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THE USE OF HYBRID DATA: PSINSAR, GNSS AND LEVELLING
IN THE DEVELOPMENT OF A MODERN MODEL OF VERTICAL MOVEMENTS
OF THE EARTH’S CRUST IN POLAND

The aim of this article is to present the first model in Poland of contemporary relative vertical movements of
the Earth’s crust, based on the integration of vertical movements determined from three sources: GNSS
measurements (ASG-EUPOS), permanent PsSINSAR scatterers from EGMS products, and double precise
levelling measurements. Due to differences in the temporal and spatial resolution of the data, it was necessary to
develop a consistent integration methodology. In the data merging process, an affine transformation was used to
convert absolute vertical movements (GNSS and PsSInSAR) to a relative system consistent with the levelling
data. The INSAR data came from EGMS L2a products (after decomposition into a vertical component) and
EGMS L3. The analysis showed that the optimal buffer radius for INSAR data in the study of micro-areas around
GNSS stations is 0.3 km, and the use of the median as a representative value is statistically justified. The average
transformation error for a single point was approximately 0.20 mm/yr. The final model was developed using the
local polynomial method, and the results obtained provide a basis for further geodynamic studies and may be
used in civil engineering and geological risk management.
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Introduction

Vertical movements of the Earth's crust are stu-
died based on various data, such as geodetic, geo-
logical, tectonic, seismic and other measurements.
Geodetic data includes satellite data such as Synthetic
Aperture Radar Interferometry (INSAR), Satellite Al-
timetry (SA), Global Navigation Satellite Systems
(GNSS) and data from ground measurements: Level-
ling (Lev) and Tide Gauge (TG).

Scientific literature presents attempts to determine
vertical movements of the Earth’s crust from both
homogeneous data sets and their various configurations,
which allows for mutual verification of results [Guo et
al., 2019; Tretyak et al., 2024; Tretyak & Dosyn, 2015].
Satellite measurements enable the creation of absolute
models, referenced to an ellipsoid, while ground-based
data are used to construct relative models, referenced to
the local sea level [Ballu et al., 2019].

Absolute models do not show the relationship bet-
ween changes in surface area (land-ocean), but only
determine changes in height over time in relation to a
mathematical approximation of the shape of the Earth, i.
e. they describe changes in height relative to a reference
ellipsoid. From the point of view of assessing the risk of
flooding or inundation in coastal areas [Le Gal et al.,
2024], relative models are useful, as they relate land
movements to local changes in sea and ocean levels.
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Models of vertical movements of the Earth’s crust
can be local (e. g. Poland), regional (e. g. Europe) or
global. In the case of global and regional models, va-
rious types of approximation, averaging and auto-
mation of computational processes are used
[Kenyeres et al., 2019; Pina-Valdés et al., 2022]. This
approach prevents detailed analysis of micro-areas
around GNSS stations, levelling nodes or permanent
INSAR  scatterers. Local models allow the
identification of often sub-millimetre changes, as well
as the analysis of the relationship between ground
movements and geological or anthropogenic factors.

Hybrid data integration faces challenges such as:
different spatial reference systems, measurements not
taken at the same points, different data processing me-
thods, different measurement frequencies, different spa-
tial resolutions of data, different expected accuracies.
These problems are solved by: averaging data, inter-
polation and extrapolation methods [Del Soldato et al.,
2021] at fixed grid nodes [Peifer, 2011], determining the
so-called pseudo nodal point [Bednarczyk et al., 2018]
or pseudo-PS [Ferretti et al., 2019], assessing the
significance of points in hybrid networks [Kowalczyk A.
M. & Bajerowski, 2020], adjustment geodetic hybrid
networks [Kowalczyk K. et al., 2020] or transforming
sets between different reference systems [Altamimi et
al., 2002; Naumowicz and Kowalczyk, 2025].
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The aim of this article is to develop a model of
relative vertical movements of the Earth’s crust in Po-
land based on hybrid data: tide-gauge, levelling, GNSS
and InSAR. The reference data used were relative
vertical crustal movements derived from levelling mea-
surements [Kowalczyk K., 2005], vertical crustal move-
ments of GNSS stations belonging to the Polish ASG-
EUPOS network [Naumowicz et al., 2024], local chan-
ges in the Baltic Sea level [Kowalczyk K., 2019], and
INSAR data from the Copernicus Land Monitoring
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Service available through the European Ground Motion
Service (EGMS). The EGMS system provides three
INSAR products for Europe: basic (L2a), calibrated
(L2b) and orthogonal (L3), as well as a model of the
Europe Permanent Network Densification (A-EPND)
satellite positioning system used to calibrate L2b and L3
products (Del Soldato et al., 2021). A-EPND data are
based on observations from approximately 2600 GNSS
stations. Fig. 1 shows vertical movements in Poland
from the EPND D2200 model.
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Fig. 1. Vertical movements from the A-EPND model against the background of bedrock
and structural geology of Poland (source: https://epnd.sgo-penc.hu/velocities/):
red arrows — positive vertical movement, blue arrows — negative vertical movement.

In A-EPND models, despite the use of averaging
algorithms (Fig. 1), vertical movements opposite to
the general trend (red arrows) were observed at some
stations. This suggests the influence of anthropogenic
or technical factors not taken into account in the
overall analysis of the impact of tectonic plates.

Due to the significant number of INnSAR measu-
rement points compared to levelling points and GNSS
stations, as well as the variation in vertical movement
values, EGMS products cannot be directly used to
construct a hybrid model. Therefore, the study was
based on the verification of vertical movements at
selected GNSS stations using INSAR data, the deter-
mination of absolute vertical movements in micro-
areas from the EGMS L2a product, and the
transformation of absolute vertical movements to a re-
ference model. The verifycation of vertical move-
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ments and the location of selected GNSS stations was
carried out in an experimentally determined buffer
(micro-area) based on EGMS L2a and EGMS L3
products.

A novelty in this approach is the first-time use of
vertical movements obtained from INSAR data to ve-
rify and supplement the model of vertical movements
of the Earth’s crust.

Data and methods

Poland is located on the European continent bet-
ween the Baltic Sea and the Tatra Mountains, which are
part of the Carpathians. It is characterised by slow sub-
millimetre intra-continental deformation with little
influence from Glacial Isostatic Adjustment (GIA).
Deformations of the Earth’s crust and its surface are
mainly caused by various geological factors: uplift and
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subsidence of mountain ranges, loss of groundwater,
melting of glaciers in Fennoscandia, and anthropogenic
factors (mining, pressure from urban agglomerations).
The authors presented a broad description of the area in
the article [Naumowicz et al., 2024].

The first data set includes relative vertical move-
ments of the Earth’s crust based on two adjacent le-

Fig. 2. Relative vertical mo
of the Polish levelling network [Kowalczyk K., 2005].

The second source of data is the vertical movements
of the Earth’s crust from observations at fixed GNSS
stations of the ASG-EUPQS network from 2011 to 2021
(11-year observation period) using the PPP method —

velling campaigns conducted in 1974-1982 and
1997-2003, referenced to a tide gauge on the southern
coast of the Baltic Sea [Kowalczyk K., 2005] (Fig. 2).
These data were used as a reference. More recent
levelling data are not available because another mea-
surement campaign is currently underway in Poland,
which is scheduled to be completed in 2027.
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vements at nodal points

Precise Point Positioning [Lyszkowicz et al., 2021; Pelc-
Mieczkowska, 2020] (Fig. 2). The use of long-term time
series of coordinates ensures high reliability of results
[Naumowicz et al., 2024].
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Fig. 3. Vertical movements at individual stations GNSS, mm/yr [Naumowicz et al., 2024].
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The third dataset includes vertical movements of the
Earth’s surface obtained from the European Ground
Motion Service (EGMS), which is part of the Coper-
nicus programme (Fig. 3). The data comes from
Sentinel-1 satellites equipped with C-band synthetic
aperture radar (C-band SAR). Observations are con-
ducted in Interferometric Wide Swath (IW) mode, with a
spatial resolution of approximately 20 m in azimuth and
5 m in range. Data reliability is ensured by image
redundancy resulting from the overlap of satellite tracks.
Data comparison is based on pseudo-PS, i. e. sets of
measurement points identified on regular 100x100 m
patches of terrain. The EGMS L2a (Basic INSAR)
product contains measurements of relative motion in the

line of sight (LOS) between pairs of points on different
acquisition dates, referenced to the ellipsoid. Each pro-
cessing area has a local reference point, which makes
direct comparison with other geodetic data difficult [Del
Soldato et al., 2021].

The EGMS Ortho (L3) product, based on the
decomposition of the calibrated L2b product, provides
geospatial layers with vertical and east-west offsets in
a 100x100 m grid. All measurement points belonging
to the same grid cell and the same acquisition geo-
metry are averaged to form a single time series of
deformations [Ferretti A. et al., 2023]. For Poland, the
EGMS L3 product contains over 4 million points (PS)

(Fig. 4).
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Fig. 4. Vertical ground movements in Poland based on the EGMS L3 model,
scale from —10 mm/yr to +10 mm/yr (2018-2022).

A brief description of the data used is presented in Table 1.

Table 1
Characteristics of the data used
Epoch of
Data Reference Spatial distribution N”“?ber Of. Data type measurement,
system measuring points yr
NIV . . 1974-1982,
(levelling) relativ 1 pkt/6 km 366 adjustment 1997-2003
GNSS absolute 1 pkt /30 km 101 Time series 2011-2021
EGMS L3 absolute 13 pkt /1 km ~4min Time series 2018-2022
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Qualitative assessment of vertical movements at
selected permanent GNSS stations by comparison
with InSAR data in an empirically determined
micro-area

In Poland, the collection of PS points from the
EGMS L3 product covers over 4 million points, and
the L2a product contains even more. Statistically,
there are between several dozen and several hundred
PS points around each GNSS station.

GNSS stations that showed vertical movements
different from the general trends in previous studies
concerning the territory of Poland were selected for
analysis [Naumowicz et al., 2024; Naumowicz &
Kowalczyk, 2025; Pifia-Valdés et al., 2022]. Table 2
contains a list of stations included in previous studies
and, in the column “in this paper”, stations for which
a different nature of vertical movements was found in
this study. The detailed process of their identification
is presented later in the article.

Table 2
GNSS stations where vertical motion differs from general models
[Naumowicz et al., 2024; Naumowicz & Kowalczyk, 2025; Pifia-Valdés et al., 2022]
Naumowicz et al., Pifia-Valdés et al., Naumowicz & Naumowicz & Kowalczyk, in this paper
2024 2022 Kowalczyk, 2025 2025
Not accrenpggglinto the Not accepted into the Outside the model Not available in model Above the
model EPND_D2200 median
DRWP ELBL ELBL DRWP CHNO
KROT KOSC SIPC GDAN ELBL
WLBR KROL WLBR JLGR GDAN
WLDW RWMZ WODZzZ KATO GLOG
WIEL KATO POZN ILAW
PRZM PRZM KATO
KLDZ WIEL KOSz
NYSA WLBR KROL
WROC WODZ LAMA
WLOC LEGN
SOCH LODZz
NODW MLCN
CCHN NYSA
ILAW RADM
DRWP SWKI
TRNW TABG
KROS WODZ
BILG ZYWI
TABG
HOZD

To identify these stations, a proprietary method
was used to compare vertical movements from GNSS
and InNSAR data in micro-areas around the stations.

This procedure required the determination of the
size of the micro-area (representative buffer). For
this purpose, MP (measurement point) points from
the EGMS L3 product were used, representing ave-
rage values in 100x100 m GRID fields. The
selection of the buffer around the station is not
straightforward, as it may contain points with signi-
ficantly different movement values, both positive
and negative (Fig. 5). Buffers with radii of 0.1 km,

0.3 km, 0.5 km, 1 km, 5 km and 10 km were ana-
lysed using PS points from the EGMS L3 product
(100%100 m grid).

In the literature, the size of the buffer selected
around the measurement points varies and depends
largely on the type of data used (levelling, GNSS,
SAR). For example [Heiskanen & Moritz, 1967] they
used a buffer of 40 km, [Bednarczyk et al., 2018] -
10 km and [Farolfi et al., 2019] — 1 km.

The levelling data analysis conducted in the article
[Bednarczyk et al., 2018] showed that changes in
vertical movements of the Earth’s crust in the 10 km
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buffer zone do not exceed 0.1 mm/yr. A similar buffer
radius was used in the development of the EGMS
model based on GNSS stations from the EPND
database (Raport Copernicus land monitoring
service.pdf v 1.01, 28/01/2020). In the case of SAR
data, the literature assumes, among other things, a
buffer: 1 km — [Farolfi et al., 2019], 0.25 km [Parizzi
et al., 2020], 0.2 km [Catalao et al., 2009] or
unspecified “in close proximity, with the same
average speed MP — InSAR measurement point”
[Bitelli et al., 2015].

Approaches to determining the representative value for
the InNSAR data buffer also vary. Both interpolation
methods, e. g. IDV [Farolfi et al., 2019], or linear inter-
polation [EGMS-D3-ALG-006 v3.0.pdf] and statistical
methods are used: average [Parizzi et al., 2020] or median
[Cataldo et al., 2009]. Due to process automation, the size of
the areas and the large number of measuring points (MP),
individual approaches that take into account additional
information, e. g. geological, hydrological, tectonic, gravi-
metric, etc., are rarely used. This type of analysis is usually
carried out for selected micro-areas [Trevoho et al., 2020].

mean_veloc [mm/yr]
B -730--3.01
& -3.00--2.01
-2.00 - -1.01
-1.00 - 0.00
@ 0.00-1.00
B 1.01-2.00

Fig. 5. Example of vertical movement from the EGMS L3
model around permanent GNSS stations (GDAN, NYSA, PRZM) in a 1 km buffer.

To determine the representative vertical movement
from the EGMS model in the buffer around Polish ASG-
EUPOS stations, the median was used, which allowed
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for limiting the impact of outliers. The results obtained
were compared with the median calculated for a buffer
with a radius of 0.1 km (Fig. 6).
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Fig. 6. Differences in median values in the analysed buffers relative
to the buffer with a radius of 0.1 km.
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The analysis showed the highest correlation for
buffers with a radius of up to 0.3 km, with an RMSE
error of 0.5 mm/yr (Table 3). Larger buffers (5 km,
10 km) were characterised by higher error values and
lower consistency, indicating the need for additional
analyses or more advanced statistical methods.
Ultimately, in accordance with the literature [Catalao
et al., 2009; Parizzi et al., 2020], a buffer of 0.3 km
was selected.

Buffers with a radius greater than 1 km showed
single areas where no consistency was found in
changes to the Earth’s crust around GNSS stations.
These micro-areas require further verification. The

highest consistency was observed for measurement
points (MP) in micro-areas with a buffer radius of up
to 0.3 km. Buffers of 0.5 km and 1 km also showed
high correlation with buffers of 0.1 km and 0.3 km,
with single micro-areas for which the differences
were £0.3 mm/yr. For 5 km and 10 km buffers, the
overall fit to the median from the 0.1 km buffer
remained good, but here too there were a few areas
with differences above £0.3 mm/yr. Micro-areas with
median differences exceeding £0.3 mm/yr (Table 2)
were subjected to detailed analysis later in the study.
The RMSE was also calculated for each data set
(Table 3).

Table 3
RMSE summary for the analysed buffers
Bufferradius, km 0.1 0.3 0.5 1 5 10
RMSE 0.51 0.51 0.51 0.54 0.78 0.93

Based on the analysis of the median values in the
buffers (Table 2) and a review of the literature, 23 sta-
tions were selected for which the vertical movements de-
termined from GNSS and InSAR data in a 0.3 km buffer
(25%25 m grid after decomposition) were compared.
Fourteen stations (DRWP, GDAN, HOZD, JLGR,
KATO, KROT, LAMA, NODW, POZN, PRZM, SIPC,
WLBR, WLDW, WODZ) showed vertical movements
unrelated to the movement of the Earth’s crust, which
excluded them from further processing in the
development of a hybrid model of vertical movements in

RWMZ
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Poland. Fig. 7 shows the distribution of vertical move-
ments around selected GNSS stations.

The decomposition of EGMS L2a data into a
vertical component was performed according to the pro-
cedure used in the EGMS L3 (ortho) product, but using a
denser 25x25 m grid and a buffer with a radius of 300 m
[Renalt Capes & Emanuele Passera, 2023]. The con-
version of the LOS movement into a vertical component
was performed in accordance with the EGMS L3 pro-
cedure, using the decomposition formulas described in
[Wieczorek, 2019].

LAMA

Fig. 7. Vertical motion distribution in the 0.3 km buffer around selected
GNSS stations based on EGMS L2a data after decomposition.
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The best agreement was obtained for the RWMZ,
MLCN and NYSA stations. Clear negative move-
ments were confirmed for the PRZM station, and po-
sitive movements for the WLBR station. The LAMA
station is difficult to verify due to the lack of perma-
nent diffusers in the micro-area.

Developing a model from hybrid data

The following data were used to construct a mo-
del of contemporary relative vertical movements of
the Earth’s crust:

Set No. 1: Relative vertical movements from
levelling data referenced to the Baltic Sea level

Set No. 2: Absolute vertical movements at GNSS
stations (ASG-EUPOS).

Set No. 3: Absolute vertical movements in micro-
areas around 23 GNSS stations based on EGMS L2a data.

A proprietary data integration procedure was used
(Fig. 8). The vertical movement values for 9 GNSS
stations from sets 2 and 3 were averaged, and for 14
stations with different movements, the GNSS data
was replaced with data from set 3. The median error
rate was used as the compliance criterion.

Relative vertical movements from levelling data
were taken as reference values.

p
Integration procedure
-

\ Transformation:

o identification of . singlolcss Pom_ts,
eterminationor conversion of BNGS ations replacing or averaged points in
= SAR data vertical = averaging vertical GNSS and SAR,
a micro-area T where vertical >
filteringin a movements from movements from GNSS point
around a GNSS s 5 movements 3 2

N micro-area SAR to vertical . GNSS with vertical replaced by SAR

station " ; deviates from the " n
direction = movements from median to a relative

SAR medianin a
5 SAR system based on
micro-area :
vertical movements
/ with NIV
Fig. 8. Integration procedure.
Based on the literature [Naumowicz &  my=0.17mm/yr and a transformation error m; =

Kowalczyk, 2025] on data merging, an affine
transformation was applied while maintaining the
consistency of the adjustment points, using 11
connection points. These points were defined as
pseudo-nodal points [Bednarczyk et al., 2018] and
determined based on the theory of scale-free networks
[Kowalczyk A. M. & Bajerowski, 2020]. As a result
of the transformation, a mean unit error of

A reference point (GNSS, NIV)
+ single GNSS points

0.23 mm/yr for a single point were obtained. The
maximum error for a single point was 0.4 mm/yr and
concerned 4 points.

Fig. 9 shows the final result of the work in the
form of a model of contemporary vertical movements
of the Earth’s crust using hybrid data. A local
polynomial was used to build the model [Fan &
Gijbels, 2018].

[mmlyr]

== averaged points in GNSS and SAR
4@ GNSS point replaced by SAR median

Fig. 9. Model of modern vertical crustal movements using hybrid data
and the local polynomial method.

12



Geodynamics 2(39)/2025

Conclusions

The conducted research has demonstrated that it
is possible to develop a model of relative vertical
movements of the Earth's crust based on the in-
tegration of data from levelling measurements, GNSS,
and InSAR. The use of affine transformation as a
method of combining vertical movements determined
in different reference systems vyielded very good
results, with a transformation error of 0.2 mm/yr for a
single point. The EGMS L2a product, after
decomposition into a vertical component, proved to be
reliable in the process of verification and supple-
mentation of vertical movements at selected GNSS
stations. It was confirmed that a buffer of 0.3 km is
optimal for this purpose, ensuring high consistency of
results. Due to the diversity of vertical movement
values in micro-areas, the use of the median as a
representative measure for the MP point set proved to
be justified.

The analysis showed that in some GNSS station
locations there are vertical movements related to
anthropogenic factors, which requires their exclusion
from the geodynamic model. Data from the EGMS
L2a product can be used to create vertical movement
models after decomposition. Further research should
focus on the wider application of the EGMS L3
product, particularly for the correction of models
taking into account geological components such as
subsidence or tectonic movements.
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BUKOPUCTAHHA I'IBPUJTHUX JAHUX: PSINSAR, GNSS TA HIBEJIFOBAHHA 11 HAC
PO3POBJIEHHS CYUYACHOI MOJIEJII BEPTUKAJIbHUX PYXIB 3EMHOI KOPH B TTOJIBIIII

Mera 1i€i crarTi — HaBecTH mepiry B IlombImi Monens CydyaCHHMX BIJHOCHHX BEPTHKAIBHHX PYyXiB 3eMHOI
KOpH, TOOyIOBaHY Ha OCHOBI IHTerpamii JaHUX NP0 BEPTHKAIbHI pPyXH, OTPUMAHHX 13 TPHOX JDKEpel:
BumipioBanb GNSS (ASG-EUPOS), nocriiinux poscitoBadiB PSINSAR i3 mponykrie EGMS Ta noasiliHux
BHCOKOTOYHHX HiBEITIOBaHb. Uepes BiIMIHHOCTI y 4acOBil Ta MPOCTOPOBIN PO3AUIBHIN 3aTHOCTI JAHUX BUHUKIIA
HEOOXiHICTh pO3pOOICHHS Y3rofkeHoi merononorii interpaumii. Ilin wac 37UTTA maHuX Oylno 3acTOCOBAaHO
adiHHe TIepeTBOPEHHsI I MpUBeIeHHs abcomoTHuX BeprukanbHux pyxiB (GNSS Ta PSINSAR) mo BigHOCHOT
CHCTEMH, y3TOJKEHOI i3 HiBemipuumu manumu. Jlawi INSAR moxomwnu i3 mpoaykrie EGMS L2a (micast
JIEKOMIIO3HIN] Ha BEPTUKAJIBbHY CKIlagoBy) Ta EGMS L3. AHaii3 mokasas, 110 ONTUMaIbHUHN paaiyc Oydepa mis
nmarux INSAR mix yac mocmimpkeHHs MikpopaioHiB HaBkoio crauiiiii GNSS cranosuth 0,3 KM, a BUKOPHCTaHHS
MeJliaHu SIK PEeNpPEe3eHTAaTHBHOTO 3HAUYCHHS CTaTHCTHYHO oOrpyHTOBaHe. CepenHst moxuOka TpaHcdopMmanii st
onuiei Toukm cranoBwia mpubnusHo 0,20 Mm/pik. OcTaTodHy MOIETb PO3POOICHO METOMOM JIOKATBHUX
MIOJIIHOMIB, @ OTPUMAaHi pe3yNbTaTH € MIATPYHTAM JJIS IMONAIBIINX T€OJUHAMIYHUX JOCTIIKCHb 1 MOXYTh OyTH
BHKOPHCTaH| Y IIMBUTFHOMY OyHiBHHIITBI Ta yIIPABIiHHI TCOJIOTIYHIMHU PU3UKAMHU.

Kmouosi cnoea: TibpumHi nmaHi, iHTerpamis JaHWX, BepTUKaNbHI pyxu kopd, PSINSAR, tpancdopmaris,
MiKpOopaioHH.
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