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Abstract: Global Navigation Satellite Systems (GNSS) are widely used as satellite-based posi-
tioning systems in the scientific community for various applications. Precise Point Positioning
(PPP) is a key geodetic technique that enables the accurate determination of ground-based
GNSS receiver positions, providing valuable insights into the Earth’s deformation and related
phenomena. This article details the Luxembourg GNSS station network and introduces the
raw observation approach along with the processing strategies involved. GNSS data from the
Satellite Positioning System Luxembourg (SPSLux) network spanning from mid-2006 to 2020
are processed. Managed by the department of Territorial Information of the Luxembourgish
Cadastre and Mapping Agency, the SPSLux network plays a crucial role in different geodetic
applications in Luxembourg. The computed horizontal and vertical velocity fields across these
stations reveal an eastward displacement of 18 mm/year, a northward displacement of 15 mm/
year, and an upward displacement of approximately 0.40 mm/year. We further analyzed the re-
lationship between the vertical displacement and hydrological signals, offering an interpretation
of the factors influencing these displacements.

Keywords: GNSS, Precise Point Positioning (PPP), SPSLux, Hydrogeodesy, Raw Observation
Approach

1. Introduction

Global Navigation Satellite Systems (GNSS) are space-based radio-navigation positioning systems
that provide positioning, navigation, and timing (PNT) services on both global and regional scale
by transmitting signals from the satellite constellations to the GNSS receivers. Currently, GNSS
includes the United States’ Global Positioning System (GPS), Europe’s GALILEO, Russia’s
GLObal NAvigation Satellite System (GLONASS), China’s BeiDou constellation, India’s Re-
gional Navigation Satellite System (IRNSS), and Japan’s Quasi-Zenith Satellite System (QZSS).

GNSS is widely used across scientific disciplines for a range of applications, underscor-
ing its pivotal role in global geodetic and geoscience research. Examples include precise orbit
determination (POD) for GNSS and Low Earth Orbiting (LEO) satellites, the establishment and
realization of global reference frames, GNSS network processing, determination of Earth rotation
parameters, GNSS-based weather forecasting, and soil moisture assessment.

Since the deactivation of Selective Availability (SA) by the US Department of Defense,
which had previously restricted non-military users from accessing GPS’s full potential, GNSS
accuracy has greatly improved, now reaching millimeter-level precision thanks to the advances
in technology and methodology. This level of accuracy, combined with the relatively low cost
of GNSS, had made GNSS especially valuable for monitoring Earth’s crustal movements and
deformations.
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In 2006, a network of six continuous GNSS stations was established across Luxembourg. This
study analyzes high-precision GNSS data collected from this network, focusing on interpretation
of geodetic observations of crustal displacement. The aim of this article is not only to describe
the Luxembourg GNSS network in detail but also to introduce the raw observation approach
and processing strategies used, covering all necessary models, corrections, and parameters.
The structure of this article is as follows: Section 2 describes the Luxembourg GNSS network.
Section 3 outlines the raw observation approach used for precise point positioning (PPP). Section 4
describes the processing strategies applied. Section 5 presents the GNSS time series. Finally,
conclusions based on the results are drawn in Section 6.

2. Luxembourg GNSS Network

Luxembourg’s local satellite positioning system, known as SPSLux (Satellite Positioning System
Luxembourg), is managed and maintained by the Department of Territorial Information of the
Luxembourgish Cadastre and Mapping Agency. The SPSLux network serves as the primary ref-
erence for horizontal and vertical positioning, supporting numerous applications, including land
boundary surveys, land administration, agriculture, infrastructure development, railway expansion,
urban planning, and environmental conservation in the Grand Duchy of Luxembourg. SPSLux
offers both real-time and post-processing services. For post-processing, GNSS observations from
continuously operating GNSS receivers are provided in the RINEX format (GURTNER & ESTEY,
2007) and are typically available within 24 hours.

To achieve millimeter-level precision in geodetic measurements, the network uses du-
al-frequency GNSS receivers that minimize ionospheric delay errors and are capable of tracking
multiple navigation satellites simultaneously. These receivers are paired with choke ring GNSS
antennas, which have been improved over time to maximize gain (sensitivity to weak incoming
signal) and to minimize multipath errors caused by signal reflections from buildings, trees, and
other obstacles. The antennas, mounted on GNSS monuments, are installed at six geologically
stable sites across Luxembourg: Bascharage (BASC), Echternach (ECHT), Erpeldange (ERPE),
Roullingen (ROUL), Troisvierges (TROI) and Walferdange (WALF) (Fig. 1).

From 2006 to 2010, all stations were equipped with LEICA dual-frequency GNSS
receivers (GRX1200PRO) and LEIAT504 choke ring antennas, except for the Walferdange
(WALF) station, which was equipped with a LEICA RS500 GNSS receiver. In 2010, all stations
were upgraded to GRX1200+GNSS receiver and LEIAR25.R3 choke ring antennas. Data at
each station is recorded continuously at 30-second intervals and stored in daily RINEX files.
The data used in the analysis is collected over approximately 14 years, spanning from August
1, 2006 to December 31, 2020. Details on the GNSS receivers and antennas are provided in
Table 1.



GNSS NETWORK FOR HYDROGEODESY Arch. Sci. Nat. Phys. Math. NS 49

6°10'E 68°20'E 6°30'E

Figure 1: Locations of continuous GNSS stations in Luxembourg operated by Administration
du Cadastre et de la Topographie (left) and a GNSS antenna mounted on the roof of the Centre
Européen de Géodynamique et de Séismologie (ECGS) in Walferdange (right).

Table 1: GNSS receiver and antenna types used at SPSLux stations.

Station ID Receiver type Satellite system Antenna type Radome
2006 —-2010 2010 - present 2006 - 2010 2010 - present 2006 - 2010 2010 - present
BASC GR)]ZFZI(?(;?’RO GRX ?2E()]0C+AGNSS GPS GI?OPNSI:—SS LEIAT504 LEIAR25.R3 LEIS
ECHT GR)]EfZIg(ﬁ’RO GRX%;OIOC J;AGNSS GPS GI%)I\SI/:SS LEIAT504 LEIAR25.R3 LEIS
ERPE GR}]ZFZI(?(;?’RO GRX{HZEOI(? Q}NSS GPS GI?OPI\SI/:SS LEIAT504 LEIAR25.R3 LEIS
ROUL LEICA GRX1200 GRX ?2EOIOC+AGN ss GPS GIS}O])NS/:SS LEIAT504 LEIAR25.R3 LEIS
TROI GR;?ZIE(;?’RO GRX%ZEOIOC ﬁ}NSS GPS GL(;Y;)I\SL:SS LEIAT504 LEIAR25.R3 LEIS
WALF LEICA RS500 GRX{HZEOIOCQ]NSS GPS GLGOPI\?XSS LEIAT504 LEIAR25.R3 LEIS
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As important as the GNSS hardware is the software used to process the data. The Gravity
Field Recovery Object Oriented Programming System (GROOPS), developed by the Institute
of Geodesy at the Graz University of Technology, is used to estimate positions from GNSS data
(MAYER-GURR et al., 2021). GROOPS supports various geodetic tasks such as precise point
positioning (PPP), GNSS network processing, and precise orbit determination (POD) for GNSS
and Low Earth Orbiting (LEO) satellites.

In this study, the precise positions of the SPSLux network are estimated using the
raw observation approach. This method corrects for transmitter, receiver, and space-related
errors by applying available models or estimating these errors along with other unknown
parameters through a least-squares adjustment. It should be heighted that the position time
series are also estimated and then compared and validated against those derived using the Jet
Propulsion Laboratory’s (JPL) GipsyX and MIT’s GAMIT/GLOBK.

3. The Raw Observation Approach

The use of raw GNSS observations in geodetic processing was first implemented by SCHONEMANN
et al. (2011) and further developed by ScHONEMANN (2014). This approach was Subsequently
applied by ZEHENTNER & MAYER-GURR (2014, 2016) to determine the kinematic orbits of LEO
satellites using precise point positioning (PPP) technique. Since then, this method has been
further developed at Graz University of Technology, enabling a wide range of geodetic tasks,
including PPP and POD.

Unlike traditional GNSS processing methods, such asiononosphere-free linear combination
or double-difference combinations, the raw observation approach uses GNSS observations exactly
tracked by the receiver. STRASSER ef al. (2019) applied this method to process GNSS data from a
global network of 245 International GNSS Service (IGS) stations over a 15-year period (2003 -
2017), determining precise satellite orbits, clocks, signal biases, and station positions.

The general form of the observation equations for GNSS measurements, as described
by STRASSER et al. (2019), is given by:

R, —AR}; =p; +c(8,—8°) +TF+1I;+B,; +Bjs +¢;

1
Lf,,j — ALf,J =pi+c(6, —65)+T+ I,ij +/1j(b.nj + bf + Nj) + e;{j M

where R ﬁ j and Lf,’ j represent code and phase observations, respectively, with indices denoting
receiver T, satellite S, and frequency J. The terms in the equation include the geometric distance P,

the speed of light C, receiver clock error §,. transmitter cloc error 8°, tropospheric delay T,°,

5

ionospheric delay [’ ;, receiver code bias B,. ;, transmitter phase bias B;

s> wavelength /1j , receiver

phase bias br, j» transmitter phase bias bjs, integer ambiguity N j, and observation noise € f Iz The

terms AR g ;jand ﬁLf,’ j represent a priori corrections for code and phase observations, respectively.
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These equations encapsulate the foundation of the raw observation approach, which can be
adapted to a wide range of geodetic applications. For this study, the focus remains on PPP
within ground station networks.

4. Processing Strategy

The principle of precise point positioning aims to determine the three position components
and the receiver clock error, leveraging precise orbit and clock products of GNSS satellites
as known parameters (HEroux & Kouga, 2001). Additionally, both code and phase biases of
GNSS satellites are incorporated as known parameters in the observation equations. To ensure
consistency across satellite products estimated by different IGS analysis centers (ACs), the
TUG Repro3 final products from the third reprocessing campaign are used throughout the
entire processing period (SUESSER-RECHBERGER et al., 2022). The GNSS TUG Repro3 products,
available from 1994 to 2020, are used for this study. These products include precise satellite
orbits sampled every 5 minutes, satellite attitude and clock errors sampled every 30 seconds,
and daily signal biases for the period from 01 August 2006 to 31 December 2020 (STRASSER
& MAYER-GURR, 2021), all of which are introduced as known parameters in the observation
equations. Table 2 presents the average number of unknown parameters for a representative
day, January 1, 2020. This table highlights that the largest number of unknown parameters
belongs to the constrained slant total electron content (STEC) parameters, initially predominant
and subsequently reconstructed in the observation equations.

Table 2: Average number of unknown parameters in PPP processing of BASC station for
January 1, 2020.

Parameter Average number
Constrained STEC 37999
VTEC epoch 2880
Receiver clock error 2880
Receiver static position 3
Troposphere wet 13
Troposphere gradient 4
Receiver code bias 12
Receiver TEC bias 13
Receiver phase bias 26
Ambiguity 148
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In addition to the RINEX files, GROOPS requires a variety of input files and parameters to
accurately estimate station positions. These include precise GPS satellite orbits (ephemerides),
clock parameters, and Earth orientation parameters (EOP). These essential data are produced
and regularly updated regularly by the IGS and the International Earth Rotation and Reference
Systems Service (IERS). EOP serves as a critical link between the terrestrial and celestial
reference frames, encompassing parameters that describe phenomena such as polar motion
caused by the Chandler wobble, seasonal movements of water and air masses, and variations
between atomic time (TAI) and universal time (UT1), influenced by factors like oceanic tides,
atmospheric circulation, and lunar gravitational pull. Table 3 summarizes the specific models
used in the processing.

Table 3: Tidal deformation models applied in PPP processing.

Effect Model Reference
Solid Earth Tides IERS2010 (PeTIT & Luzum, 2010)
Ocean tides FES2014b (LYARD et al., 2006)
Pole tides IERS2010 (PeTIT & Luzum, 2010)
Ocean pole tides IERS2010 (PeTIT & Luzum, 2010)
Astronomical tides JPLDEA432 (FoLkNER & BORDER, 2009)

To maintain consistency and facilitate comparisons across different locations, all station
positions are referenced relative to the IGb14 reference frame. The IGb14 frame is chosen to
align with the reference frame in which GNSS satellite orbits are provided. The ITRS represents a
geocentric, corotating spatial reference system, accurately determined through a global network
of stations using various space geodesy techniques, primarily GNSS measurements from the
IGS global network of permanent tracking stations. Troposphere signal delay correction is
implemented using the Vienna Mapping Function 3 (VMF3) (LANDSKRON & BoEenMm, 2018).
This model requires wet and hydrostatic coefficients, along with corresponding zenith delays,
to compute the time series for VMF3.

PPP for a single station on a computer in the geophysics and remote sensing (GRS)
laboratory at the University of Luxembourg, equipped with 56 CPUs and 256 GiB memory, takes
approximately 1 minute and 39 seconds. Extrapolating this processing time, handling several
years of data becomes time-consuming. Processing the entire duration of 5266 days would take
5266 minutes and 205374 seconds, or approximately 144.81 hours in total. Scaling this to the
entire network of six stations would initially suggest a daunting 868.86 hours, or about 36 days,
for completion. However, leveraging the parallel processing capability of the Message Passing
Interface (MPI) in GROOPS, this time is significantly optimized. Distributing tasks across multiple
CPU cores, the entire network processing is completed in just 21 hours, 16 minutes, and 51 seconds
using 20 parallel processes. This approach represents a substantial reduction compared to the
sequential processing estimate of 36 days. Processing multiple days of GNSS data simultaneously
ensures efficient computation, mitigating the computational burden associated with large-scale
geodetic analyses.

10
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5. Results and Discussion

The GNSS time series for the SPSLux stations are shown in Figure 2. Each panel shows daily
solutions for the east, north, and up components, relative to their respective median values
throughout the observation period, measured in millimeters. Table 4 summarizes the computed
velocities with their associated uncertainties in the east, north, and up directions for each station
using the robust fit. The horizontal components (north and east) show similar trends across
all stations, with the east component showing a velocity of approximately 18 mm/year, the
north component around 15 mm/year, and the up component and 0.40 mm/year (Fig. 3). The
horizontal velocities reveal a consistent pattern of rigid north-eastern motion of the Eurasian
continent, moving away from North America. These results are in agreement with longer-term
trends observed at neighboring GNSS stations (KREEMER ef al., 2020), emphasizing the stability
and reliability of the GNSS data collected over the study period. This consistency provides
valuable insights into regional tectonic movements and geodynamic processes, contributing to
our understanding of Earth’s dynamic behavior.

Table 4: Velocities computed for each station using the robust fit with respect to the time period.

North component of East component of Up component of
velocity velocity velocity
Station ID [mm/year] [mm/year] [mm/year]
2006 — 2010 - 2006 — 2010 - 2006 - 2010 -
2010 2020 2010 2020 2010 2020
BASC 15.81 + 15.81 18.56 + 18.56 £ 0.09 + 0.06 =
0.03 0.01 0.03 0.01 0.11 0.03
ECHT 1543 + 1597 + 18.48 + 18.28 + 0.78 + 0.06 =
0.04 0.01 0.03 0.01 0.11 0.04
ERPE 15.56 + 15.90 + 18.68 + 18.70 £ 0.75 + 0.11 +
0.03 0.01 0.02 0.01 0.11 0.03
15.71 = 15.88 + 18.29 + 18.50 + 0.69 + 0.04 =
ROUL 0.03 0.01 0.02 0.01 0.11 0.03
TROI 15.51 16.07 + 18.20 + 18.09 + 043 + 032+
0.03 0.01 0.07 0.01 0.11 0.04
15.36 + 15.96 + 18.66 + 18.61 + 1.11 £ 027+
WALF 0.03 0.01 0.02 0.01 0.11 0.04

Considering the up component, the undocumented antenna change in 2010 caused a noticeable
jump in the time series. The antenna change also affected the north and east components;
however, due to the different ranges in the time series, the effects are not visible in the horizontal
components. To ensure a correct interpretation of the results, the time series for each station
is divided into two parts: before and after the antenna change. The velocity is then computed
separately for each part segment (Fig. 2).

11
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Figure 2: GNSS time series of SPSLux GNSS stations over 14 years.
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As a result, while the estimated velocity is removed from the up components in both the first
and the second parts of the time series, the residuals for all six stations are close to zero (Fig. 4).
Moreover, in Figure 4, the red lines show the fitted moving average with a length of 30.5 days,
illustrating the monthly smoothed signals for each station. The remaining signal is primarily
attributed to the hydrological signal.

49°30'N

6°10'E 6°20'E 6°10'E 6°20'E

100 200 300 400 500 600
Elevation (m)

Figure 3: Horizontal (left panel) and vertical (right panel) GNSS velocites of SPSLux GNSS
stations

13
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Figure 4: GNSS up component time series of SPSLux GNSS stations showing daily solutions
(blue) and the monthly smoothed time series (red) over 14 years.

The mass distribution at and near the Earth’s surface causes changes in its shape, which can
be observed over time using the GNSS technique. Different factors, such as sea level changes,
atmospheric circulations, snow and rainfall, and changes in water quantity in rivers, lakes,
groundwater aquifers, contribute to these deformations. These effects are clearly visible when
analyzing GNSS time series (WHITE et al., 2022). At each station, the monthly smoothed signals
exhibit a similar trend and pattern, with a noticeable increase in the up component toward the
end of each year. In Walferdange, the up component exceeded 40 mm by early 2020. When
examining the estimated trends, it becomes apparent that velocities were higher in the first part
of the time series (before the antenna change), while a smaller trend characterizes the second
part. Nonetheless, a consistent 0.50 mm uplift is observed at each station. The deformation in

14
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the up component can be attributed to hydrological loading model displacements. The lowest
vertical deformation is observed at the beginning of each year, reaching -10 mm, while the
highest vertical deformation occurs when spring starts, reaching +10 mm. These deformations
reflect the Earth’s crust’s response to hydrological loading (Fig. 5).

GNSS Recaiver ¢ Water Cycle

=g Earin's Crust

“--tt{ ¢ *_{J:lr_}'-""

GMES Receiver

-

Water Restriction
Earih's Crust

Figure 5: Response of the Earth'’s crust and the corresponding ground-based GNSS receiver to
the water loading and water restriction (adopted from WHITE et al., 2022).

For example, in winter, the accumulation of water and snow on the Earth’s surface applies
pressure to the crust. In response, the Earth’s surface subsides, moving in the same direction
as the load. This accounts for the negative vertical deformation observed at the beginning of
the years. In contrast, during the spring and summer, the deformation reverses as vegetation
awakens, leading to soil water pumping and evapotranspiration.

6. Conclusion

At the geophysics and remote sensing research group at the University of Luxembourg, we
processed and analyzed high-precision GNSS data from the Satellite Positioning System
Luxembourg (SPSLux) network. This study provides an in-depth look into the SPSLux network
and outline the raw observation approach used for daily processing. The analysis reveals
consistent crustal deformation pattern across all stations, with approximately 18 mm/year of
eastward movement, 15 mm/year of northward movement, and 0.50 mm/year of vertical uplift.
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These observed patterns align with the north-eastern motion of the Eurasian continent. The
vertical component of GNSS measurements show a marked seasonal influence, with water
accumulation during spring and autumn resulting in a vertical uplift of about +10 mm at each
station. In contrast, the winter and summer see a downward shift in the vertical component,
reaching values below —10 mm. Between 2008 and 2010, a deviation from this seasonal pattern
is observed, likely caused by drought conditions. This study highlights the importance of
GNSS time series for understanding crustal deformation, tectonic studies, meteorology, and
Earth monitoring. While GNSS technology is commonly used for navigation and positioning
in everyday life, its application in scientific research offers valuable insight into the Earth’s
dynamic processes, thereby enhancing our understanding of the planet we call home.
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