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A B S T R A C T

This article presents an analysis of the effectiveness of performing a calibration through Global Navigation 
Satellite System (GNSS) data on different approaches of the Interferometric Synthetic Aperture Radar (InSAR). 
InSAR has become a key technique for monitoring ground surface, but its results often exhibit systematic biases 
and deviations from ground truth measurements. This study addresses the need for more reliable displacement 
data by evaluating a GNSS-based calibration approach across three InSAR processing approaches: i) Persistent 
Scattering Interferometry (PSI) method using the open-source software StaMPS, ii) PSI method using the com
mercial SARPROZ software and iii) the Quasi-PS method implemented with SARPROZ. Sentinel-1 A/B data from 
both ascending and descending orbits, covering the period from October 2017 to January 2019, were used. 
Displacement errors from the same points were modeled using polynomial regressions and calibrated using 
reference data from GNSS and levelling, both with submillimeter precision. The effectiveness of the calibration 
was assessed at two levels: locally (via a corner reflector) and globally (via a GNSS baseline several kilometers 
long). Results show that 25 out of 27 displacement time series required correction in the mean value, with 
StaMPS showing the greatest need for calibration. The calibration improved the original results at all scales and 
acted mainly on the mean difference, with linear calibration being the most robust and consistent option. These 
findings highlight the importance of incorporating ground truth data to enhance InSAR reliability and support its 
application in geodetic and structural monitoring.

1. Introduction

Understanding the exact accuracy of a geodetic technique is para
mount for reliable scientific analysis and informed decision-making. 
Accurate measurements serve as the foundation for assessing natural 
hazards, monitoring environmental changes, and ensuring the integrity 
of critical infrastructure. In geodetic applications, where small de
viations can have significant implications, knowing the precision and 
reliability of a technique allows researchers to quantify uncertainties 
and establish confidence levels in their findings. Moreover, accurate 
data is essential for validating models, verifying hypotheses, and 
detecting subtle changes in the Earth’s surface over time. By compre
hensively assessing the accuracy of geodetic techniques, scientists can 
effectively interpret results, identify potential sources of error, and 
refine methodologies to improve measurement precision and enhance 
the overall understanding of dynamic Earth processes.

The integration of multimodal data sources (optical and radar) im
proves monitoring accuracy [1], accelerates classification, and provides 
additional information for analysis [2]. Global Navigation Satellite 
Systems (GNSS), Interferometric Synthetic Aperture Radar (InSAR), 
Levelling and Corner Reflectors (CR) represent cutting-edge technolo
gies revolutionizing geodetic monitoring [3]. Their integration offers 
unparalleled insights into surface deformations, aiding in seismic risk 
assessment, fault modeling, and tectonic studies [4]. This paper explores 
the synergistic benefits derived from combining these technologies, with 
a focus on the calibration of original InSAR time-series data using GNSS 
measurements.

GNSS comprises a network of satellites providing precise positioning 
data globally. Leveraging signals emitted by satellites, GNSS receivers 
determine precise locations on Earth’s surface, enabling the monitoring 
of crustal movements with submillimeter-level accuracy over time [3]. 
InSAR utilizes radar technology mounted on satellites that operates 
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independently of weather and environmental conditions to generate 
continuous monitoring and high-resolution maps of ground displace
ments [2]. By analyzing the phase differences between radar signals 
acquired from two passes over the same area, InSAR can detect surface 
movements. This technique is particularly useful for monitoring large- 
scale deformations [5]. CRs are passive targets placed on the Earth’s 
surface to ensure radar signal reflections in InSAR applications serving 
as reference points for the InSAR processing. These artificial targets 
improve the coherence and reliability of SAR data, facilitating more 
accurate displacement measurements [6], playing a crucial role in 
validating and calibrating InSAR observations, especially in areas with 
sparse natural features.

The integration of GNSS and InSAR data offers several advantages, 
including improved accuracy, temporal coverage, and spatial resolution 
of surface deformation measurements [7]. GNSS provides high-precision 
ground control points that serve as reference data for the validation and 
calibration of InSAR-derived displacements, thereby increasing the 
reliability of deformation maps. Calibrating InSAR data with GNSS in
volves the alignment and validation of SAR-derived displacements 
against precise GNSS observations—over the Line-Of-Sight (LOS). By 
comparing InSAR with GNSS displacements, systematic errors in SAR 
data can be identified and corrected. As a result, the integration and 
calibration process significantly improve the overall accuracy and 
robustness of InSAR-based deformation monitoring products [7]. One of 
the main challenges in integrating GNSS and InSAR data lies in the 
sparse distribution of coherent scatterers in InSAR results, and the un
certainty associated with spatial misalignment between datasets. To 
address these issues, the proposed approach leverages the use of CRs and 
naturally coherent structures, such as buildings.

In this study, a comprehensive calibration of displacements obtained 
using InSAR technology was conducted. The calibration process 
involved analyzing six different InSAR configurations (different di
rections, software and algorithms). The InSAR time series were 
compared with GNSS observations over real points (buildings and CRs). 
Errors in the InSAR displacement time series were modeled through 
polynomial regressions and used to calibrate the observations. The 
effectiveness of the calibration was evaluated both locally, by comparing 
vertical displacements with levelling measurements, and globally, using 
information from a GNSS station. This multi-faceted approach aimed at 
enhancing the accuracy and reliability of InSAR measurements in 
deformation monitoring applications.

The novelty of this research lies in the integrated use of InSAR, GNSS, 
and CRs to implement a calibration methodology applied directly to 
displacement time series of real points, rather than relying on ap
proaches based on the velocity data and different scatterers selection 
criteria in the vicinity of GNSS stations that include generalizations, 
errors and finally reduce the quality of the results. In addition, a 
comprehensive quantitative statistical framework has been developed to 
evaluate the contribution of each calibration strategy, to identify which 
components of the InSAR signal are effectively corrected, and to assess 
effects like overfitting. The calibration proposed is further validated 
through both local and global comparisons with independent geodetic 
measurements, including GNSS and precise levelling, thereby ensuring 
the reliability and robustness of the proposed approach across different 
spatial and temporal scales.

This paper is organized as follows: The Materials and Methods sec
tion provides a comprehensive overview of the study, including a review 
of the state of the art in GNSS and InSAR technologies. It details the area 
of study and the corner reflectors used for data collection. This section 
also explains the InSAR methodologies and processing techniques, as 
well as the GNSS and levelling processes involved. Additionally, it 
covers the calibration and validation procedures proposed and the sta
tistical analysis metrics employed. The Results and Discussion section 
presents a comparison of displacements obtained from various InSAR 
configurations, discusses the calibration functions applied, and evalu
ates the local and global validation results for the calibration proposed. 

Finally, the Conclusion section summarizes the key findings of the study 
and further work, reflecting on the implications and potential applica
tions of the improved calibration methods.

2. Materials and methods

2.1. GNSS and InSAR overview

InSAR technology presents the following problems as a stand-alone 
technique: i) Errors (orbital, atmospheric, topographic and temporal 
decorrelation noise), ii) Insensibility (north movements estimation and 
rapid movements), iii) Absolute reference necessity, and iv) Target- 
nature limitations [8]. Most of these problems can be attached using 
GNSS data (Table 1), enhancing the capabilities of the technique [9]. 
Other advantages are the different nature and direct comparison be
tween GNSS and InSAR data [10].

Studies that combine GNSS and InSAR have explored a wide range of 
SAR products (satellite images) and algorithms (Table 2), demonstrating 
their applicability across various research fields. These include land 
subsidence [20,21], earthquake monitoring [8,22], atmospheric effects 
[12,23,24], surface deformation [18,25,26,27], volcanic activity 
[28,29], landslide analysis [30,31], and infrastructure monitoring 
[32,33]. These studies have concluded that using Persistent Scatterers 
methods (PS) is a better option than using Distributed Scatterers (DS) 
due to the lower integration error [20]. Additionally, [6] demonstrated 
that the original InSAR results require calibration of the mean (failed to 
pass the Student’s t-test), and lower-resolution images require more 
correction [34].

Moreover, some projects have analyzed the capacities of combining 
GNSS with InSAR from various perspectives: i) referencing and 
decomposition. European Ground Motion Service (EGMS) over the Eu
ropean continent with Sentinel-1 images [27]; ii) calibration and vali
dation with a total of 621 GNSS sites over Italy [18]; iii) involving CRs to 
create infrastructure — Cyprus Continuously Operating Natural Hazards 
Monitoring and Prevention System (CyCLOPS) over Cyprus [38] and 
Hungary with Integration of Sentinel-1 Interferometry and GNSS Net
works (ISIGN) [17]; and iv) involving other technologies such as 

Table 1 
InSAR problems and possible solutions.

InSAR problems Solutions provided by literature

i) Errors:
Orbital − Precise orbit with GNSS in satellite [11] 

− Remove OPS (Orbital Phase Screens) [12] 
− Improve baseline detection (GNSS) [13,14]

Atmospheric 
(Troposphere and 
Ionosphere)

− GNSS calibration estimates APS (Atmospheric 
Phase Screen), low-frequency displacement 
components and atmospheric delay. [10] 
− Fitted with trend surface or models [15]

Topographic − Limited with DEMs (Digital Elevation Models) 
[8]

Temporal decorrelation noise − GNSS network tie spatial displacement 
measurements, improving unwrapping estimation 
[16]

ii) Insensibility to:
Ground movement in the 

satellite track direction
To obtain 3D ground displacement maps [8]: 
− Compensated. Combining InSAR measurements 
from complementary LOS directions (at least 3) 
− Combining InSAR with other techniques (GNSS 
or levelling). 
− Modeling or numerical simulation.

Rapid movements − GNSS detects, confirms and correct missing 
cycles [17]

iii) Absolute reference 
necessity

− Knowledge of the relative motion 
− GNSS like reference point and calibration 
technique [18]

iv) Target-nature limitations − Machine learning models [19] 
− GNSS calibration
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Compact Active Transponders (CAT) in Slovenia [30].
The two main applications for GNSS and InSAR combination are 

validation and calibration. On one hand, the main findings for validation 
are: i) Comparing uncertainty with Continuous-GNSS. For Sentinel im
ages the deformation rates were consistent [25]; the velocity LOS dif
ferences are 2.8 and 2.6 mm/yr for PS and Distributed Scatterers (DS), 
respectively [35]; and the correlation coefficient R2 was of 0.72 [39]. 
Moreover, for Small BAseline Subset method (SBAS) the precision is 1.5 
mm/yr with European Remote Sensing Satellite Mission (ERS) images 
[40], the displacement difference was 6 and 5 mm for ascending and 
descending orbits with ALOS/PALSAR images [23], and the correlation 
with time series is high [41]. ii) Comparing with Non-Permanent Sites 
(NPS) GNSS the velocity difference is less than 5 mm/yr for about 85 % 

of the 46 stations with a maximum of 10 mm/yr [20].
The main conclusions to validate the velocity accuracy of the GNSS 

and InSAR are that there exists a good agreement for Sentinel-1 and of 
about 2 mm/yr for COSMO-SkyMed compared with Continuous-GNSS 
[20]. Considering the methods, SqueeSAR has a precision of 0.6 mm/ 
yr [21], and DInSAR decreases the Root Mean Squared Error (RMSE) 
from 9.3 to 5.8 cm [8]. Finally, about the component’s correlation, 
Pearson Coefficient is 0.19 [18] and 0.34 [42] for vertical component 
and 0.028 for horizontal components [18].

On the other hand, the calibration methodology is based on the ve
locity data and the difference consists of the scatterers selection criteria: 
i) the closest to the GNSS station [21,35], ii) the mean within an influ
ence area [20,26], iii) the one with the strongest decorrelation [18], iv) 
the one with the least squared phase variation [43], v) the weighted 
distance average in an area [15], and vi) the weighted average by 
coherence [21]. Furthermore, another topic is the method used to cali
brate the rest of the points (over an interpolated model [18], over a 
velocity component associated with an error [21], and over proximity 
[20]).

2.2. Area of study and corner reflectors

The study area is at the National Laboratory for Civil Engineering 
(LNEC) in Lisbon, Portugal (38.7594 N, 9.1399 W). The complex is in the 
northern part of Lisbon near the Lisbon International Airport Humberto 
Delgado in the Alvalade district on Brazil Avenue (Fig. 1), the LNEC 
campus was inaugurated in 1952 and comprises several buildings 
dedicated to multiple departments [44]. The area features significant 
vegetation.

The Gulbenkian building (bottom right in Fig. 1a) includes a 
continuous GNSS antenna on the roof and in the garden in front is a 
double CR (dCR), which provides stable reference points for both 

Table 2 
GNSS and InSAR works relative to images and algorithms.

Satellite images

Band Satellite Reference

X COSMO-SkyMed [20,21]
TanDEM [14]

C Sentinel [20,25–28,33,35]
ENVISAT [15,18]

L ALOS/PALSAR [8]

Algorithm
Method Software Reference
DInSAR ROI_PAC [8]
PSI Gamma [20,27]

Stamps [21,25]
SARPROZ [32,33]

SBAS GMTSAR [36,37]
Hybrid PS/DS Gamma [28]

SqueeSAR [34]

Fig. 1. (a) Map of LNEC complex [45]; (b) Lisboa location in mainland Portugal map. Coordinates Reference System (Datum 73/UTM zone 29 N — EPSG:27429).
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ascending and descending orbits of the Sentinel-1 constellation data and 
is also monitored by GNSS. For a better understanding, Fig. 2 presents a 
view of these elements.

Corner reflectors are artificial targets used in remote sensing, 
particularly in InSAR applications, that provide scatterers with high 
coherence and low phase noise [17]. CRs corrects topographically the 
InSAR results and permits the acquisition of the time series of specific 
points, analyzing the displacement time series of specific scatterers 
without averaging, which would diminish the technique’s performance. 
The dCR installed in LNEC complex consists of a concrete foundation 
with an aluminum structure of perforated sheets, designed for both ge
ometries [7] (Fig. 2c). The dCR is formed by two rectangular trihedrals 
united by their vertical edges. Each trihedral is directed towards the LOS 
of a Sentinel-1 geometry: ascending pass relative orbit 45 and 
descending pass relative orbit 125. Both trihedrals are oriented hori
zontally towards each LOS, but not vertically. The vertical edge resulting 
from the union of both trihedrals is topped by a GNSS antenna in 
continuous operation. A choke-ring model is used to minimize multi
path. Besides the dCR, there is also an individual CR following a trian
gular trihedral model in LNEC. The triangular trihedral CR (TTCR) is 
monitored in the vertical direction with levelling technology. It is 
located 400 m away from the dCR and was used for validating locally the 
calibration proposed between (Gulbenkian building and dCR).

In this study, the dCR and the building roof serve as ground control 
points for comparing InSAR and GNSS results, as these elements provide 
coherent scatterers for InSAR measurements and are monitored by GNSS 
for direct comparison. The location and proximity between both points 
mitigate effects like geodynamics or atmospheric [17], maximizing an 
accurate datum connection [38].

2.3. InSAR

Technology that offers immediate, cost-effective, and extensive sur
face monitoring, providing essential information for effective manage
ment [46]. This is achieved through an active remote sensing technology 
Synthetic Aperture Radar (SAR) that works with microwave signals. SAR 
sensors obtain highly stable imaging systems, mostly over airborne and 
spaceborne platforms. Microwave properties such as amplitude, phase, 
and polarization from SAR images inform about surface characteristics 
[46].

InSAR creates interferograms (IFGs) through the radar phase data 
from SAR products. This enables continuous monitoring of surface 
changes over time, producing deformation maps, displacement time 
series, and additional information such as height and coherence over 
large areas [47]. Nonetheless, due to InSAR problems and uncertainties, 

in some applications, it is still not considered a stand-alone technique 
[47].

As presented in Table 1, one of the InSAR problems is the target- 
nature limitation associated with the method, because each of them 
has pros and cons. They can be grouped by the target analyzed (Table 3) 
into: i) Point target, associated with the dominant signal of a single 
element from a resolution cell to track deformation providing high 
quality for the few selected points, and ii) Distributed target, where 
many scatterers from the cell contribute to studying the deformation. 
The most popular techniques for both groups are Persistent Scatterer 
Interferometry (PSI) and SBAS, respectively. Theoretically, the first 
group obtains more accurate results but is affected by vegetation 
reducing the coherence and limiting the scatterers’ density. For that 
reason, there exists an intermediate group of techniques PS/DS that are 
the hybrid approaches, which with coherence restrictions involve the 
IFGs of the other methods. Quasi-PS (QPS) and SqueeSAR are techniques 
of that group.

2.3.1. Methods
Since the CRs are oriented for Sentinel-1 A/B satellite constellation, 

it would not be possible to use another type of initial data. Working with 
complementary images to be able to convert the LOS information to 
vertical and horizontal components. Regarding the methods, a total of 6 
tests (Table 4) were developed using different algorithms (techniques 
and software). The purpose of all these tests is to draw conclusions about 
the precision and characteristics of each configuration since the area of 
study does not fit exactly for any InSAR method (urban area with 
vegetation) and each software has differences that determine the result 
(open source against commercial and better accuracy demonstrated 
[6]).

About the methods: i) QPS is an advanced technique to estimate 
ground average deformation, which expands PSI to include partially 
coherent targets [48]. It considers a multi-master graph and it uses 
coherence as weight for the filtered interferometric phase [49]. There
fore, parameter estimation is performed based on a subset of low-noise 
IFGs, dependent on each scatterer, enabling the detection of targets that 
were not coherent for all dates. ii) PSI is a full-processing chain for 
ground average deformation trend that uses a star graph (single master 
configuration with one master and the rest are slaves) [5]. In Fig. 3 are 
presented the network connections for the different methods and orbits.

2.4. GNSS & levelling

GNSS comprises constellations of satellites such as Galileo, NAV
STAR, GLONASS, and BeiDou to provide a navigation system able to 

Fig. 2. (a) GNSS antenna installed on the roof; (b) 3D view of the Gulbenkian building and the garden in front highlighting the GNSS and dCR locations; and (c) 
dCR view.
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provide position, velocity and time over the Earth’s surface. That tech
nology contributes to obtaining highly accurate and punctual 3D surface 
measurements at a point materialized with an antenna connected to a 
receiver [50]. The precision depends on many variables (equipment, 
location, and weather conditions) and, under certain conditions, it can 
obtain sub-millimetric accuracy with better results in the horizontal 
direction rather than in the vertical [26]. However, the main limitation 
of this technique is the spatial sampling density of GNSS stations [10].

In this study, two GNSS baselines were considered: 

– The first baseline was formed by two antennas at LNEC: the reference 
antenna was installed on a metallic rod on the roof of Gulbenkian 
building (Fig. 2a), and the second antenna was mounted on the dCR 
(Fig. 2c) with a baseline of 38 m. The equipment involved Topcon 
GB-1000 receivers and choke-ring antennas. With a 30-second 
measurement cadence in static mode, the software used to calcu
late the daily relative displacements of the dCR antenna concerning 
the Gulbenkian antenna was Topcon Pinnacle. As the baseline was 
small, a simplified model was used, considering L1 and the Goad- 
Goodman atmospheric model [51]. Over the GNSS information be
tween dCR and Gulbenkian building, it was necessary to do two 
different corrections: i) a translation, because the dCR and the GNSS 
antenna suffered a slight inclination during a temporal (it was seen 
on the time series with a punctual jump); and ii) a detection and 
removal of the component caused by the inclination that the CR 
concrete base experienced during its stabilization phase. For this, 
levelling measurements on the corners of the base were used to 
determine the position of the GNSS antenna.

– The second GNSS baseline used in the study had a length of 4 km and 
was formed by the Gulbenkian building antenna at LNEC and the 
permanent station IGP0 from the ReNEP network (a national 
network of continuous GNSS stations in Portugal, https://renep.dgte 

rritorio.gov.pt/node/77) located on the roof of the building Direção- 
Geral do Território (DGT). For a long baseline like Gulbenkian – 
IGP0, the algorithm provided by Pinnacle was not appropriate, due 
to the limitations associated with modelling tropospheric delay in 
vertical direction; therefore, the CSRS-PPP software by the Canadian 
Space Reference System [52] was used instead to compute the daily 
coordinates of both antennas through the Precise Point Positioning 
method. Relative displacements between the IGP0 antenna and the 
Gulbenkian building were determined from the coordinate 
differences.

To achieve a more comprehensive analysis, it was converted the 
GNSS data to LOS using equation (1) from [53]. Where dUp, dN and dE 
are the GNSS displacements; θ is the SAR incidence angle; α is the SAR 
satellite orbit inclination; αh is the SAR satellite heading and φ is the 
latitude. 

dLOS = dUp*cosθ − sinθ[dN*cos
(

αh −
3π
2

)

+ dE*sin
(

αh −
3π
2

)

]

αhASC = arcsin
(cosα

cosφ

)

αhDSC = π − arcsin
(cosα

cosφ

)

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

(1) 

It was calculated the propagation errors in relative displacements 
(Table 5) confirming the submillimeter precision for GNSS data between 
Gulbenkian building and dCR, and levelling. Moreover, the standard 
deviations for each case were obtained (Fig. 4).

In-situ measurements from levelling were also collected for two 
monitoring networks on LNEC campus. The first network consisted of 
the dCR reflective centers, the corners of the concrete base where the 
dCR is installed and two nearby points, one of them considered stable. 
The data from this network was used to correct the GNSS antenna po
sition due to the tilt of the dCR concrete base. The second monitoring 
network was formed by the TTCR, the corners of the concrete base 
where it is installed and a nearby point considered stable. The data from 
this network was used to local level validation of the calibration pro
posed. Observations have an error of 0.10 mm (Table 5).

2.5. Calibration and validation proposed

The InSAR results contain the components of equation (2), where the 
deformation component is the information of interest, and the rest are 
nuisances that we seek to minimize. In equation 2, it is indicated the 
dependency on other factors for the nuisance components. Therefore, 
estimating these components theoretically is extremely complex [35]. 

Table 3 
Information about the different InSAR methods.

Approach Distributed Targets Point-Like Scatterers Hybrid

Representation of the Sentinel-1 SAR pixel (azimuth and range), including the track angle (descending 
direction) and reflection points across the pixel. The ellipse in red highlights the specific reflection 
area used by each approach.

Most used techniques SBAS PSI QPS and SqueeSAR

Table 4 
Information about the different InSAR configurations.

Flight direction ASC DSC

Track 45 125
Mode Interferometric Wide (IW) IW
Subswath 2 1
Polarization VV
Data acquisition 18:34 h 6:43 h
Incidence angle 40.61◦ 35.63◦

Timeline 10/10/2017–28/12/2018 16/10/2017–28/12/2018
Method PSI QPS PSI QPS
Software SNAP & StaMPS SARPROZ SNAP & StaMPS SARPROZ
Master image 01/06/2018 − 26/05/2018 −

Connections 74 731 73 771
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That is the reason why it is common to perform a calibration using 
another technology with higher resolution (under certain conditions). 

ΦInSAR = Φdeformation + Φtopographic + Φatmospheric + Φorbital + Φnoise

Φtopographic = F(Baseline, Lookangle,Area)

Φatmospheric = F[Δtime, phasedelay(troposphere, Ionosphere)]

Φorbital = F(baselineandorbitdetection)

Φnoise = F(seasonalcomponent, decorrelation, space,Area)

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

To strengthen the calibration process, it is important to address po
tential temporal and spatial misalignments between the GNSS data and 
the InSAR measurements: 

- Temporal alignment: GNSS data were processed daily, ensuring that 
for each InSAR acquisition date, a corresponding GNSS observation 
is available. While GNSS data represent daily averages and InSAR 
captures instantaneous measurements, any discrepancies due to at
mospheric contributions are minimal for the short baselines 
considered (40 m, 400 m, and 4 km). This is because atmospheric 
variability over such distances is negligible and largely cancels out in 
relative displacement calculations. Additionally, both GNSS and 
InSAR datasets underwent atmospheric correction procedures to 

further mitigate residual atmospheric effects. Referring to thermal 
dilation effect, it was considered as noise because the technology 
levelling (accuracy 0.1 mm) detected only a seasonal movement with 
an amplitude of ~ 0.5 mm compatible with the effect of soil moisture 
variations, not temperature. GNSS data were averaged daily to 
maximize accuracy and obtain more precise ground-truth results.

- Spatial misalignment: although there is a fixed offset between the 
GNSS antenna phase center and the CR, they are rigidly attached to 
the same metal structure, eliminating the possibility of relative 
movement over time. Since the analysis focuses on time-series of 
coordinate changes relative to a common reference epoch, the static 
offset does not affect the results. However, absolute positioning 
differences due to possible settlement of the structure must be 
considered, with that aim the entire LNEC system (comprising two 
CRs and the GNSS antenna) is mounted on a concrete parallelepiped 
resting on a grass surface, whose stability is monitored via four 
levelling marks placed on its upper corners.

To provide a clear and structured understanding of the methodology, 
the following workflow diagrams (Fig. 5) outline the sequential pro
cesses undertaken for the implementation of the calibration procedure, 
as well as for the subsequent local and global validation stages. These 
diagrams serve to illustrate the methodological framework adopted in 
this study and to facilitate the reproducibility of the approach.

Once the comparison between the InSAR-GNSS displacement time 
series is established, for the points on the dCR and the Gulbenkian roof, 
the offset between both time series is determined over time and the error 
graph is obtained. Different polynomial regressions are evaluated on this 
error graph based on the coefficient of determination (R2), from linear to 
third-degree, managing between underfitting and overfitting – 

Fig. 3. Images graph for each method and orbit (a) QPS for ASC; (b) QPS for DSC; (c) PSI for ASC; and (d) PSI for DSC.

Table 5 
Average relative error in mm.

Ascending Descending Vertical Horizontal

LNEC (dCR-building) 0.72 0.76 0.90 0.32
Levelling (TTCR-TTCR) − − 0.10 −

IGP0 (building-building) 2.95 3.22 3.23 2.30

A. Alonso-Díaz et al.                                                                                                                                                                                                                           Measurement 257 (2026) 118946 

6 



calibration functions.
The calibration of the InSAR displacements is performed by adding 

each calibration function to the InSAR displacement time series of the 
scatterers. The proximity of the dCR to the building theoretically enables 
to propose a general and common correction for distant areas. Addi
tionally, performing the calibration between anchored elements elimi
nates the possibility of correcting seasonal components such as 
groundwater level, gradients, and others, which are not common to 
other points.

The validation process is divided into a local and a global level 
(Fig. 6), comparing with two different techniques like GNSS and level
ling. While GNSS validation is performed for LOS, vertical, and hori
zontal components; validation with levelling is limited to the vertical 
component. Fig. 6 presents the points of interest; where A is the location 
of the dCR monitored by GNSS, B is the GNSS antenna on the Gulbenkian 
building, C is the TTCR installed in LNEC monitored by levelling, and D 
is the GNSS station IGP0 (38.7260 N, 9.1585 W). The local level vali
dation is between points with ~ 400 m distance, and the global vali
dation level is about ~ 4 km distance.

2.6. Statistical analysis

In literature the most used metric to compare InSAR and GNSS re
sults is the velocity difference, and in [23] the three skill scores are 
mentioned: Compound Relative Error (CRE), Mean Absolute Error 
(MAE) and Root Mean Square Error (RMSE). Informing only about er
rors: relative, average magnitude and average magnitude penalizing 
large deviations, respectively. In the present research, a complete sta
tistical analysis that informs about tendencies, averages and errors is 
proposed. For that, Pearson correlation coefficient is used for the ten
dency, Welch’s t-test for the median and [MAE, Euclidean Distance (ED), 
and standard deviation (SD)] for the error analysis.

About the error analysis, all the metrics mentioned enhance the 
understanding. MAE measures the average of the absolute errors; ED 
informs about the dissimilarity between two time series for common 

epochs in all dimensions; and SD is used to study the error dispersion. 
Pearson and Welch’s t-test metrics involve an initial statistical hypoth
esis that is either accepted or rejected based on its p-value, the rest of the 
metrics present relative values.

3. Results and discussion

3.1. Comparison of displacements from different InSAR techniques

After obtaining the relative displacement time series between points 
A and B in Fig. 6 (dCR monitored by GNSS and Gulbenkian building with 
a GNSS station, respectively) for each configuration (Table 3), the 
different configurations involve the algorithm (software and method) 
and direction (ascending and descending LOS, vertical, and horizontal). 
In Fig. 7, the time series are visually compared. These results appear 
comparable both among themselves and with our validation technique 
(GNSS data with 12-day moving average for clarity), thus seeming 
representative of our target points A and B. It is noteworthy that in the 
case of the StaMPS software, standard processing did not yield scatters A 
and B and needed a less restrictive processing that affected the noise 
mitigation.

The DSC direction results contribute to the main part of the time 
series, as both the vertical and horizontal displacement time series have 
a similar form to the DSC, which appears to yield less similar time series 
than the ASC. From Table A1 in Appendix A and Fig. 7, it can be stated 
that regarding the software (StaMPS results have higher variability than 
those obtained by SARPROZ). According to methods, QPS shows less 
deviation and fits better than PSI to the GNSS data, except in the 
ascending direction. Ordering the results on the level of adjustment with 
the GNSS for PSI method are (ASC, DSC, horizontal, and vertical); 
whereas for QPS, the order is DSC, horizontal, vertical, and ASC.

3.2. Calibration functions

After representing the time series of the errors for the common dates 

Fig. 4. GNSS displacement time-series between dCR and Gulbenkian building with standard deviation. (a) Ascending LOS; (b) Descending LOS; (c) Vertical 
component; and (d) Horizontal component.
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Fig. 5. Flowcharts describing the sequential steps for InSAR calibration and its validation at local and global scales.

Fig. 6. Map of Lisbon city highlighting the points of interest for the local and global level validation. (a) dCR monitored with GNSS, (b) GNSS antenna on the 
Gulbenkian building, (c) TTCR monitored with levelling, and (d) IGP0 GNSS station. Coordinates Reference System (Datum 73/UTM zone 29 N — EPSG:27429).
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(74 points) between InSAR and GNSS between points A and B in Fig. 6, 
the time series was fitted to polynomial functions, which will serve as 
our calibration for the rest of the scatterers. These options were chosen 
based on the R2, considering the complexity of the equation with the 
correlation index, and balancing between over and underfitting. Table 6
summarizes the different calibrations proposed. In Fig. A1 from in Ap
pendix A, all the adjustments proposed for the different configurations 
with the equation and the R2 are presented.

The following Figs. 8–11 represent the results for the ascending, 
descending, vertical and horizontal directions. They present the 

evolution of the different metrics (Pearson correlation, MAE, ED, and 
SD) for each case with the different adjustments proposed. If the bar’s 
contour is red, it means that the hypothesis (both time series have sig
nificant correlation) is not accepted due to the p-value significance. 
Moreover, if the bar’s contour is a black dashed line, it means the cali
bration did not improve the original results. Relative to the different 
metrics, an improvement is indicated by an increase in the Pearson 
metric, and by a reduction in the rest of them. These results, along with 
their evolution, are important for justifying which calibration of the 
proposed methods is the most appropriate, as well as for assessing 

Fig. 7. InSAR and GNSS displacement time series for the relative displacement between dCR and Gulbenkian building in LNEC for (a) Ascending; (b) Descending; (c) 
Vertical; and (d) Horizontal direction.
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potential signs of overfitting when comparing them with both local and 
global validations results.

The evolution of each metric concerning the complexity of the cali
bration model can present the following scenarios: deterioration, 
insignificant improvement, non-uniform scaled improvement, or uni
formly scaled improvement. As expected, most of the metrics improve, 
but the most interesting aspect is understanding the behavior and nature 
of some of these metrics. For example, about the Pearson correlation, 
that metric shows a significant deterioration in the case of PSI with 
StaMPS when the improvement is evident when visualizing the time 
series. This is because this coefficient cannot correctly handle time series 
that fluctuate one over the other.

Regarding the MAE, ED, and SD metrics, the combined evolution 
informs about what the calibration has acted upon. If all three metrics 
improve in a uniformly scaled manner, it means that the calibration has 

reduced both the large errors and the general dispersion of the errors, as 
seen in the case of SARPROZ_QPS in the vertical direction. Another 
scenario can be observed in the case of StaMPS_PSI in the horizontal 
direction, where MAE and ED improve more than SD. This indicates that 
the calibration has primarily targeted large errors rather than the gen
eral dispersion. In the case of SARPROZ_QPS in the vertical direction, 
MAE and SD shows similar improvement while ED shows less 
improvement. This means that the errors are being reduced uniformly 
without significantly affecting the large errors.

Therefore, in general, the calibration mainly addresses the absolute 
average of the errors, MAE. However, for example, in the case of 
StaMPS_PSI in the ascending direction, ED and SD improve more than 
MAE, which means that the calibration has reduced the overall vari
ability of the errors and the magnitude of the large errors without 
reducing the absolute average as much.

Table 7 shows the mean difference for the different cases comparing 
the whole amount of data from GNSS (about 430 epochs) and InSAR 
displacements over the same periods. The test evaluates the hypothesis 
(there exists a significant difference between the average of these two 
groups). The text in red highlights the cases where the hypothesis was 
accepted, for a level of significance of 0.05. Moreover, the three deci
mals have been selected for a clear comparison. From the previous re
sults, it means that the calibration proposed mainly corrects the average 
difference. It corroborates the assumption that StaMPS provided less 
fitted results than the other configurations and that the DSC direction 
needs higher calibration than the other configurations for PSI method. 
However, for QPS method ASC needs more calibration than DSC. It 
should be noted that from Table 7 (11 out of the 12) Welch’s t-tests 
performed on the original InSAR configuration results showed a signif
icant difference between the averages of the two groups (not passed the 
test). This demonstrates the need for calibration of the original results, 

Table 6 
Number and type of adjustment proposed for the different configurations.

PSI QPS

StaMPS SARPROZ SARPROZ

Ascending 2 (Linear and 
third-degree 
polynomial)

3 (Linear, and second 
and third-degree 
polynomial)

2 (Linear and third- 
degree polynomial)

Descending 2 (Linear and 
second-degree 
polynomial)

2 (Linear and third- 
degree polynomial)

2 (Linear and third- 
degree polynomial)

Vertical 2 (Linear and 
second-degree 
polynomial)

2 (Linear and third- 
degree polynomial)

2 (Linear and third- 
degree polynomial)

Horizontal 2 (Linear and 
second-degree 
polynomial)

2 (Linear and third- 
degree polynomial)

3 (Linear, and second 
and third-degree 
polynomial)

Fig. 8. Bar chart comparing the results for the ascending direction of the different calibrations proposed relative to the metrics (a) Pearson correlation; (b) MAE; (c) 
ED; and (d) SD.
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as previously conveyed in [6].

3.3. Validation of calibration procedure

After obtaining the possible calibrations, a two-level verification 
(local and global) was performed to assess whether the calibration im
proves the original InSAR results.

The local verification was performed between points A-C (Fig. 6), 
which represent the CRs installed in the LNEC complex (dCR and TTCR). 
In this case, comparisons could only be made in the vertical direction, as 
the TTCR installed in the west wing of the LNEC had been monitored 
using levelling technology (20 measurements). Fig. 12a shows the time 
series obtained with each configuration (StaMPS_PSI, SARPROZ_PSI and 
SARPROZ_QPS). One more time SARPROZ fits better to the ground-truth 
(levelling data) than StaMPS. Fig. 12b-d presents the original and cali
brated time series for each configuration against the levelling data. At 
first glance, the calibrations seem reasonable, the one over StaMPS is the 
largest and most evident calibration because the original results are not 
that significant, and all of them may improve the initial time series.

To quantitatively analyze whether the calibrations truly enhance the 
original series, Fig. 13 compares the metrics, the evolution remarks that 
almost all the calibrations improve the original results. It is marked with 
black dashed contour the metrics with worse results than the original 
ones (in this case two metrics: Pearson correlation for the QPS with 
SARPROZ, and standard deviation for the PSI with SARPROZ).

Fig. 14 represents the evolution of the difference in the means of the 
data obtained with the different configurations in the vertical compo
nent between the CRs installed in the LNEC complex. The Welch t-test is 
performed for each case and is indicated with a red outline when the null 
hypothesis is not passed, indicating a significant difference between the 
groups. The improvement levels over the original values are similar for 

StaMPS, but not for SARPROZ.
The calibration showing the most significant evolution occurs in the 

case of StaMPS with the PSI method. The metrics that improve the most 
with calibration are average difference, MAE, and ED (in that order). 
Comparing the results from Fig. 10 with those of Fig. 13, the evolu
tionary trend appears similar. For example, the linear calibration on 
StaMPS_PSI in the MAE metric shows substantial improvement in both 
cases. However, two potential signs of overfitting can be identified in the 
SARPROZ results for the third-degree polynomial fitting (for PSI 
yielding better results than expected from the calibration results, and for 
QPS performing worse than anticipated). In SARPROZ_PSI, the relative 
improvement observed in the calibration area does not align with that 
seen in the local validation area (Fig. 10). Specifically, metrics such as 
Pearson correlation and Welch’s t-test exhibit significantly better results 
in local validation than in calibration. Conversely, for SARPROZ_QPS, 
the performance deteriorates notably in the local validation area 
compared to the calibration, particularly in terms of Pearson correlation 
and Euclidean distance, suggesting another possible indication of 
overfitting.

In summary, this validation shows that StaMPS improves signifi
cantly with linear calibration, and it does not seem necessary to apply a 
more complex calibration as the improvement does not justify it. In the 
case of SARPROZ: i) for PSI, the most significant improvement is on the 
mean, passing the null hypothesis of the Welch’s t-test (Fig. 14), thus this 
metric and Pearson justify that the third-degree adjustment is the best 
option; and ii) for QPS, the calibration also improves the original results, 
but in this case without passing the null hypothesis of the Welch’s t-test 
(the linear adjust achieves the most based results).

The global validation is conducted between GNSS-monitored points 
separated by approximately 4 km. Points B and D in Fig. 6 represent the 
Gulbenkian buildings of the LNEC complex and the Direção Geral do 

Fig. 9. Bar chart comparing the results for the descending direction of the different calibrations proposed relative to the metrics (a) Pearson correlation; (b) MAE; (c) 
ED; and (d) SD.
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Território, respectively. Since both are monitored by GNSS, the com
parison can be made in the four directions under study (Ascending LOS, 
Descending LOS, vertical, and horizontal). This comparison allows for a 
more thorough analysis. Based on the results in Table 5, the precision of 
GNSS technology deteriorates (from submillimeter values to several 
millimeters) and the data exhibits greater dispersion. Consequently, the 
quantitative analysis becomes more complex and relative. For this 
reason, the analysis will focus on the metrics that are less affected by the 
increase in error and dispersion (mean and MAE analysis). The results 
are presented based on those obtained by each algorithm (StaMPS_PSI, 
SARPROZ_PSI and SARPROZ_QPS) for each direction in the following 
order (ASC, DSC, vert, hor). For each direction, the different time series 
obtained with each algorithm, along with their corrections, will be 
presented using the same color pattern (Figs. 15-18). After plotting the 
time series, the combined evolution of the metrics is shown to quanti
tatively support the analysis (Fig. 19).

Fig. 15 shows the time series obtained for each algorithm in the ASC 
LOS direction. In all three configurations, the time series appear to 
represent the same elements and are comparable. From the difference in 
scale, all results exhibit greater dispersion, with the results from StaMPS 
showing the highest variability. Considering the corrections, it is not 
visually recognizable whether they improve or worsen the results. 
However, observing Fig. 19a, the MAE metric does not present an evo
lution improvement like Fig. 8b, but shows slight improvements over the 
original values in the order (STAMPS_PSI, SARPROZ_PSI, and SAR
PROZ_QPS, respectively). Additionally, the average metric presents 
substantial improvements (evolving from failing Welch’s t-test to pass
ing it). Regarding StaMPS on the mean metric, although there still seems 
to be room for improvement, the third-degree adjustment passes 
Welch’s t-test, making this calibration the best option. However, in 
Table 7, the implementation of this adjustment was not justified, as the 

linear adjustment was deemed sufficient. In the case of SARPROZ, the 
mean metric improvement is like in the LNEC calibration (Table 7), and 
the linear adjustment is enough. Hence, it is confirmed that the original 
results required correction (as they did not pass Welch’s t-test) and that 
the calibration performed improved the original results (Fig. 19a).

Fig. 16 displays the results for the DSC LOS. In this case, the results 
from StaMPS_PSI and SARPROZ_PSI seem worse than those in the ASC 
direction (greater dispersion—Y-axis scale and adjustment to the 
ground-truth, respectively). For example, in the case of SARPROZ_PSI, 
the trend appears to be ascending, while according to GNSS, it is a flat 
trend. Regarding the corrections, in the case of StaMPS, the improve
ment is evident, but for SARPROZ_PSI and SARPROZ_QPS, the results 
improve in some parts and deteriorates in others.

However, reviewing the graphs in Fig. 19b, the mean test shows 
substantial improvement, being consistent with the results for the LNEC 
calibration (Table 7). MAE values for STAMPS_PSI improve significantly 
like in the LNEC calibration (Fig. 9b), for SARPROZ_PSI are small im
provements also like in the LNEC calibration with similar evolution, and 
for SARPROZ_QPS is a slight worsening because the results are already 
satisfactory, but still not passing the Welch’s t-test (in the LNEC cali
bration the evolution was a small improvement in MAE and mean 
analysis). Therefore, for this second case of global validation, it is also 
confirmed that the calibration improves the original results and that the 
best calibration over the three configurations is the linear adjustment, 
being consistent with the LNEC calibration where that calibration was 
the best-justified option.

Fig. 17 shows the results in the vertical direction. In this case, it is not 
evident that the time series from different configurations closely match 
the GNSS data, as the GNSS data exhibits significant dispersion, making 
it challenging to extract a clear trend. Visualizing the results from 
Fig. 19c, the MAE metric improves again with corrections, notably for 

Fig. 10. Bar chart comparing the results for the vertical direction of the different calibrations proposed relative to the metrics (a) Pearson correlation; (b) MAE; (c) 
ED; and (d) SD.
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STAMPS, but the changes for SARPROZ are insignificant. The mean test 
shows significant improvement for STAMPS and SARPROZ_QPS. How
ever, for SARPROZ_PSI, it worsens although it still passes the Welch’s t- 
test (based on that result, the calibration over SARPROZ_PSI is not 
justified). The warning signal suggesting that something unusual may be 
occurring in SARPROZ_PSI is that the original results pass the Welch’s t- 
test outperforming those in the calibration area. This should not happen, 
given their higher baseline involves more components, which would 
typically lead to increased inaccuracy. The explanation for this odd 
situation is that while in the other cases, the common GNSS-InSAR 
points are representative of the total (similar averages), in this case, 
they are not, due to the noise in the GNSS observations. Applying 
Welch’s t-test to the total dataset, the mean metric improves as in the 
other cases (from ~ 1 mm of average difference in the original results to 
~ 0.2 mm after the calibration).

Analyzing the consistency between the results of the MAE and mean 

metrics for each configuration in the LNEC calibration, local validation, 
and global validation. The evolution in StaMPS is similar for MAE in the 
LNEC calibration (Fig. 10b) and local validation (Fig. 13b). Similarly, 
the evolution of the mean metric is also consistent (Table 7 for LNEC 
calibration and Fig. 14 for local validation). In all three cases, a linear fit 
is the best-justified option. For SARPROZ, this consensus is not present. 
For SARPROZ_PSI, global validation and LNEC calibration justify that 
the best calibration is the linear adjustment, while local validation jus
tifies a third-degree adjustment (Fig. 14). A similar situation occurs with 
QPS_SARPROZ, where both validations (local and global) advocate for 
linear calibration, but the LNEC calibration for the MAE metric 
(Fig. 10b) suggests that the third-degree adjustment provides the best 
results, reinforcing our previous assumption that this indicates a sign of 
overfitting.

Fig. 18 shows the results for the horizontal component. The time 
series from STAMPS_PSI and SARPROZ_PSI appear comparable to the 

Fig. 11. Bar chart comparing the results for the horizontal direction of the different calibrations proposed relative to the metrics (a) Pearson correlation; (b) MAE; (c) 
ED; and (d) SD.

Table 7 
Welch’s t-test results for the mean difference between InSAR and GNSS observations over the different calibrations, directions and configurations proposed.

Welch’s t-test Ascending Descending

Means difference [mm] Original Linear 2nd degree 3rd degree Original Linear 2nd degree 3rd degree

StaMPS_PSI 0.541 0.002 − 0.002 4.863 0.023 0.023 −

SARPROZ_PSI 0.533 0.046 0.046 0.046 0.640 0.052 − 0.052
SARPROZ_QPS 0.547 0.030 − 0.031 0.206 0.015 − 0.015

​ Vertical Horizontal
​ Original Linear 2nd degree 3rd degree Original Linear 2nd degree 3rd degree
StaMPS_PSI 3.571 0.012 0.012 − 3.244 0.021 0.021 −

SARPROZ_PSI 0.828 0.006 − 0.006 0.098 0.001 − 0.002
SARPROZ_QPS 0.569 0.010 − 0.010 0.267 0.038 0.038 0.038
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GNSS data. In the case of SARPROZ_QPS, the trend and form differ. The 
corrections seem to improve the original series in all cases (Fig. 18). 
Reviewing Fig. 19d, the MAE metric supports the conclusion that 
StaMPS shows a significant improvement, meanwhile the enhancements 
in SARPROZ are comparatively smaller, this stems from the fact that the 
original results were already of remarkable quality, as indicated by the 
narrower Y-axis scale. Similarly, the mean metric improves with the 
corrections, even passing Welch’s t-test for STAMPS_PSI.

Evaluating the consistency of evolution with the calibration results 
over the LNEC complex (Fig. 11b for MAE and Table 7 for mean metric). 
In the case of StaMPS and SARPROZ_QPS the evolution is comparable for 

both metrics, and the best-justified adjustment is the linear one. About 
SARPROZ_PSI the evolution differs between both metrics, because the 
third-degree correction provides better results over MAE metric and 
similar results than lineal calibration over the mean metric. Thus, while 
the third-degree adjustment produces the best results, the improvement 
rate may not be sufficient to justify the complexity of a third-degree 
function.

Since the vertical component is the most interesting in engineering 
due to its direct relation to problems like subsidence and sinkholes, the 
final analysis is conducted to evaluate which option provides better 
results: i) Calibrating the original data in the LOS and then converting it 

Fig. 12. Vertical displacement time-series results between the CRs installed in LNEC complex comparing (a) different configurations; (b) StaMPS PSI calibrations; (c) 
SARPROZ PSI calibrations; and (d) SARPROZ QPS calibrations.
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to vertical, or ii) Performing a specific calibration on the vertical 
component as shown in Fig. 7C, 12 and 17. This evaluation aims to 
identify the most effective calibration approach for addressing 
engineering-related vertical displacement issues. As shown in Fig. A2
and Table A2 (in Appendix A), the results from both approaches are 
similar and differ under the millimeter. About the average difference 
analysis: for StaMPS_PSI performing a custom calibration on the 

Ascending and Descending time series provides better results on average 
metric; and for SARPROZ_QPS the direct calibration over vertical 
component achieves more accurate outcomes. However, although the 
MAE metric is marginally lower for the first approach (calibrating the 
original LOS data prior to vertical conversion), the additional time and 
effort required may not be justified by the relatively small improvement.

Table 8 presents the best-justified adjustment, with the linear 

Fig. 13. Evolution of the different calibrations metrics for vertical direction between the CRs installed in LNEC (a) Pearson correlation; (b) MAE; (c) ED; and 
standard deviation.

Fig. 14. Evolution of the mean difference for vertical direction between the CRs installed in LNEC for the different configurations.
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calibration (consistently improving the results across all configurations) 
emerging as the most reliable and broadly applicable approach. How
ever, more complex adjustments (e.g., second-degree polynomial) 
offered marginal improvements in specific cases, suggesting a trade-off 
between model complexity and generalizability.

3.4. Limitations and future considerations

The limitations that must be considered when applying it in different 
contexts are: 

i) On the GNSS side, the main constraint is achieving high-precision 
positioning, which depends on factors such as measurement fre
quency, signal quality, and satellite coverage (communication 
with sufficient number of satellites). Ensuring continuous, high- 
quality GNSS data acquisition remains a challenge, particularly 
in areas with obstructed sky visibility or limited infrastructure. 
The proximity between GNSS stations is crucial for achieving 

high-precision relative positioning. Therefore, in the absence of 
nearby antennas from permanent GNSS networks, a temporary 
antenna operating continuously during the monitoring period 
can be used as an effective alternative.

ii) Regarding InSAR, the method requires the availability of com
plementary SAR acquisitions with suitable temporal and geo
metric baselines. These are essential for compensating LOS 
deformation and enabling the decomposition of displacements 
into vertical and horizontal components. Without access to 
diverse acquisition geometries, deformation analysis may be 
restricted to the LOS direction, limiting interpretability in many 
monitoring scenarios.

iii) The CR must be precisely located (open area), and correctly ori
ented and adapted with respect to the SAR sensor to ensure 
consistent radar backscatter throughout the observation period 
(the CR used in the research was specific for Sentincel-1 SAR 
products). For other sensors the CR must be adapted to fit the size 
and orientation. Furthermore, both the CR and the co-located 

Fig. 15. Time series for the ascending direction comparing the results obtained with each InSAR configuration, the purposed corrections, and GNSS between the 
monitored buildings Gulbenkian and Direção Geral do Território. a) StaMPS_PSI, b) SARPROZ_PSI, and c) SARPROZ_QPS.
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GNSS antenna must be regularly monitored to verify the absence 
of any exceptional events (e.g., physical disturbance, obstruction, 
or malfunction) that could compromise the stability or validity of 
the measurements.

iv) Site conditions impose additional constraints. The calibration 
approach requires that the surrounding area includes coherent 
elements suitable for consistent InSAR analysis. Sudden or 
irregular ground movements in the vicinity—such as landslides, 
heavy construction, or unstable terrain—can affect phase stabil
ity and hinder the identification of reliable reference points. 
Similarly, GNSS performance may be degraded in areas with poor 
satellite visibility or limited data transmission capabilities.

The proposed method will contribute to promoting the usage of 
InSAR displacements for structure monitoring. InSAR displacement 
uncertainty is slightly larger than that usually achieved for structure 
monitoring through in-situ methods. Therefore, the proposed calibra
tion will be a valuable contribution, by reducing InSAR displacement 
uncertainty. Future research should develop methods to validate cali
bration effectiveness at other elements apart from structures—particu
larly in interurban or vegetated areas where GNSS infrastructure is 
sparse—would greatly enhance the applicability of the technique. The 
possibility of generalizing the calibration approach would be important 
to reduce the dependence on specific control points. It can be done with 
temporal GNSS stations, but it is costly and may not provide consistent 
InSAR scatterers. For that reason, it would be advisable to evaluate the 

Fig. 16. Time series for the descending direction comparing the results obtained with each InSAR configuration, the purposed corrections, and GNSS between the 
monitored buildings Gulbenkian and Direção Geral do Território. a) StaMPS_PSI, b) SARPROZ_PSI, and c) SARPROZ_QPS.
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Fig. 17. Time series for the vertical direction comparing the results obtained with each InSAR configuration, the purposed corrections, and GNSS between the 
monitored buildings Gulbenkian and Direção Geral do Território. a) StaMPS_PSI, b) SARPROZ_PSI, and c) SARPROZ_QPS.
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Fig. 18. Time series for the horizontal direction comparing the results obtained with each InSAR configuration, the purposed corrections, and GNSS between the 
monitored buildings Gulbenkian and Direção Geral do Território. a) StaMPS_PSI, b) SARPROZ_PSI, and c) SARPROZ_QPS.
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use of active artificial SAR reflectors like radar transponders. In order to 
apply the proposed method over large-scale areas or in remote regions, 
non-negligible atmospheric effects must be considered. In that case, 
atmospheric models may be used to mitigate those effects. Moreover, 
exploring strategies to implement the calibration framework across 
medium to large spatial extents, possibly through the creation of a model 

to streamline the correction process, integrating with atmospheric 
models, network-based adjustment techniques, spatial interpolation 
methods, or even directly to all data points. The validation of the 
application method will be essential for scaling the methodology and 
adapting it to regional or national deformation monitoring programs.

Fig. 19. Evolution of the metrics MAE and mean difference for the different configurations between the monitored buildings Gulbenkian and Direção Geral do 
Território for the directions, a) Ascending, b) Descending, c) Vertical, and d) Horizontal.
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4. Conclusions

This study proposed and evaluated a GNSS-based calibration meth
odology over stable control points for InSAR displacement time series, 
using six case studies with varying configurations in software (StaMPS 
and SARPROZ), methods (PSI and QPS), and orbit directions (ascending 
and descending). InSAR measurement points were achieved in key lo
cations of infrastructures, demonstrating that even under cases of lower 
standard coherence (less restrictive processing over StaMPS), reliable 
results are obtained with the proposed calibration method based on 
GNSS and CR.

The calibration was grounded on the time series comparison between 
InSAR-derived displacements and high-precision converted GNSS and 
levelling measurements at shared ground control points (CRs and 
buildings). Error time series were modeled using polynomial regressions 
as potential calibration functions. To evaluate the results, a statistical 
analysis was performed to report on trends, means, and errors. This 
combined analysis allows for an understanding of the adjustments’ ef
fects associated with their evolution. Based on these calibration func
tions, two types of validation were performed (local and global). The 
validation at a local level was conducted on the vertical component at a 
baseline of approximately 400 m, using levelling technology as the 
ground truth that monitored the displacement between TTCR and dCR 
for collecting the time series. The validation at a global level was per
formed in multiple directions (ascending LOS, descending LOS, vertical, 
and horizontal) because the comparison was made working with GNSS 
data between IGP0 GNSS station and Gulbenkian building (baseline of 
approximately 4 km).

The results demonstrate that original InSAR products require cali
bration: 25 out of 27 time series Welch’s t-test exhibited statistically 
significant biases in their original form. Moreover, the calibration 
improved the original results (on both validations) reducing these biases 
(evidenced by the improvement in Welch’s t-test results) and improved 
the overall error MAE metric, particularly in products generated with 
the StaMPS software, which showed higher variability and greater de
viation from ground truth. SARPROZ products, especially those pro
cessed with the QPS method, displayed lower dispersion (not detecting 
the seasonal component), but also benefited from calibration.

Finally, it has to be mentioned that a direct calibration on the vertical 
component proved to be more efficient and practical than an individual 
calibration over ascending and descending time series prior to projec
tion. Furthermore, the degree of improvement varied depending on the 
method and orbit, with reduced improvement index for the global 
validation in the cases of (StaMPS_PSI and SARPROZ_PSI), and with 
notably better performance in global validation for SARPROZ_QPS. 
These findings highlight the importance of integrating ground-based 
observations with stable control points to enhance InSAR accuracy 
and support operational monitoring applications.
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Table 8 
Best-justify adjustment option for each direction, configuration and area.

StaMPS_PSI SARPROZ_PSI SARPROZ_QPS

LNEC 
calibration

Local 
validation

Global 
validation

LNEC 
calibration

Local 
validation

Global 
validation

LNEC 
calibration

Local 
validation

Global 
validation

Ascending 3rd degree − 3rd degree Linear (2nd 
degree)*

− Linear Linear (3rd 
degree)

− Linear

Descending Linear − Linear Linear (3rd 
degree)

− Linear Linear (3rd 
degree)

− Linear

Vertical Linear Linear Linear Linear Linear/ 3rd 
degree

Not justified Linear (3rd 
degree)

Linear Linear

Horizontal Linear − Linear 3rd degree − Linear Linear − Linear

* The best-performing results are shown in parentheses.
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Appendix 

Table A1 
Statistical results for the relative displacement between CR and Gulbenkian building in LNEC monitored by GNSS for the different configurations.

Ascending Descending Vertical Horizontal

PSI QPS PSI QPS PSI QPS PSI QPS

SM SP SP SM SP SP SM SP SP SM SP SP

Tendency Pearson 0.07 0.42 0.30 0.56 0.77 0.94 0.56 0.82 0.86 0.24 0.29 0.73
Average [mm] t-Welch 0.54 0.53 0.55 4.86 0.64 0.21 3.57 0.83 0.57 3.24 0.09 0.27
Errors [mm] MAE 1.45 1.26 1.26 5.19 1.58 0.70 3.83 1.42 1.13 3.87 1.54 0.78

ED 76.64 48.45 68.77 282.79 93.18 39.67 183.49 64.52 49.86 211.29 78.80 56.78
Standard deviation 2.12 1.54 1.51 4.09 1.91 0.87 3.06 1.56 1.31 3.61 1.94 0.95

*Where. SM means StaMPS and SP SARPROZ.
**In red are the results that rejected the significance hypothesis relative to the p_value.
***The results have two decimals to present the overall differences.

Table A2 
Statistical results comparing the results over each algorithm between correction over the vertical component or over the ASC DSC LOS.

StaMPS_PSI SARPROZ_PSI SARPROZ_QPS

Lineal 
Vertical

Linear ASC- 
DSC

Linear 
Vert

Linear ASC- 
DSC

3rd 
Vert

3rd ASC- 
DSC

Linear 
Vert

linear ASC- 
DSC

3rd 
Vert

3rd ASC- 
DSC

Average 
[mm]

t- 
Welch

0.8967 0.2741 0.5749 0.5746 0.4926 0.4925 0.3662 0.6230 0.3658 0.6152

Errors [mm] MAE 4.7769 4.7137 3.8602 3.8222 3.8238 3.7868 2.9401 2.8323 2.6498 2.5526

*The results have four decimals to present the overall differences.
**In red are the results that rejected the significance hypothesis relative to the p_value. 
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Fig. A1. Calibrations proposed for the different configurations for (a) Ascending; (b) Descending; (c) Vertical; and (d) Horizontal directions.
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Fig. A2. Time-series obtained for the different corrections comparing adjustments directly over vertical component and over ASC and DSC LOS for (a) StaMPS_PSI; 
(b) SARPROZ_PSI; and (c) SARPROZ_QPS. *GNSS represented with 12-day moving average
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