF frame at non-secular time scale (Dong et al. 2003).

2.2 Non-tidal Loading Time Series Data

We used NTL-induced surface deformation timeseries from
two Earth System Modeling groups: EOST and ESMGFZ
Loading Service. Both modeling groups employ Green’s
functions to calculate NTL displacements; however, they
employ slightly different procedures for computing the inte-
grals. The EOST group utilizes the rheological parame-
ters from the PREM (Preliminary Reference Earth Model,
Dziewonski and Anderson 1981) Earth model to compute
displacement, whereas the GFZ employs the Elastic Earth
model “ak135” (Kennett et al. 1995) for their calculations.
In both EOST and GFZ products, we averaged time series
into daily time series to harmonize their temporal resolutions.
In this study, the NTL products utilized are in CF, and the
summary including their providers is shown in Table 1.

Table 1 Loading products provided by EOST and GFZ. The different
abbreviations in the loading source and models columns refer to differ-
ent products and data centers providing the data

Dataset/Load Models Spatial/Temporal Res.
EOST/NTAL ERA5/IB 0.25ı � 0.25ı/1 h

ERA5/TUGO-ma 0.25ı � 0.25ı/1 h
ECMWF OP/IB 0.5ı � 0.5ı/3 h
MERRA2/lB 0.5ı � 0.5ı/1 h

GFZ/NTAL ECMWF OP 0.5ı � 0.5ı/3 h
EOST/NTOL ECCO2 0.25ı � 0.25ı/24 h
GFZ/NTOL MPIOM 1ı � 1ı/3 h
EOST/HYDL ERA5 0.25ı � 0.25ı/1 h

GLDAS2/Noah 0.5ı � 0.5ı/3 h
MERRA2 0.50 � 0.625ı/1 h
GRACEa, b 1ı � 1ı/monthly

GFZ/HYDL LSDM 0.5ı � 0.5ı/24 h
NASA/HYDLc GRACE/GSFC/Masconsb 1ı � 1ı/monthly

For more detailed explanations see websites of EOST1 and ESMGFZ2

aTUGO-m model is the sum of NTAL and NTOL circulation model
(such as ECCO2) 1. EOST GRACE is the sum of HYDL and NTOL1

bWe used GRACE-derived data provided by EOST and NASA (Argus
et al. 2022). For more details, see websites1,3

chttps://grace.jpl.nasa.gov/data/get-data/jpl_global_mascons/

3 Results and Discussion

3.1 Optimal Fusion of NTL

We undertake a comprehensive quantitative evaluation to
assess the cumulative impact resulting from three distinct
categories of NTL-induced displacements, namely NTAL,
NTOL, and HYDL. Consequently, we establish a total of
eight combinations within the EOST category and the two
combinations within GFZ. The summary of these combina-
tions can be found in Table 2.

Moreover, we applied these NTL correction combinations
to our four original (reference) time series for the four
stations under study without interpolating any gaps.

In general, we observed a reduction in the scattering
of the original displacement time series (not shown here)
after applying the correction. The RMS scatter exhibits
improvement, with RMS difference between the original and
corrected RMS scatter ranging from �0.93 mm to 4.5 mm,
positive numbers meaning reduction in the scatter and neg-
ative numbers meaning increase in the scatter. The extent of
this improvement varies based on the specific station and the
type of NTL correction combination implemented. For the
up component, the RMS differences between the original and
corrected RMS scatter range from �0.93 mm to 3.51 mm for
JPL time series, �0.71 mm to 2.73 mm for CNE time series,
�0.73 mm to 2.85 mm for NGL time series, and � 0.72 mm
to 4.52 mm for PRI time series, as shown in Fig. 1 (third
column). The RMS difference in the horizontal components
is minimal, with a positive deviation of up toC0.5 mm in the
east and a negative deviation of up to �0.5 mm in the north
(Fig. 1, first and second columns).

A comprehensive overview and assessment of the
effectiveness of various environmental loading products
were obtained through a computation of the weighted
RMS (WRMS) percentage reduction rates between the
original GNSS position time series and the combined
NTL corrected time series. The WRMS was computed as,

Table 2 Combinations of NTL correction

Combination
EOST1 ERA5IBC ECCO2C ERA5hyd
EOST2 ERA5TUGOC ERA5hyd
EOST3 ECMWF-OP/IBC ECCO2C ERA5hyd
EOST4 MERRA2C ECCO2C GLDAS
EOST5 MERRA2C ECCO2CMERRA2h
EOST6 ERA5IBC GRACE
EOST7 MERRA2IBC GRACE
EOST8 MERRA2IBC ECCO2C GRACE NASA mascon
GFZ1 GFZ NTALC GFZ NTOLC GFZ HYDL
GFZ2 GFZ NTALC GFZ NTOLC GRACE NASA mascon

https://grace.jpl.nasa.gov/data/get-data/jpl_global_mascons/
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Fig. 1 RMS difference between the original and ten NTL corrected
time series for four stations. The y-axis frequency refers to the data
from these four stations multiplied by the ten different NTL corrections
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rate is given by, RedWRMS D (1 � WRMSc/WRMSo) � 100%,
where WRMSo and WRMSc refer to the original and NTL
corrected WRMS, respectively.

As an example, Fig. 2 shows WRMS percentage reduc-
tion rates for both the horizontal (East and North) and
vertical (Up) coordinate time series at station METS. The
RMS reduction rates in all three coordinate time series
exhibited positive values for all solutions, with considerable
variation depending on the GNSS solution products and
stations. Maximum reductions reached approximately 10%
in the horizontal direction and about 20% in the vertical
direction. In all NTL corrections, both the JPL solution
and our PRI solution consistently demonstrate substantial
reductions. In respect to combinations of NTL correction,
we observed high reductions between the original data and
the corrections applied in EOST7 and EOST8 across all
solution products and stations compared to other corrections.
It’s important to note that our EOST7 and EOST8 corrections
incorporate the HYDL obtained from GRACE. This aligns
with the findings of Springer et al. (2019), who showed
that HYDL-induced deformation obtained from GRACE can
explain up to 25% of the deformation in daily GNSS height
time series in Southeastern Europe. On the other hand, the
corrections from EOST showed consistently higher RMS
reduction rates in all solution products and stations when
compared to those obtained from GFZ. Specifically, the
correction derived from the internal combination at GFZ,

Fig. 2 Percentage reduction of WRMS for 3D deformation (East-
North-Up from top to bottom) with NTL corrections applied at station
METS, for the period from 2002 to 2022

referred to as GFZ1, exhibited the lowest reduction in RMS
error. This again demonstrates that the GRACE hydrological
loading significantly contributes to reducing the RMS error
in NTL corrections. In prior research, Nordman et al. (2015)
noted a maximum 16% reduction in variance in the vertical
coordinate for inter-station vectors among GNSS stations in
the Baltic Sea, specifically for NTOL corrections during the
period from 2008 to 2012.

3.2 Annual Signal and Frequency Content

To understand the time series behaviour better, we ana-
lyzed the spectral characteristics, including annual ampli-
tude, phase, and trends, of GNSS coordinate time series both
in their original form and after applying corrections, using
Hector software version 1.9 (Bos et al. 2021). During the
estimation of these parameters in Hector, the noise combi-
nation of power-law and white noise (PLCWN) model was
utilized in the analysis of stochastics characteristic of GNSS
coordinate time series. This noise model was applied to the
residual time series and allowed for the simultaneous estima-
tion of the non-integer spectral index of the residual series.

Figure 3 illustrates a comparison between the annual
amplitude and phase changes for the vertical component,
highlighting notable discrepancies in the annual signal
amplitudes across various stations. We found that the peak
annual amplitude and phase of the considered stations
generally occur between July and October, except for the
West Finland station (VAAS), where the maximum annual
amplitude and phase extend from January to April. Upon
applying corrections, the annual amplitude decreased in
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Fig. 3 Comparison of amplitude and phase maps for the vertical
component annual signals between the Original GNSS time series
(black) and results with NTL corrections (other colours) at four selected
stations. The annual amplitude is represented by the length of the
arrows. The direction of each arrow indicates the peak-value month,
measured in a clockwise direction from the North, starting with January

all combinations for stations METS and SODA, and in
combinations EOST 4-8, as well as GFZ1-2 for station
JOEN. Both the JPL and NGL series display a out-of-phase
variation in the annual phases for three of the considered
stations (JOEN, METS, and SODA). In contrast, the CNE
and PRI series consistently maintain the annual phase pattern
across the four GNSS series. Notably, at station METS, the
annual signal phase of the JPL and NGL series diverges by
90 to 180ı (typically equivalent to 091 to 182 days of year)
from the original signal’s annual phase, pointing in different
directions.

To statistically evaluate the impact of NTL corrections on
the annual signal, we also employ the amplitude reduction
rate, RedAmp D (1 � Ampc/Ampo) � 100%, where Ampo

and Ampc refers to the orginal and NTL corrected annual
amplitudes, respectively. As depicted in Fig. 4 (a–d), the
amplitude generally decreases after applying the correction
for most NTL corrections. However, there are exceptions,
such as in the case of station JOEN, where some corrections,

Fig. 4 (a–d) Percentage reduction in spectral annual amplitude for Up
component deformation with NTL corrections applied at stations JOEN,
METS, SODA and VAAS, and (e–g) the spectral index difference
(original minus corrected) for 3D deformation (East-North-Up from
top to bottom). The number in (e–f) panel shows the spectral index
estimated from the original time-series

and station VAAS where almost all corrections result in
a negative reduction (meaning the amplitude is increased).
The maximum reduction rate observed is 87.2% for the PRI
solution in relation to the EOST6 and EOST7 corrections.
For METS, the minimum annual amplitude reduction rate
is 46.6% observed for the EOST5 correction in the JPL
solution, while the maximum reduction rate reaches 86.7%
for the EOST1 correction in the NGL solution. Regard-
ing SODA, overall observe positive reduction rates were
observed, except for the EOST4 correction in the JPL solu-
tion. The highest reduction rate, reaching 74.4%, is seen in
the PRI solution. However, for VAAS, we found negative
reduction rates, with the maximum reduction rate being
�1.4% for the EOST7 and EOST8 corrections in the CNE
and PRI solutions.

The presence of noise in the GNSS coordinate time series
can have a substantial impact on the accuracy and induced
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error in the geodetic time series of the annual signal (Blewitt
et al. 2001; Collilieux et al. 2007). To examine the effect
of NTL deformation in the GNSS time series on the annual
signal, we computed the average Lomb-Scargle periodogram
of the coordinate residuals before and after applying NTL
corrections. Figure 4 (e–g) depicts the difference in the
stacked median estimated spectral index of the PL C WN
noise model between its original and corrected. We observed
a significant reduction in the spectral index for PRI solutions
in the East (�1.05 to �0.93), North (�1.06 to �0.97) and
Up (decreasing from �1.4 to �1.08) after correction. Partic-
ularly noteworthy was the consistent reduction in the spectral
index for the North component exclusively in PRI solutions
across all EOST corrections. Additionally, notable reductions
were observed for NGL and CNE solutions in the East and
Up components. In contrast, corrections did not affect the
spectral index in the JPL solution, resulting in contrasting
outcomes in WRMS comparisons. This indicates that the
WRMS reduction is due to the high portion of white noise
in the time series. The exemplary stacked median spectral
density (PSD) estimated for vertical coordinate residuals
time series for the CNE solution is shown in Fig. 5. In
the PSD, it can be observed that the annual peak of the
time series is weakened to some extent after the correction
for NTL. However, it is important to note that the NTL
corrections do not completely eliminate the annual peaks.
Nevertheless, there is a large reduction in frequency bands
in the annual and between roughly 3–6 months, particularly
noticeable in EOST7, EOST8, and in both GFZ1 and GFZ2
corrections. This would agree with Klos et al. (2021), who
showed that the frequency bands of annual and between 4–
9 months exhibit notable significant RMS reductions (>40%)
after correcting for HYDL. This suggests a robust sensitivity
to hydrological variations, elucidating a substantial portion
of the seasonal signals in GNSS displacements.

To analyze the effect of NTL correction on the trend
(velocity) and trend uncertainty in our regional stations,
we conducted further assessments. The up-coordinate
trends observed for the stations under consideration, JOEN,
METS, SODA, and VAAS, fall within the ranges of 3.44–
3.93 mm/year, 4.06–4.63 mm/year, 7.13–7.69 mm/year,
and 9.18–9.89 mm/year, respectively. To illustrate this, we
present the statistical results after correction for the up-
coordinate trend and trend uncertainty for station JOEN in
Fig. 6. It is evident that after applying the loading correction,
the overall trend shows a decrease, with the exception of
the EOST1, EOST2, EOST3 and GFZ1 corrections. For the
EOST6, EOST7, EOST8, and GFZ2 corrections, the effect
on trend values can decrease by up to 0.6 mm/year for the
NGL solution and 0.4 mm/year for the other three solutions
compared to the original solution trend (see Fig. 6). Similar
results were observed for other stations, although they are not

Fig. 5 Stacked power spectral densities (PSDs) plotted for vertical
component of CNE solution. The original GNSS displacements are
represented in blue, the NTL-corrected displacements are illustrated in
pink, and the differences are highlighted in green. The dashed green and
red lines indicate the estimated PLCWN noise model for the original
and corrected displacements, respectively

shown here. This result is in line with the study of Gobron et
al. (2021), who demonstrated that trend uncertainties were
reduced by 70% at high latitudes after applying combinations
of NTAL and NTOL correction in up-displacements.

In general, when comparing different NTL correction
combinations, EOST1-3 seem to produce smallest improve-
ments. The NTAL corrections for these three combina-
tions are from ERA5, whereas other models are used for
other combinations. Integrating HYDL data of GLDAS and
MERRA2h in EOST4 and EOST5 improves WRMS reduc-
tion rates, while impacts on annual amplitude vary by sta-
tion. Notable differences between EOST6 and EOST7 are
in their NTAL components (ERA5IB and MERRA2IB),
with EOST7 showing significant enhancements. Difference
in HYDL components between GFZ1 and GFZ2 are the
ESMGFZ hydrology model and GRACE product, respec-
tively. Overall, GFZ2, EOST7 and EOST8 results that have
GRACE-derived HYDL, outperform others.
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Fig. 6 Trend and uncertainties after NTL Correction for JOEN. (a) the
trend of the over 20-year time series. (b) the difference in trend before
and after NTL correction. The error bars in the top panel represent the
uncertainty in the trend estimation. The numbers on top of the top panel
header denote the trends in the original time series in mm/year

4 Conclusions and Outlook

We compared NTL corrections for four GNSS stations in
Finland, using data from our PPP PRIDE GNSS processing
and three other centers. While processing strategies were
similar, a key difference was found in the tropospheric delay
model and mapping functions.

The WRMS reduction in GNSS time series varies with
different combinations of NTL products. Variations in reduc-
tion rates underscore the importance of selecting appropriate
GNSS solution products and considering station character-
istics. Stations like SODA, JOEN, and VAAS demonstrate
diverse behaviors. Both JPL and PRI solutions consistently
achieve substantial WRMS reductions across various NTL
correction combinations, indicating their reliability. Differ-
ences between EOST and GFZ corrections highlight the
importance of careful model selection for GNSS processing.
The qualitative comparison of various combinations of NTL
corrections, notably, the combinations involving EOST7 and
EOST8 NTL corrections exhibited significant reductions in
WRMS compared to other combinations.

Our analysis revealed a general decrease in amplitudes,
spectral index, trend (velocity) and trend uncertainity after
NTL corrections. Some corrections even led to negative
reduction rates for the annual amplitude (i.e., increase). In
most of the considered stations, annual amplitude reduction
rates of the solution product were positive, indicating that the
corrections tended to reduce the amplitude of the data, poten-
tially improving data accuracy. After applying corrections,
particularly in the case of JPL and NGL data, noticeable

out-of-phase variations in annual phases were observed at
some stations, while the spectral index generally exhibited
a decreasing in the annual peak. In contrast, CNE and PRI
data consistently preserved the annual phase pattern across
all stations.

Integrating GLDAS and MERRA2h data from HYDL
improves WRMS reduction rates, while the extent of
improvement in the annual amplitude reduction rate varies
from station to station. This suggests that the inclusion of
these datasets exhibits different characteristics depending
on the local stations. The GRACE-dervied HYDL notably
reduces RMS error, annual amplitude, trend and trend
uncertainties in EOST7, EOST8, and GFZ2, emphasizing
the importance of dedicated gravity missions like GRACE
and GRACE-FO in improving GNSS corrections. Further
analysis is needed to refine correction methods and enhance
data accuracy for regional and local geodetic stations.
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