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Highlights

What are the main findings?

e  The long-term analysis of Sentinel-1 backscatter demonstrates stable signal behavior
of all installed electronic corner reflectors (ECRs) over more than 2.5 years (typical
Amplitude Dispersion Index < 0.4), confirming their suitability as highly coherent
radar targets for Persistent Scatterer Interferometry (PSI).

e  PSIanalyses based on the ECR installations yielded millimeter-level deformation es-
timates that agree with in situ plumb and trigonometric measurements, with typical
Root Mean Square Error (RMSE) values of 2 to 5 mm and correlations up to r=0.7,
confirming the reliability of ECR-based PSI under real-world operational conditions.

What are the implications of the main findings?

e  ECRs enable PSI analyses at dams where conventional passive reflectors cannot be
installed, providing comparable signal stability but requiring higher operational
maintenance.

e  The developed operational PSI service integrates ECR-based PSI results and ground-
motion products into an accessible web platform, supporting dam operators with in-
teractive time-series visualization, standardized downloads, and practical decision-
making tools for infrastructure surveillance.

Abstract

Long-term stability of dam infrastructure is crucial for flood protection, water resource
management, and drinking water supply. In many regions, the increasing impact of cli-
mate change and structural aging necessitates advanced monitoring approaches for em-
bankment and gravity dams. PSI has emerged as a valuable technique for detecting sur-
face deformation rates with millimeter precision. This study presents a comprehensive
monitoring concept that combines satellite-based PSI analyses with the first operational
use of ECRs at dam sites in North Rhine-Westphalia (NRW), Germany. Over a period of
more than two years, ECRs were observed under real-world conditions using Sentinel-1
data. Compared to traditional passive reflectors, ECRs offer improved signal stability and
a compact design, making them particularly suitable for confined or sensitive dam
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environments. The analysis of displacement time series confirms the suitability of ECRs
for long-term deformation monitoring in complex dam settings. Intercomparison of two
PSI time series demonstrated high internal consistency (correlation > 0.9, RMSE <1 mm),
while validation against in situ measurements confirmed millimeter-level agreement with
RMSE values between 2 and 5 mm and correlations up to 0.7. In addition, a dedicated
web-based platform was developed to provide processed ECR-based PSI results to dam
operators, offering interactive visualizations, time-series access, and standardized down-
loads. This integration of advanced interferometric synthetic aperture radar (InSAR)
methods, innovative hardware, and user-oriented service delivery marks a significant
step toward operational dam monitoring using satellite remote sensing.

Keywords: dam monitoring; DInSAR; PSL; ground motion service; CR; ECR; Sentinel-1

1. Introduction
1.1. Motivation

Dams are critical infrastructures that play a central role in flood protection, water
supply, hydropower generation, and regional water management. Ensuring their struc-
tural integrity is therefore essential for public safety and long-term operational reliability.
Conventional dam monitoring relies on established in situ geodetic techniques such as
plumb-line systems, trigonometric surveys, precise leveling, and, more recently, GNSS
observations [1,2]. These methods provide high measurement accuracy at selected loca-
tions and are well integrated into regulatory frameworks and safety guidelines. However,
they typically offer limited spatial coverage and, depending on the technique, relatively
low temporal resolution, which can hamper the detection of spatially heterogeneous or
evolving deformation patterns along dam bodies and abutments.

Satellite-based Earth observation has emerged as a valuable complement to classical
monitoring approaches. In particular, multi-temporal interferometric synthetic aperture
radar (MT-InSAR) techniques enable the detection of millimeter-scale surface defor-
mations over large areas and long observation periods [3,4]. Persistent Scatterer Interfer-
ometry (PSI) has proven especially suitable for infrastructure monitoring due to its ability
to extract stable deformation time series from coherent radar targets. Its capacity to pro-
vide spatially distributed measurements over extended observation periods makes it a
particularly suitable complement to conventional in situ monitoring.

The increasing availability of analysis-ready satellite products has further facilitated
the operational use of InSAR-based deformation monitoring. National and continental
ground motion services, such as the German Ground Motion Service (Boden-
Bewegungsdienst Deutschland, BBD) and the European Ground Motion Service (EGMS),
provide standardized PSI products derived from Sentinel-1 data and offer a consistent
framework for large-scale deformation monitoring [5-9]. Their application to dam infra-
structure is discussed in the following sections.

1.2. State of the Art

A growing body of literature demonstrates the applicability of MT-InSAR and PSI
for dam deformation monitoring. Numerous case studies have investigated both gravity
dams and embankment dams of varying sizes, construction types, and environmental set-
tings [1,10-23]. These studies show that PSI can capture long-term deformation trends and
seasonal behavior, provided that sufficient radar coherence is available. At the same time,
they highlight several limitations inherent to INSAR-based measurements, including sen-
sitivity to line-of-sight (LOS) geometry, reduced observability of north-south motion
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components, and the dependence on the availability and spatial distribution of coherent
scatterers on dam surfaces.

To mitigate coherence limitations and improve measurement reliability, artificial ra-
dar targets have been widely employed in InSAR-based deformation monitoring. Passive
corner reflectors (CRs) are the most established solution and have been used extensively
in geodetic applications, landslide monitoring, and infrastructure surveillance [24-32]. In
the context of dams and water infrastructure, CRs have been shown to significantly en-
hance persistent scatterer density and provide stable reference points for long-term defor-
mation analysis [33-35]. Nevertheless, their deployment at dam sites is often constrained
by practical considerations. Passive CRs are typically bulky, visually intrusive, and re-
quire careful installation and alignment. At dams, access restrictions, safety regulations,
heritage protection, and limited available space can strongly limit where and how such
reflectors can be installed. Recent developments in artificial radar target design include
compact and polyhedral passive corner reflectors, which have been shown to improve
deployability and angular response while maintaining high radiometric stability for Sen-
tinel-1 InSAR applications [36,37]. These advances represent an alternative strategy to en-
hance InNSAR observability through geometric optimization of passive reflectors.

In situ geodetic techniques remain the reference standard for dam monitoring and
validation. GNSS measurements provide three-dimensional displacement information
with high accuracy but require permanent installations, continuous power supply, and
regular maintenance, and are therefore usually limited to a small number of discrete loca-
tions. Plumb-line systems and trigonometric surveys are well established in dam safety
practice and deliver reliable long-term measurements, yet they offer sparse spatial sam-
pling and are typically acquired at lower temporal frequency [1,2]. As a result, both satel-
lite-based and in situ techniques exhibit complementary strengths and weaknesses. This
complementarity motivates the integration of satellite-based PSI with artificial radar tar-
gets and ground-based validation, as pursued in the present study.

1.3. The Application Progress of ECRs in Dam Monitoring

Electronic corner reflectors (ECRs) represent a more recent development in the field
of artificial radar targets. Unlike passive CRs, ECRs are active transponders that receive,
amplify, and retransmit the radar signal, resulting in a strong and highly stable radar re-
sponse. Previous research on ECRs has primarily focused on their use at geodetic calibra-
tion and test sites, where they have been shown to provide excellent radiometric stability
and suitability for multi-temporal InSAR applications [38-43]. These studies demon-
strated the potential of ECRs as coherent reference targets for deformation monitoring but
were largely conducted under controlled or semi-controlled conditions rather than in op-
erational infrastructure environments.

The application of ECRs to dam monitoring has so far remained limited. While their
compact size and high signal stability make them attractive for deployment in confined or
sensitive locations, systematic multi-year studies evaluating their performance at real dam
structures are scarce. In particular, there is a lack of investigations that assess ECR-based PSI
under operational conditions, compare the resulting deformation time series with estab-
lished in situ measurements, and evaluate their suitability for routine dam monitoring
workflows. As a result, the role of ECRs relative to passive CRs and conventional geodetic
techniques in dam monitoring practice has not yet been comprehensively established.

This study addresses this gap by transferring electronic corner reflector (ECR) tech-
nology from calibration-oriented applications to real-world dam environments. Building
on a preceding publication that detailed the methodology for ECR-supported multi-year
PSI analyses at dam structures [44], the present work focuses on the resulting deformation
measurements and their operational applicability. Multi-year PSI analyses are conducted
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at several dam sites, and the derived deformation time series are validated against estab-
lished plumb-line and trigonometric measurements.

Beyond the methodological and hardware-related aspects, dam operators increas-
ingly require operational, analysis-ready, and explorable outputs rather than static defor-
mation maps. While recent studies in Germany have assessed the suitability of BBD data
for dam monitoring [10,45,46], no dedicated service integrating ECR-based PSI results
with site-specific visualization and download capabilities for dam operators has been es-
tablished. This represents a second key gap addressed by the present study.

Although several ground-motion services already exist, including the German
Ground Motion Service (BBD) [5,6], the European Ground Motion Service (EGMS) [7],
and the regional Ground Motion Service for North Rhine-Westphalia (Bodenbewegung-
skataster NRW provided by Geobasis NRW) [47], these platforms offer standardized,
large-scale products that are not optimized for dam infrastructure and do not include
ECR-based time series. To address this limitation, the service developed here comple-
ments these existing systems by providing site-specific PSI analyses, multi-year ECR time
series, dam-focused layers, and a dedicated web interface designed for operational use by
dam operators.

Overall, this paper presents an integrated monitoring concept that combines (i) multi-
year PSI analyses supported by electronic corner reflectors with (ii) a specialized, web-based
operational service. The results demonstrate that compact ECRs provide stable, high-quality
targets for long-term PSI at dams, while the presented user-oriented platform has the po-
tential to lower adoption barriers and support scalable, routine dam surveillance.

2. Study Area and Data
2.1. Study Area

This study focuses on selected reservoirs operated by the Ruhrverband in NRW,
Germany [48], a non-profit water and reservoir management company under public law.
The network includes gravity dams and embankment dams situated in complex
topographic settings, with seasonal hydrometeorological variations that influence
reservoir water levels and water pressure. Figure 1 illustrates the jurisdiction of the
Ruhrverband and the locations of its major rivers and reservoirs. All ECRs that were
deployed are additionally marked with red arrows.

DUISBURG  gsoeN \/7 DORTMUND

125 km 640 km

Figure 1. Catchment of the river Ruhr and jurisdiction of the Ruhrverband [48], including major
reservoirs, and its location within Germany [49]. Deployed ECRs are indicated with red arrows. Six
ECRs were installed across five dam structures. Two ECRs were deployed at the Bigge Dam, while

one ECR was installed at each of the remaining dams.
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Selection of the dams follows a previously developed suitability index that identifies
appropriate structures and site locations for ECR installation [44]. This study extends
earlier backscatter analyses by adding a PSI component. It covers five Ruhrverband
reservoirs: two gravity dams (Mohne and Lister) and three embankment dams (Sorpe,
Bigge, and Verse). The Mohne Dam, located in the Arnsberg Forest Nature Park, is 40 m
high with a 650 m crest and plays a key role in regional water supply and flood control.
The Lister Dam is 42 m high with a 264 m crest and functions as a forebay to the
downstream Bigge reservoir, providing hydraulic buffering that helps interpret seasonal
load-response patterns [50]. Figure 2 shows the five ECR sites.

The three embankment dams are equally important for catchment management but
differ structurally and in their geometric interaction with the radar LOS direction. The
Sorpe Dam is 60 m high with a 700 m long crest. The Bigge Dam, the largest structure in
this study, is 52 m high with a 640 m long crest; two ECRs were installed to cover both
abutments and support ascending and descending track coverage. The Verse Dam is 62
m high with a 320 m long crest, characterized by compact geometry and limited natural
persistent scatterers.

(A) (©

(B) (D)

(E)

Figure 2. Overview of the five dams included in this study: gravity dams (A) Mdohne, (B) Lister;

embankment dams (C) Sorpe, (D) Bigge, (E) Verse. Photographs by the authors.
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2.2. Data
2.2.1. Satellite Data

High-resolution LiDAR from the Geodata Infrastructure North Rhine-Westphalia
(GDI NRW; 1 m) provided a digital elevation model (DEM) for detailed topographic
mapping and for preprocessing of the Sentinel-1 data [51]. It was also used for subsequent
PSI processing.

The satellite dataset (Table 1) consists of Sentinel-1 Single Look Complex (SLC)
scenes [52]. Covering the full calendar years 2023 and 2024, the first observation window
is extended by an additional half year into 2025, allowing an evaluation of whether a
longer observation period improves PS coverage and stabilizes deformation estimates.

Table 1. Attributes of the Sentinel-1 data used in this study [52].

Data Sentinel-1 Ascending Sentinel-1 Descending
Number of scenes (01/2023-06/2025) 47-74 45-73
Temporal resolution (days) 12 12

Interferometric Wide Interferometric Wide

Acquisition mode

Swath (IW) Swath (IW)
Polarization \'AY \'AY
Wavelength C-Band C-Band
Relative orbit number 15 139
Frame 164 421

2.2.2. In Situ Measurements

The in situ datasets were supplied by the Ruhrverband [53-61] and consist of two
primary geodetic monitoring techniques: plumb systems and trigonometric. Table 2 sum-
marizes the spatial distribution and measurement cadence at each site.

Table 2. Measurement types, intervals, and point counts for in situ monitoring at the six dams from
the Ruhrverband [53-61].

Plumb: Trigonometry:
Dam Dam Type Interval —No. Points  Interval —No. Points
M.éhne Gravity Dam daily—1 sem?—armual —27
Lister - semi-annual —16
Sorpe - annual —10
Bigge Embankment Dam - annual —13
Verse - annual —5

A plumb system is installed at the Moéhne dam, where it provides daily radial defor-
mation data. Trigonometric surveys are performed semi-annually at the gravity dams and
annually at the embankment dams, yielding additional deformation data from 5 to 27
measurement points per structure. Figure 3 illustrates the distribution of geodetic meas-
urement points along the Mohne Dam at three different elevation levels, serving as a rep-
resentative example. The distribution of measurement points at the other dams is similar.
The plumb line is located at the center of the dam [53]. Together, these in situ datasets
provide spatially distributed and temporally consistent ground-truth information that is
used to evaluate the accuracy and interpretability of the satellite-based PSI data.

https://doi.org/10.3390/rs18081214
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Figure 3. Observation points for horizontal and vertical displacements at the Méhne Dam, including

the location of the plumb line. Vertically exaggerated by a factor of two [53].

3. Methods

Figure 4 illustrates the workflow of this study. The starting point is the methodology
documented in the preceding publication, which resulted in the installation of ECRs at the
dams described above, utilizing the CR Index, a spatial measure that is used identify op-
timal locations for ECR placement [44]. Before the PSI analysis, a renewed assessment of
backscatter stability was conducted for these sites. The PSI results are then compared with
and validated against the Ruhrverband’s in situ data. Finally, all outputs, including the
CR Index and related results [44], are integrated into an online service designed to help
dam operators establish a comprehensive monitoring concept.

Study by Janichen ) Backscatter ) PSI Processing ) Statistical Analysis
et al. 2025

Analysis (ECR) (ECR) with in situ data

Results (CR Index) Online Service

1

Online Service
Development

Figure 4. Simplified workflow of this study. Findings from the prior study [44] serve as the starting
point for the extended backscatter and PSI analyses. All outputs are implemented in and made avail-

able through the online service.

3.1. Data Processing and Statistical Analysis

Data processing includes backscatter analysis and PSI analysis. Backscatter analysis
follows the procedures documented in Janichen et al. [44] and Ziemer et al. [62], with the
observation period extended to two and a half years. The main steps include standard
preprocessing [62] with targeted refinements in specific stages [62]. In detail, this includes
applying the precise orbit file, splitting the TOPS sub-swaths, radiometric calibration to
(%, TOPS deburst, terrain flattening, and terrain correction. In addition, multilooking and
a 3 x 3 boxcar filter were applied. After running these steps in the Sentinel Application
Platform (SNAP), the backscatter values were converted to dB, exported, and analyzed
statistically.

The PSI analyses presented in this study are generated using a dedicated processing
chain based on the open-source StaMPS software (version 2), while the term “PSI service”
refers to the operational framework for data handling, quality control, visualization, and
delivery of analysis-ready results to dam operators. For the PSI analysis, the StaMPS

https://doi.org/10.3390/rs18081214
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(Stanford Method for Persistent Scatterers) software package was used [63-71]. Sentinel-
1 SLC stacks were preprocessed using the snap2stamps software package (version 2),
which is based on SNAP to generate StaMPS-ready interferometric inputs: precise orbit
application, thermal-noise removal and radiometric calibration, burst splitting and de-
bursting, co-registration to a reference using back-geocoding and Enhanced Spectral Di-
versity (ESD), interferogram formation with DEM-assisted topographic phase removal,
basic coherence screening, and export to StaMPS directory structure [64-66]. At the
Mohne Dam, a prolonged malfunction of the installed ECR resulted in a significantly de-
layed start of the usable time series. Consequently, PSI processing for this site begins only
in early 2024, which affects the temporal extent of the corresponding deformation plots
and statistical comparisons. More generally, ECR malfunctions were identified by signif-
icant drops in backscatter amplitude below the expected operational level. Time series
segments corresponding to inactive periods were excluded from PSI processing and sta-
tistical comparisons. The resulting data gaps are documented in the backscatter time series
plots (Figure 5) and their impact on temporal coverage is noted in the results.
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Figure 5. Example results of the backscatter analysis for the Méhne Dam in the (A) ascending and
(C) descending orbits. Panels (B,D) show the corresponding backscatter time series for all analyzed
dams (Bigge 1, Bigge 2, Lister, Sorpe, Verse, and Mohne) for the ascending and descending orbits,
respectively. Periods of stable, high backscatter indicate operational electronic corner reflectors
(ECRs). Data gaps, characterized by abrupt drops in backscatter to values between -12 and -16 dB,
are explicitly highlighted by red brackets below the plots. Each time series in panels (B,D) is labeled

with the corresponding dam name.

The StaMPS workflow included the selection of PS candidates using the Amplitude
Dispersion Index (ADI), iterative estimation of DEM error and atmospheric phase screen,
phase unwrapping, and inversion for LOS velocities and displacement time series relative
to a stable reference point [68]. PS candidates were selected using a conservative ADI
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threshold (ADI < 0.25), which follows commonly adopted values in PSI processing for
ensuring high phase stability and reliable point selection [67]. This threshold was applied
uniformly throughout the processing to ensure stable point identification prior to network
formation and phase unwrapping.

Processing targeted two intervals, 2.0 years (24 months) and 2.5 years (31 months), in
order to evaluate whether extending the observation period improves PS density, time-
series stability, and overall agreement with in situ measurements. Point quantity was eval-
uated via PS density and spatial coverage, and quality was assessed by agreement with
the available independent in situ measurements (e.g., correlation and RMSE). Both inter-
vals used identical processing settings, including the two-pass ADI thresholds (0.40 initial,
0.25 refinement), to ensure comparability.

The ECRs were operated within their specified temperature range, and no explicit
hardware- or model-based temperature compensation was applied in the PSI processing.
For the processing, default values were largely used, with only minor adjustments ap-
plied, in order to adapt the processing to the small-scale characteristics and specific con-
ditions of dam structures. These adaptations are presented in Table 3.

Table 3. Default and adjusted values during StaMPS Processing [68]. The parameters ref_cen-
tre_lonlat and ref_radius have to be adapted individually for every dam. Reference points were
selected based on visual inspection of the PS network and local knowledge of the dam structure,
prioritizing locations with high temporal coherence, absence of known deformation, and stable
backscatter behavior. Where possible, reference points were placed on stable, non-deforming infra-

structure elements adjacent to the dam body.

Value Description Default Setting Adapted Setting
ref centre_lonlat Center coordinate reference point - individual
ref_radius Radius surrounding reference point (m) - individual
scla_deramp Phase ramp estimation for each interferogram n y
weed_neighbours Flag for proximity weeding n y
max_topo_err Maximum uncorrelated DEM error (m) 20 m 5m
select_reest_gamma_flag Re-estimating PS selection y n

The selection of non-default StaMPS parameters, in particular the reduced
max_topo_err threshold, reflects a conservative processing strategy tailored to ECR-based
PSI. Rather than maximizing PS density, the focus is placed on minimizing sidelobe effects
and ensuring a clear spatial association between the identified PS and the physical reflec-
tor location. Previous methodological work demonstrated that relaxed max_topo_err
thresholds can increase the number of detected PS candidates around strong artificial re-
flectors but may also introduce spatially offset points and increased phase noise. Based on
these findings, a stricter threshold was adopted to prioritize deformation reliability and
interpretability over point quantity.

After comparing the two PSI time series (two years vs. two and a half years), they
were spatially matched with trigonometric object points based on the nearest location for
the subsequent statistical analysis. For the Mohne dam, statistical comparisons between
PSI and plumb measurements were also carried out. If measurements were not acquired
on the same day, the nearest temporal observation was used. For each site, descriptive
statistics were computed: RMSE, mean bias, and Pearson’s correlation coefficient (r). Vis-
ual comparisons included overlaid time-series plots to check for seasonality or drift.

When comparing PSI-derived deformation time series with in situ measurements,
differences in measurement geometry must be considered. The decision not to apply geo-
metric transformations is based on the following reasoning. PSI provides displacement
measurements in the LOS, whereas plumb-line data represent radial deformation of the
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Remote Sens. 2026, 18, 1214

10 of 31

dam body, and trigonometric measurements record horizontal displacement components.
These quantities are therefore not directly equivalent. A fully consistent comparison
would require projecting the in situ measurements into the LOS direction or decomposing
the PSI results into vertical and horizontal components. Such geometric transformations
were not applied in this study. Instead, the comparison is intended as a consistency and
plausibility assessment, focusing on the temporal behavior, stability, and order of magni-
tude of the deformation signals rather than on a strict component-wise equivalence of
displacement values. This approach reflects common practice in infrastructure monitoring
studies where heterogeneous measurement geometries are combined to assess overall de-
formation behavior, as demonstrated in comparable PSI-based dam monitoring studies
that report validation statistics under analogous geometric constraints [10,15,17]. While
the measurement geometries are not identical, the dominant deformation direction at dam
structures is typically oriented approximately perpendicular to the dam axis and toward
the downstream direction. For the investigated sites, this dominant deformation compo-
nent is not orthogonal to the Sentinel-1 LOS geometry, such that the satellite measure-
ments capture a substantial fraction of the expected deformation signal. Specifically, as
shown by Ziemer et al. [45], the projection of radial dam deformation into the Sentinel-1
LOS yields attenuation factors of approximately 0.3-0.6 for ascending tracks and 0.2-0.5
for descending tracks at the investigated dams, indicating that a meaningful fraction of
the physical displacement is captured despite the geometric constraints. Consequently,
despite the inherent geometric limitations, the comparison remains meaningful for eval-
uating consistency between satellite-based and in situ observations, provided that the val-
idation statistics are interpreted accordingly.

3.2. Web-Based Service

In order to facilitate the retrieval of the results, a web-based Service was developed,
including the results documented in Janichen et al. [44]. The web service provides stand-
ardized PSI products through a lightweight, browser-based application built with
HTML/CSS and JavaScript using Leaflet.js for mapping and Chart.js for interactive time-
series plots [72]. Point data (PSI measurements with time series) are integrated as
Geo]SON and displayed as clickable markers with popups, while raster products are pub-
lished as XYZ tiles (PNG) exported from QGIS/GDAL. The service includes the CR Index
as both raw and classified traffic-light layers, which indicate the suitability of specific lo-
cations for installing electronic corner reflectors, as well as the Land-Use Index (LUI),
which highlights land-cover conditions that influence PSI coherence and reflector perfor-
mance [42]. Users can toggle overlays, adjust transparency, view a dynamic legend, rotate
the map, and work with a small-scale map for orientation.

For analysis and reporting, the application supports one-click downloads of a point’s
time series and chart image, a polygon-based bulk export for many points at once, and a
side-by-side comparison of two locations with basic statistics. Shareable URLs capture the
current map view (center, zoom, active layers), and a simple print/screenshot workflow
helps produce figures for reports. The download files are structured in standardized, ma-
chine-readable formats that can be ingested directly into the Ruhrverband’s monitoring
system and can be adapted easily to other operators’ data schemes, minimizing the need
for additional post-processing.

The workflow is designed to be easily extensible. Operators can add their own da-
tasets as files that appear directly within the map, clearly separated from standard layers.
In addition, Python (3.13) helper scripts are provided to validate and convert new inputs,
update the data index, and optionally add derived, motion-decomposed products. These
scripts automate the ingestion workflow: operators place new PSI or raster files into a
designated folder, run a single command that checks file integrity and naming
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conventions, converts the data into the required GeoJSON or tile format, and updates the
configuration so that the new layers appear automatically in the web application. Based
on recent project findings [43], radial motion conversions are not universally meaningful;
therefore, LOS remains the default representation, with optional motion components of-
fered only where they add value and are clearly labeled.

Deployment follows a static hosting model, which keeps operations simple and re-
producible: the app runs in any modern browser, serving tiles and GeoJSON files without
a custom backend. In summary, the stack consists of JavaScript (Leaflet.js, Chart.js) for the
client, GeoJSON and XYZ tiles for data delivery, and Python for preprocessing, conver-
sion, and user data ingestion, enabling an efficient, reproducible, and operator-friendly
way to deliver combined point and raster geoinformation. This enables the web-based
service to provide a meaningful contribution for dam operators within a DIN-based mon-
itoring framework [73].

4. Results
4.1. Backscatter Analysis

The backscatter analysis forms the basis for assessing whether the installed ECRs
provide a sufficiently strong and stable radar signature for PSI processing. Prior to instal-
lation, the dam surface exhibits low and spatially variable backscatter (typically -8 to —20
dB), whereas the activated ECRs produce a strong, distinct trihedral response of up to 12
dB. This ensures the robust detection of persistent scatterers and supports the generation
of long-term deformation time series.

The long-term stability of the ECR signature is reflected in the low ADI values and
narrow temporal backscatter ranges over both the 24- and 31-month processing periods
(Figure 5B,D). These metrics demonstrate a consistently stable radar response and confirm
the suitability of the ECRs as reference targets for PSI. The absolute change in backscatter
amplitude before and after commissioning is shown in Figure 5A,C. Table 4 additionally
lists descriptive statistic parameters and ADI for each analyzed dam.

Across the six ECR sites (Bigge 1, Bigge 2, Lister, Sorpe, Verse, Mohne), the backscat-
ter time series are consistently high and temporally stable over the observation period, as
shown by the figures and the accompanying summary statistics (Table 4). In the ascending
geometry, site-wise mean values span roughly 2 to 8.8 dB, while in the descending geom-
etry, they range from about 8 to 16 dB. Descending amplitudes are higher than ascending
at most sites, the Lister site being a notable exception. Across all records, observed ampli-
tudes cover a broad domain from approximately 21 dB (lowest) to 15.5 dB (highest), with
extended transmission gaps clearly visible as abrupt drops to =16 to —22 dB followed by a
return to prior levels.

Figure 5A,C illustrate the backscatter time series at the ECR location on the Mohne
Dam. The comparison contrasts the period before and after the activation of the ECR. In
the ascending track, the mean backscatter at the ECR pixel increases by 6.9 dB after instal-
lation, while in the descending track, it increases by 12.2 dB and then remains at a high,
stable plateau. Comparable increases are observed at the other ECR sites.

The ADI indicates generally low dispersion for the majority of series, with typical
values in the order of below 0.4 at the most stable sites and elevated values where the
records include longer low-amplitude intervals. Overall, ADI magnitudes span approxi-
mately 0.04 to 0.4, with the Lister Dam representing an exception in the ascending track,
and 0.1 to 0.4 in the descending track. An exception is the Sorpe Dam in the ascending
track, where markedly greater dispersion is observed alongside a higher number of trans-
mission outages. Amplitude differences of 1-2 dB between individual observations or
viewing geometries are small relative to the typically high ECR signal levels and do not
affect the overall assessment of ECR stability.
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Table 4. Statistical analysis of the backscatter analysis. Listed are statistical metrics and the ADL

Dam Flight Geometry Number Scenes =~ Mean Median  Minimum Maximum ADI

. Ascending 47 4.83 5.01 0.62 7.40 0.36
Mohne ,

Descending 45 12.11 12.19 10.06 14.34 0.07

Sorpe Ascending 55 1.70 1.58 -4.61 8.58 1.55

Descending 53 11.99 12.14 8.27 15.41 0.14

Bigge 1 Ascending 74 4.49 4.52 2.83 6.22 0.17

Descending 71 9.82 9.97 5.08 11.72 0.12

Bigge 2 Ascending 59 6.53 7.12 4.21 9.18 0.22

Descending 53 1241 12.60 8.87 14.31 0.09

Lister Ascending 71 11.05 11.04 8.95 12.31 0.06

Descending 73 8.19 7.96 6.53 11.56 0.12

Verse Ascending 54 8.55 8.59 7.74 9.31 0.04

Descending 55 13.75 14.01 9.01 15.54 0.08

Deformation [mm]

Deformation [mm]

4.2. Comparative PSI Analysis and Validation

The comparison of the 24- and 31-month PSI solutions aims to assess the internal

consistency of the deformation estimates. Both datasets represent the same ECR installa-

tions but differ in temporal coverage; agreement between them therefore indicates stable

processing, robust ECR coherence, and reproducible displacement patterns over time.
Using the PSI analysis performed in StaMPS, all installed ECRs were identified as PS,
and their deformation over the study period was computed. Figures 6 and 7 present, for

the ascending and descending tracks, respectively, the ECR deformation profiles for anal-

ysis windows of 24 months and 31 months. In addition, several descriptive statistics are

shown for comparison and summarized in detail in Table 5.
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Figure 6. LOS deformation for each analyzed ECR in the ascending orbit, with summary statistics.
Linear interpolation was applied between acquisition dates to visualize the temporal evolution,
which also explains the visually continuous segments across data gaps. Orange lines indicate the
24-month time series, blue lines the 31-month time series. Inset statistics refer to the comparison
between the two observation windows. (A) Bigge 1; (B) Bigge 2; (C) Sorpe; (D) Verse; (E) Lister; (F)
Moéhne.

In most cases, the deformation time series for the 24-month and 31-month period
show very similar temporal behavior and largely consistent seasonal patterns. This close
agreement is reflected in low RMSE values (typically below 0.5 mm) and high correlations
(>0.9) across most ECR sites, although small residual differences remain visible even dur-
ing months covered by both observation windows. In particular, Bigge 1, Bigge 2, and
Lister illustrate the typical seasonal behavior for dams (Table 5). Larger data gaps are pre-
sent at Bigge 2 and Sorpe due to temporary ECR device outages, which correspond to the
low-backscatter periods identified in Figure 5. In addition, the ECR installed on the Méhne
dam wall became operational considerably later than the other ECRs, which explains the
different x-axis in Figure 6. In the ascending track, Bigge 2 and Verse show poorer agree-
ment between the 24- and 31-month deformation histories. For both sites, the PS points
linked to the ECR are not located at exactly the same pixel but only differ a few meters in
azimuth and/or range direction between the two observation windows. This is attributa-
ble to slight differences in the interferogram networks, atmospheric phase screen estima-
tion, and phase unwrapping paths between the two processing windows, which can cause
an adjacent pixel (often a sidelobe of the ECR) to be selected as the most coherent scatterer
rather than the central ECR pixel. In contrast, the spatial locations of the ECR-associated
PS at the other dams coincide to within approximately one pixel (<3 m).

The descending-track deformation profiles show similar results, with similar data
gaps due to ECR outages. Here as well, the two analysis periods for Bigge 2 and Verse
show larger visual and statistical differences compared to the other four ECRs. For Lister,
a lower correlation is observed in the descending geometry (r = 0.406), which is attributa-
ble to orbit-dependent geometric projection effects: although the dominant deformation
component of the north—south oriented dam is directed east-west and is in principle well
observable by Sentinel-1, the ascending and descending tracks project this component dif-
ferently onto their respective LOS directions, which can lead to systematic differences in
the observed deformation amplitudes and temporal patterns between orbits. The limited
number of trigonometric survey epochs available for Lister further increases statistical
uncertainty. For Sorpe, the descending RMSE of 2.05 mm combined with a high correla-
tion (r = 0.947) indicates good agreement and does not represent a meaningful incon-
sistency. In the remaining cases, both the temporal patterns and the statistics mostly agree.
The annual cycle is less observable in the descending track. In both viewing geometries,
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the PSI analysis was successful and identified more than one point per ECR. Sidelobes

were also identified, with locations that vary by dam.
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Figure 7. LOS deformation for each analyzed ECR in the descending orbit, with summary statistics.

Orange lines indicate the 24-month time series, blue lines the 31-month time series. Linear interpo-

lation was applied between acquisition dates; inset statistics refer to the comparison between the
two observation windows. (A) Bigge 1; (B) Bigge 2; (C) Sorpe; (D) Verse; (E) Lister; (F) Mohne.

Table 5. Statistical analysis of the ECR deformation. Listed are summary metrics for comparing the

two deformation time series for both satellite orbits (ascending and descending), along with the

standard deviations of each series.

ECR

Orbit RMSE (mm) MAE (mm)

Correlation

Std. Dev. 31
(mm)

Std. Dev. 24

p Value (mm)

Bigge 1

1.17
0.23

1.10
0.19

Ascending
Descending

0.973
0.989

7.3493 x 10796
8.8265 x 104

1.77
1.61

1.73
1.57

Bigge 2

243
6.65

1.83
4.65

Ascending
Descending

0.892
-0.381

4.72
3.70

2.3735 x 10-14
2.6347 x 103

3.67
3.58

Sorpe

0.70
2.05

0.57
1.62

Ascending
Descending

0.980
0.947

4.3457 x 10-3
2.8716 x 1024

3.55
3.58

3.09
3.61
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Verse Ascending 1.29 1.10 0.926 4.3746 x 1015 2.49 2.99
Descending 4.16 3.42 0.161 3.5460 x 10! 1.72 2.10
Lister Ascending 0.85 0.71 0.980 9.8046 x 10-%7 3.27 3.18
Descending 3.53 3.16 0.406 2.5511 x 103 2.38 2.38
Méhne Ascending 2.04 1.83 0.708 1.1966 x 10~ 1.43 1.65
Descending 1.15 0.78 0.924 3.0423 x 1013 2.67 2.74

Deformation [mm]

Deformation [mm]

The validation of the PSI-derived deformations against in situ measurements is sum-
marized in Table 6 and illustrated in Figure 8 for the ascending geometry (Figure Al for
the descending geometry in the Appendix A), as well as in Figure 9 for the Mohne Dam
using plumb-line data. For the trigonometric surveys, only a small number of measure-
ment epochs is available (typically fewer than ten dates per dam), and no temporal inter-
polation of in situ deformations was applied. Instead, PSI values were compared to the
nearest available survey date. The resulting validation statistics are therefore based on a
limited sample and should be interpreted with caution.

In the ascending tracks, the PSI and trigonometric time series align closely at most
sites. Increases and decreases occur largely synchronously within a seasonal cycle, with
maxima and minima showing consistent seasonal patterns and comparable deformation
amplitudes, and only minor lateral offsets between the time series. Across several sites,
the trigonometric measurements show consistently higher deformation amplitudes than
the PSI-derived values. This systematic offset is visible in the overlaid time series but var-
ies by dam and observation geometry.

Individual longer data gaps appear as interrupted segments or sparser point clouds,
without substantially affecting the overall impression of close correspondence. In the de-
scending geometry, visible deviations occur more frequently: the time series diverge over
certain intervals, the scatter of differences around the reference line increases, and sea-
sonal fluctuations appear locally attenuated. This pattern is reflected in the summary sta-
tistics presented in Table 6.
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Figure 8. Ascending-track LOS deformation of the analyzed ECRs, statistically validated against
trigonometric measurements; summary statistics of agreement are included. Blue lines show PSI-
derived deformation, orange markers indicate trigonometric survey epochs. Inset statistics (RMSE,
r) refer to the PSI-trigonometric comparison. (A) Bigge 1; (B) Bigge 2; (C) Sorpe; (D) Verse; (E) Lister;
(F) Mohne.

Table 6. Statistical validation of ECR deformations using trigonometric measurements. Summary
metrics comparing the PSI-derived LOS and trigonometric deformation time series for both satellite
orbits (ascending/descending) are reported. Note that the two datasets do not refer to the same ge-
ometry; the reported metrics should therefore be interpreted as indicators of temporal consistency

rather than strict accuracy estimates.

ECR Orbit RMSE (mm) MAE (mm)  Correlation p Value
Bigge 1 Ascending 227 2.10 0.467 1.4797 x 101
Descending 7.34 6.83 0.087 7.9968 x 10
Bigge 2 Ascending 3.81 3.31 0.649 3.0685 x 102
Descending 4.16 3.08 0.421 2.2549 x 10!
Sorpe Ascending 4.61 4.11 0.483 8.0919 x 10
Descending 4.02 3.09 0.097 7.6534 x 101
Verse Ascending 3.66 3.34 0.493 2.1452 x 10
Descending 3.45 2.42 0.123 7.7194 x 10!
Lister Ascending 3.30 2.93 0.575 3.9614 x 102
Descending 7.37 6.69 0.158 6.0514 x 10!
N Ascending 1.14 0.91 0.442 4.9684 x 103

Mohne .

Descending 5.87 4.36 -0.134 8.0077 x 10!

Figure 9 shows the comparison with the daily plumb line measurements for the
Mohne Dam. Since PSI measures in LOS geometry, ascending and descending time series
may show opposite patterns when deformation contains a strong horizontal component.
This expected contrast is only partly visible in the present case. The high temporal resolu-
tion of the plumb data allows for a detailed tracking of the deformation patterns. Both
datasets display consistent medium-term trends and characteristic plateaus. At the Mohne
Dam, the time series begins only in early 2024, consistent with the delayed availability of
a functioning ECR. The comparison with plumb-line measurements shows that the de-
scending geometry exhibits a visually stronger agreement than the ascending geometry.
Nevertheless, these statistics must be interpreted with caution because the PSI values rep-
resent LOS displacement, whereas the plumb line records radial deformation. The differ-
ences in measurement geometry influence both amplitude and correlation and can there-
fore affect the RMSE values reported here (ascending = 2.10 mm; descending = 2.89 mm;
correlation ascending = 0.65; descending = 0.10).
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Figure 9. LOS deformation of the analyzed ECR at the Mohne Dam in the ascending and descending
tracks, statistically validated against plumb measurements; summary statistics of agreement are

included.

4.3. Web-Based Application and Data Accessibility

Figure 10 shows the user interface and several core functions of the web-based ser-
vice. Figure 10A provides an overview of the Ruhrverband study area, which also serves
as the default start extent. The map layout is easy to use and includes adaptive elements
such as a dynamic legend, a small-scale map, and per-layer transparency controls for tar-
geted interaction.

Figure 10B illustrates the download functionality, which supports bulk download for
freely selectable, user-defined areas as well as single-point downloads, as shown in Figure
10C,D. For a single PS point (Figure 10C), the associated time-series chart can also be
downloaded. The same applies to the comparison of two PS points (Figure 10D), where
descriptive statistics are additionally provided to enable direct comparisons between dif-
ferent parts of a dam or, for example, between two points from different viewing geome-
tries (ascending/descending).
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Figure 10. Overview of the main functions (A) General overview, (B) Bulk download (C) PS illus-

tration and download, (D) PS comparison and download.

5. Discussion
5.1. Assessment of Amplitude Stability

A meaningful PSI analysis over multiple years requires high temporal coherence. For
the ECR time series, assessing signal stability is therefore essential and must precede the
interpretation of deformation values. As shown in Section 4.1, the activated ECRs provide
a strong and clearly distinguishable trihedral signature that remains consistently stable
over time, whereas the surrounding dam surfaces exhibit substantially lower and more
variable backscatter levels, reflected by the background backscatter observed during pe-
riods when the ECRs are inactive (Figure 5). Beyond this general contrast, several system-
atic differences between ascending and descending tracks emerge. Atmospheric condi-
tions at the time of the Sentinel-1 overpasses may contribute to the offsets observed be-
tween ascending and descending backscatter levels in the ECR time series (Figure 5). The
descending acquisitions take place in the morning, while ascending passes occur in the
evening, a timing difference known to influence backscatter in vegetation and surface-
moisture studies [74,75].

However, several-decibel differences between the two tracks are also consistent with
acquisition geometry. Differences in incidence and azimuth angles including azimuthal
anisotropy effects, can introduce systematic track-dependent offsets in Sentinel-1
backscatter time series [76,77]. The magnitude of these geometry-related effects depends
on the applied radiometric processing. When backscatter is normalized to y° and radio-
metrically terrain-corrected, the influence of incidence angle and local topography is re-
duced. In contrast, (3° or o products without angular normalization retain a stronger de-
pendence on viewing geometry, which can lead to persistent per-track backscatter offsets
[78]. Given the high radiometric accuracy and long-term stability of Sentinel-1, such per-
sistent differences between ascending and descending backscatter levels are therefore
more plausibly explained by acquisition geometry and normalization choices than by in-
strumental drift [79,80].

For ECRs, boresight alignment and orientation relative to each track may addition-
ally favor one viewing geometry, affecting the effective Radar Cross Section (RCS) and
thus the amplitude levels [81,82]. Weather-related perturbations are expected primarily
during precipitation events and are unlikely to explain long-lived track-wise differences
on their own [83]. In summary, the consistently high signal levels and low dispersion val-
ues observed for all ECR installations indicate excellent conditions for subsequent PSI
analysis and provide a robust basis for interpreting the deformation time series presented
in Section 4.2.
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5.2. Assessment of Deformation Quality

The results presented in Section 4.2 demonstrate high internal consistency of the
ECR-derived PSI time series across both observation windows and both viewing geome-
tries. This consistency is in line with the millimeter-level sensitivity reported in the InNSAR
literature for infrastructure monitoring under comparable processing standards, where
key influencing factors include PS selection, network formation, referencing, and atmos-
pheric correction [84]. The following discussion interprets the observed deformation pat-
terns and orbit-dependent differences in the context of these established findings.

As shown in Section 4.2, the PSI displacement time series from the 24- and 31-month
processing windows exhibit very high agreement, indicating that the ECR-derived signals
are stable across different temporal extents and scene counts. The small residual differ-
ences between the 24- and 31-month solutions, including periods with overlapping acqui-
sitions, are to be expected. They arise from the use of slightly different interferogram net-
works, variations in reference-point selection, differences in atmospheric phase estima-
tion, and minor deviations in unwrapping paths. These factors lead to subtle, but meth-
odologically consistent, differences in the reconstructed phase histories despite the overall
high agreement. A slight drift between the 24- and 31-month solutions is visible at the
Mohne ECR. This behavior is expected because the ECR became operational considerably
later than at the other sites, resulting in a shorter effective time span, sparser early time
interferogram connections, and a different Atmospheric Phase Screen (APS) estimation.
Together with changes in reference-point selection and unwrapping paths between the
two windows, these factors can introduce small systematic offsets despite high overall
consistency. This internal consistency provides a solid basis for interpreting the remaining
differences observed between ascending and descending tracks, which mainly reflect ge-
ometry-driven projection effects rather than processing uncertainty.

The conservative StaMPS parameter configuration adopted in this study further con-
tributes to the observed stability and consistency of the ECR-derived deformation time
series. In particular, the reduced max_topo_err threshold limits the inclusion of spatially
offset PS candidates caused by sidelobe effects around strong artificial reflectors. A dedi-
cated methodological investigation demonstrated that relaxed topographic error thresh-
olds can substantially increase apparent PS density around electronic corner reflectors,
but at the expense of spatial ambiguity and increased phase noise, whereas stricter thresh-
olds improve the robustness and interpretability of the resulting deformation signals [83].
In the context of operational dam monitoring, this quality-driven trade-off is considered
preferable to maximizing point density.

Differences in PSI-derived displacements between ascending and descending geom-
etries primarily result from the measurement geometry itself. PSI measures displacement
in the radar line of sight, which differs between the two orbits in azimuth and incidence
angle. As shown by Ziemer et al. [45], the projection of radial dam deformation into Sen-
tinel-1 LOS typically reduces the observable displacement by a factor of approximately
0.3-0.6 for ascending tracks and 0.2-0.5 for descending tracks, depending on dam orien-
tation and viewing geometry. These attenuation factors quantitatively illustrate that iden-
tical physical deformation can appear substantially different in the two orbits.

An identical 3D displacement vector is therefore projected differently onto the line of
sight in each orbit: vertical components contribute similarly in both, whereas east-west
motion components change sign and amplitude, and north—-south components exhibit low
sensitivity [71,85]. Additional azimuth- and angle-dependent effects, together with the
specific orientation of each dam relative to the satellite heading, further modify how radial
or lateral deformation projects into the LOS. Dams that are aligned more parallel or per-
pendicular to the LOS therefore show systematically different attenuation behavior, com-
plicating direct orbit comparison.
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In addition to geometric projection effects, orbit-dependent differences in defor-
mation consistency are also influenced by atmospheric conditions. Ascending and de-
scending Sentinel-1 acquisitions are performed at different local times, with descending
passes typically occurring in the morning and ascending passes in the evening. Diurnal
variations in temperature and humidity can lead to systematic differences in tropospheric
delay, which may not be fully captured by standard APS estimation and can therefore
affect deformation consistency between orbits, particularly at individual sites [74,75,84].
Such orbit-dependent atmospheric effects have been reported in previous InSAR studies
and are known to introduce residual phase artifacts even in multi-temporal analyses [71].

Furthermore, local topographic and structural effects play an important role in dam
environments. The geometry of dam bodies, adjacent slopes, and reservoir surfaces can
cause orbit-specific shadowing, layover, and partial occlusion of radar targets, leading to
variations in signal quality and phase stability between ascending and descending view-
ing geometries [76,77,86]. These effects are particularly pronounced for large or complex
structures, where small changes in incidence angle and azimuth can substantially alter the
effective radar illumination of the dam surface and the reliability of phase measurements.
Similar geometry-driven differences between satellite tracks have been reported for infra-
structure and terrain with strong relief, emphasizing that orbit-dependent discrepancies
are an inherent characteristic of spaceborne InNSAR observations [71,86].

When comparing PSI with plumb-line measurements, it must be noted that PSI ob-
serves LOS displacement, whereas the plumb line records radial deformation. These ge-
ometries are not equivalent: a positive LOS signal indicates motion toward the satellite
and may only partially represent radial movements, depending on the dam orientation.
Consequently, amplitude differences between PSI and plumb-line curves are expected.
Ascending and descending tracks differ further in their projection of radial deformation
into the LOS direction, which can cause one orbit to show better agreement than the other.
A fully consistent comparison would require projecting the plumb-line measurements
into the satellite line of sight or decomposing the PSI results into vertical and horizontal
components. Such transformations were not applied in this study, as they would require
additional assumptions on deformation direction and geometry that are not consistently
available across all sites and measurement types. Instead, the comparison is intended to
assess consistency, temporal behavior, and order of magnitude. Consequently, RMSE and
correlation values should be interpreted with caution and in the context of these method-
ological constraints.

Additional radiometric effects can further modulate the ascending—descending dif-
ferences. Although normalization to v° and radiometric terrain correction reduce angle-
and topography-related variability, residual azimuthal anisotropy and incidence-angle
dependence are still known for Sentinel-1 [76-78]. Near-structure effects such as layover
and multipath, which are pronounced at dams due to water surfaces and orthogonal
walls, can additionally alter amplitude and phase in a geometry-dependent way. Given
the high long-term radiometric stability of Sentinel-1 [87], persistent orbit-wise offsets are
therefore best explained by geometry- and normalization-related factors rather than in-
strument drift.

Target- and instrument-related aspects also play a role: slight deviations from opti-
mal ECR orientation, temperature-dependent amplification, timing or frequency stability,
and transmission interruptions affect signal strength and phase noise, while sidelobes can
generate additional PS points nearby [36-38,41,88,89]. Complementary studies on passive
corner reflectors in complex terrain confirm the importance of geometry, reflector size,
orientation, and site selection for achieving high RCS and robust signal-to-clutter ratios
[28,90]. A joint evaluation of ascending and descending results, optionally constrained by
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GNSS observations, allows decomposition into vertical and east-west components and
thus enhances interpretability [86].

The representativeness of the validation is limited by the small number and non-
colocation of trigonometric measurements, their low temporal frequency, and differing
start and end dates of the time series. Over the 31-month observation period, the total
number of trigonometric measurements remains in the single-digit range for some dams,
limiting statistical significance.

A systematic offset is visible at several dams, where trigonometric measurements
show larger deformation amplitudes than the PSI-derived values. This behavior is ex-
pected for several reasons: (i) trigonometric data capture horizontal displacement compo-
nents directly, whereas PSI measures only the line-of-sight projection, which reduces am-
plitudes when deformation is not aligned with the LOS; (ii) local geometry at dam crests
and abutments can amplify lateral movements that are only partially visible in PSI; (iii)
differences in spatial sampling (point-based surveys versus distributed radar footprints)
may lead to comparing non-identical structural elements; and (iv) the small number of
trigonometric survey epochs increases statistical variability. These factors explain why in
situ amplitudes tend to be higher than their PSI counterparts, even when seasonal patterns
and relative trends match well. Accordingly, harmonization of measurement epochs, in-
creased survey frequency, or a longer observation period would improve reliability.

The radial component of the trigonometric data captures only the horizontal compo-
nent of deformation, while the vertical component is not included. However, at embank-
ment dams, vertical movements often represent a major share of the total deformation
[56-61]. Because deformation at embankment dams typically involves a site-specific com-
bination of horizontal and vertical motion, direct comparison with the radial component
of trigonometric measurements is therefore less conclusive than for gravity dams [56-61].
The comparison with plumb-line data at the Mohne Dam benefits from the high temporal
resolution: daily sampling enables closer temporal coincidence with Sentinel-1 acquisi-
tions, reduces aliasing effects, and increases the number of matching observations. In the
present dataset, these factors lead to a somewhat more stable alignment of medium-term
trends, although the resulting correlations remain moderate and therefore must be inter-
preted with caution [71].

For operational implementation, it is therefore essential to define minimum data re-
quirements, such as sufficient scene density per year and orbit, maximum tolerable data
gaps, and practical thresholds for alerting or notification [91].

For geodetic anchoring and reliable accuracy assessment, the co-location of passive
CRs and GNSS stations is advisable, while potential GNSS multipath effects caused by
nearby reflectors need to be considered [92,93]. For large-scale comparability and contex-
tual evaluation, the EGMS framework provides a useful reference for applications and
quality standards [94].

Field tests with active transponders and electronic reflectors have shown that com-
pact active devices can produce stable time series over extended periods, although tem-
perature dependence and occasional outages remain practical constraints [88,89]. Our re-
sults confirm these findings under operational dam conditions: all installed ECRs pro-
vided high and persistent backscatter levels, and PSI identified at least one coherent PS
per reflector in both viewing geometries. Only isolated outages affected the temporal con-
tinuity at some sites.

Compared to passive CRs, which require careful sizing and alignment to ensure a
sufficient radar cross section [28,90], the compact ECR design proved advantageous in the
present dam studies, where access, safety, and visibility constraints limit the deployment
of bulkier passive structures. In these settings, ECRs substantially improve the availability
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of stable reference points on dam bodies and abutments, particularly where natural per-
sistent scatterers are sparse.

To place these results in a broader context, the obtained accuracy metrics can be com-
pared with benchmark values reported in the InNSAR literature. For Sentinel-1, systematic
comparisons with GNSS and precise leveling have been reported, indicating standard de-
viations of vertical velocity differences of about 9 to 10 mm/year relative to GNSS and
approximately 8 mmy/year relative to leveling data. A good agreement between PSI and
Small Baseline Subset (SBAS) has also been demonstrated, with standard deviations of
rate differences of about 6 mm/year (vertical) and 4 mm/year (east-west) [95,96]. In this
study, the level of agreement between PSI-derived and in situ measurements falls within
the range of error magnitudes commonly reported for Sentinel-1-based deformation mon-
itoring. RMSE values of 2 to 5 mm for the trigonometric validation and 2 to 3 mm for the
plumb-line comparison are consistent with these ranges when interpreted in the context
of the known geometric and methodological limitations of the comparison.

Additional inter-comparisons and benchmarking studies show that Sentinel-1-based
InSAR products, when processed consistently, achieve comparable accuracy levels, in
some well-observed regions even reaching standard deviations of <2 to 3 mm/year [26,97],
indicating that the ECR-based PSI results achieve accuracy levels consistent with, and in
several cases approaching, those reported in benchmark studies.

For corner reflectors, several validation studies exist. Five-year CR time series have
been used for quality control of the INSAR phase, demonstrating stable, millimeter-accu-
rate temporal evolution [98]. Controlled experiments with artificially induced millimeter-
scale displacements on dihedral reflectors confirmed that InNSAR can reproducibly detect
such displacements, achieving sub-millimeter precision under favorable conditions [99].
Active transponders and ECRs have been operating in field tests for more than a year,
yielding consistent, cross-track Sentinel-1 time series that confirm their suitability as stable
reference targets for geodetic INSAR applications [88]. Studies on the joint use of CRs and
geodetic benchmarks highlight that co-locating CRs with GNSS stations facilitates the as-
sessment of accuracy and integration into a stable reference frame [99]. These findings are
consistent with recent work demonstrating the successful deployment of ECRs in dam en-
vironments, confirming both their high signal stability and their operational feasibility [44].

Temperature sensitivity represents a potential limitation of electronic corner reflec-
tors, particularly over long observation periods and under pronounced seasonal varia-
tions. In the present study, temperature-induced phase variations are not explicitly cor-
rected, but their impact is implicitly reduced through multi-temporal PSI processing and
the use of network-based phase estimation. The good agreement between ECR-derived
deformation time series and independent plumb and trigonometric measurements sug-
gests that residual temperature effects do not dominate the observed deformation signals
at the investigated sites. Nevertheless, dedicated temperature compensation strategies
may further improve robustness in environments with extreme thermal conditions.

In summary, these results emphasize that ECR-based PSI can achieve accuracy levels
comparable to established geodetic techniques when supported by consistent processing,
adequate temporal coverage, and proper installation design. This positions ECRs as a re-
liable and practical extension of conventional monitoring networks for long-term, satel-
lite-based infrastructure surveillance. At the same time, maintenance and power supply
requirements represent practical limitations that must be considered in operational de-
ployments. Under suitable logistical conditions, however, ECRs can extend PSI applica-
bility to locations where passive reflectors are not feasible.
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5.3. Advantages of the (On-Demand) Web Service

The presented web service constitutes the concluding element of a comprehensive
investigation concept that complements DIN-compliant monitoring programs for dams
and other critical infrastructures. Rather than replacing established, norm-based instru-
mentation, it augments routine practice with standardized satellite-based PSI products,
including CR Index and PS measurements based on ECRs, delivered in a consistent and
operator-focused workflow.

Compared to broad, centralized platforms (e.g., BBD, EGMS) [5-7], the service fol-
lows a local, asset-level approach. Operators retain data sovereignty, can integrate their
own datasets, and generate timely PSI updates. Interactive time-series plots, direct com-
parison of multiple PS points (including basic statistics), polygon-based bulk export, and
shareable map states support day-to-day assessments and reporting. For the Ruhr-
verband, seamless handover is ensured via one-click downloads in a Ruhrverband-com-
patible format and optional scheduled conversions, enabling smooth integration into ex-
isting environments with minimal overhead. This functionality can be easily extended to
other operators.

The representation is scientifically conservative by default: Line-of-Sight remains the
primary visualization in line with recent findings, while motion-decomposed products
(e.g., radial, vertical, horizontal) will be offered in upcoming updates of the application,
only where they add demonstrable value and are clearly labeled. Additional motion-de-
composed or derived layers can be brought in via Python-based ingestion and conversion
scripts, which also validate inputs, update the data index, and standardize presentation.

Software architecture yields an extensible solution that other dam operators or oper-
ators of critical infrastructure can adopt rapidly, by adding new areas, sources, or export
profiles, while keeping outputs reproducible and compatible with existing, DIN-aligned
monitoring programs. In summary, the service operationalizes PSI (including CR Index
[44] and PSI-ECR) as a maintainable, operator-centric complement to established meas-
urement regimes.

A public release of the software is planned in a later project phase. The current pro-
totype cannot be published because it contains integrated in situ measurements from the
Ruhrverband, which constitute sensitive operational data. A dedicated release version
will therefore be prepared that excludes these datasets and provides a generalized inges-
tion interface, allowing dam operators to integrate their own monitoring data into the
system. This will facilitate the transfer of the presented workflow to additional infrastruc-
ture operators.

6. Conclusions

This study extends previous research on satellite-based dam monitoring by establish-
ing a comprehensive and operational monitoring concept for dam infrastructure. The ECR
installations proved to be technically feasible and delivered stable, interpretable time se-
ries that could be directly compared with in situ data. The analyses demonstrated that
ECRs provide stable, high-quality reference points in scatterer-poor dam environments,
thereby ensuring reliable PSI measurements where natural persistent scatterers are lim-
ited and thus provide an effective means of integrating artificial reference points into rou-
tine monitoring workflows. Specifically, all six installed ECRs exhibited consistently low
Amplitude Dispersion Index values (ADI < 0.4) over observation periods of up to 31
months, confirming their suitability as stable radar targets for multi-year C-band PSI. The
internal consistency of deformation time series across two processing windows (24 and 31
months) was high, with correlations exceeding 0.9 and RMSE values typically below 0.5
mm at most sites, demonstrating the reproducibility of the ECR-derived deformation sig-
nals under operational conditions.
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A quantitative accuracy assessment confirms that the achieved precision of the ECR-
based PSI measurements is within the performance range expected for Sentinel 1 defor-
mation monitoring. Validation against trigonometric measurements yields Root Mean
Square Error values of typically 2 to 5 mm, while comparisons with plumb line data show
RMSE values of approximately 2 to 3 mm. These accuracy levels align with published bench-
marks for Sentinel 1-based InSAR analyses and confirm that the proposed monitoring con-
cept provides deformation estimates consistent with established geodetic techniques.

Beyond the hardware perspective, the project outcomes were consolidated in a web-
based service that makes all processed PSI results, including ECR-based time series, avail-
able to dam operators. This service provides user-friendly access to interactive time series,
displacement maps, and supplementary indices, thereby facilitating the interpretation of
complex InSAR products for practical decision making. By combining multiyear PSI anal-
yses, engineered reflectors, and a dedicated web platform, the presented workflow repre-
sents a comprehensive monitoring framework tailored to the needs of dam safety man-
agement. To our knowledge, this constitutes the first operational PSI service integrating
ECR-based deformation time series with site-specific web visualization and standardized
download capabilities designed for dam operators. The service complements existing
large-scale ground motion products such as BBD and EGMS by providing site-specific
analyses at ECR locations that are not covered by national-scale platforms.

The findings underline the relevance of remote sensing as a complementary tool for
infrastructure surveillance. The developed methodology not only supports dam operators
in NRW, Germany, but also provides a transferable foundation for other operators and
water authorities worldwide. In light of climate-driven stressors such as prolonged
droughts and extreme precipitation, reliable monitoring strategies will gain further im-
portance. The present study demonstrates that the integration of ECR-supported PSI into
operational workflows is technically feasible, produces deformation estimates consistent
with in situ geodetic techniques, and can be delivered through accessible, operator-ori-
ented platforms. These results provide a concrete and quantitatively validated basis for
the broader adoption of Earth Observation in dam safety management.
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Figure A1. Descending-track LOS deformation of the analyzed ECRs, statistically validated against
trigonometric measurements; summary statistics of agreement are included. (A) Bigge 1; (B) Bigge
2; (C) Sorpe; (D) Verse; (E) Lister; (F) Mohne.
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