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Abstract: Multi-temporal synthetic aperture radar interferometry (MT-InSAR) has evolved
from a niche research technique into a powerful global monitoring tool. With the launch
of nationwide and continent-wide ground motion services (GMSs), freely available de-
formation data can now be analyzed on a large scale. However, their applicability for
monitoring critical infrastructure, such as dams, has not yet been thoroughly assessed, and
several challenges have hindered the integration of MT-InSAR into existing monitoring
frameworks. These challenges include technical limitations, difficulties in interpreting
deformation results, and the rigidity of existing safety protocols, which often restrict the
adoption of remote sensing techniques for operational dam monitoring. This study eval-
uates the effectiveness of persistent scatterer (PS) data from the German ground motion
service (Bodenbewegungsdienst Deutschland, BBD) in complementing time-consuming in situ
techniques. By analyzing a gravity dam in Germany, BBD time series were compared with
in situ pendulum data. We propose a two-stage assessment procedure: First, we evaluate
the dam’s suitability for PS analysis using the CR-Index to identify areas with good radar
visibility. Second, we assess the interpretability of BBD data for radial deformations by
introducing a novel index that quantifies the radial sensitivity of individual PS points on
the dam. This index is universally applicable and can be transferred to other types of infras-
tructure. The results revealed a fair correlation between PS deformations and pendulum
data for many PS points (up to R2 = 0.7). A priori feasibility assessments are essential, as
factors such as topography, land cover, and dam type influence the applicability of the PS
technique. The dam’s orientation relative to the look direction of the sensor emerged as
a key criterion for interpreting radial deformations. For angle differences (∆RAD) of up
to 20° between the true north radial angle of a PS point and the satellite’s look direction,
the line-of-sight (LOS) sensitivity accounts for approximately 50 to 70% of the true radial
deformation, depending on the satellite’s incidence angle. This criterion is best fulfilled
by dams aligned in a north–south direction. For the dam investigated in this study, the
LOS sensitivity to radial deformations was low due to its east–west orientation, resulting in
significantly higher errors (6 mm ≤ RMSE ≤ 43 mm) compared to in situ pendulum data.
Eliminating PS points with an unfavorable alignment with the sensor should be considered
before interpreting radial deformations. For implementation into operational monitoring
programs, greater effort must be spent on near-real-time updates of BBD datasets.
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1. Introduction
As critical infrastructure, dams require regular monitoring to ensure their safe opera-

tion. Depending on their size, a comprehensive measurement setup is installed to mon-
itor deformations over short- and long-term periods. These measurements are typically
conducted using in situ geodetic methods such as pendulum systems and trigonome-
try [1]. Although trigonometric measurements cover the entire dam, field campaigns are
time-consuming and are often conducted only twice a year. Pendulum systems enable
continuous monitoring, usually with one or more measurements per day [2]. However,
they are not installed on every dam and only capture deformations at specific locations
(e.g., in the middle of the crest), which may not be representative of deformation patterns
across other dam sections.

Advancements in multi-temporal synthetic aperture radar interferometry (MT-InSAR)
have addressed these challenges by combining temporally dense time series with a high
number of observation points. Interferometric techniques, such as the persistent scatterer
interferometry (PSI), enable the monitoring of deformations with millimeter-level precision.
With the implementation of ESA’s Sentinel-1 (S-1) data into nationwide ground motion
services (GMSs), persistent scatterer (PS) time series are now freely available as analysis-
ready datasets. In Germany, the German ground motion service (Bodenbewegungsdienst
Deutschland, BBD) provides data spanning from 2015 to 2021 [3]. With revisit intervals
ranging from 6 to 12 days, the BBD offers valuable insights into the structural behavior of
dams and their long-term deformation characteristics.

1.1. MT-InSAR Employed for Dam Monitoring in Scientific Studies

MT-InSAR has evolved from a niche technique to a valuable monitoring tool, with its
effectiveness in deformation analysis demonstrated on embankment dams [4–11], gravity
dams [2,12–16], arch-gravity dams [17], and tailings dams [18,19]. Most of these studies
are based on data that have been individually processed for each analysis. However, due
to time constraints and limited technical expertise, dam operators may prefer analysis-
ready datasets over independently processing PS data. This underscores the necessity
of evaluating the potential of PS time series provided through GMS. Few studies have
focused on the use of analysis-ready PS data for incorporation into operational monitoring
programs. Table 1 shows a selection of recent studies. Even et al. [20] compared the
accuracy of BBD time series with those provided by the European ground motion service
(EGMS) against external leveling and GNSS data, reporting slightly higher biases in the
EGMS data.

Table 1. Selection of studies relevant to this work in the context of MT-InSAR. Some of them utilize
analysis-ready time series as the data source.

Study Analysis-
Ready Data

Research Focus and Relevant Aspects

Milillo et al. 2016 [17] ✗ Deformation Monitoring; Gravity Dam; Radial Deformations
Marchamalo-Sacristán et al. 2023 [10] ✗ Deformation Monitoring; Dam Modeling

Dubois et al. 2024 [15] ✓ Deformation Monitoring; Gravity Dam; BBD
Even et al. 2024 [20] ✓ Accuracy Assessment; BBD; EGMS

Marchamalo-Sacristán et al. 2024 [11] ✗ Challenges for Operational Dam Monitoring; API
Stein et al. 2024 [16] ✓ Deformation Prediction; Gravity Dam; BBD

Marchamalo-Sacristán et al. [11] examined the integration of MT-InSAR with other
monitoring techniques in a pilot monitoring system for embankment dams in Spain. While
this study focused primarily on developing an application programming interface (API)
for operational monitoring, it did not consider analysis-ready PS data. Dubois et al. [15]
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investigated the deformation of a gravity dam in Germany using S-1 data from the BBD.
The recent nature of these studies highlights the increasing efforts in this field; however, PS
data have not yet been integrated into operational monitoring procedures.

1.2. Challenges for Incorporation into Operational Monitoring Programs

Although the potential of PSI for dam monitoring has been well researched, several
challenges have so far hindered the integration of this technique into existing monitoring
methods [11]. These challenges include administrative and technical barriers related to
data processing, interpretation, and integration:

1. Lack of interoperability: The rigidity of existing monitoring procedures presents a
considerable challenge, as they may not be easily adaptable to new technologies. This
includes discrepancies in data formats and incompatibility with different monitor-
ing software. Standardization of data formats is crucial to fully leverage advanced
technologies such as PSI [11].

2. Lack of interpretability: One of the primary challenges for dam operators is the in-
terpretation of PS-derived deformations, which are measured in the sensor’s line
of sight (LOS) [21,22]. Since LOS deformations include both vertical and horizontal
displacement components, direct comparison with pendulum data, acquired radi-
ally to the dam, is challenging. Given that the highest deformation on a gravity
dam typically occurs perpendicular to the dam crest, PS data must be converted
to ensure comparability with in situ measurements, improving interpretability for
dam operators.

3. Lack of standardized workflows: For effective implementation, the benefits and
limitations of PSI for dam monitoring must be more clearly defined. Since PSI appli-
cations are highly case-specific, greater effort is required to assess their feasibility for
individual dams. The development of standardized guidelines could facilitate this
assessment, addressing aspects such as

• A: Assessment of topography: Steep slopes and other topographic features can
influence the applicability of PSI due to the sensor geometry (e.g., layover, fore-
shortening, shadow). Therefore, it is crucial to evaluate the impact of topography
prior to analysis.

• B: Assessment of land cover: Different land cover types affect the number of
detected PS points. Temporal coherence is usually low in vegetated areas, making
PSI applications more challenging.

• C: Assessment of dam type: Since the number of PS points is essentially depen-
dent on the material properties of the building, the dam type is one of the key
factors for successful PS analysis. In contrast to gravity or arch dams, typically
made of masonry or concrete, embankment dams are built on various composi-
tions of rock or soil, often covered by vegetation. This can limit the detection of
PS points.

• D: Assessment of dam orientation: The dam’s orientation relative to the sensor’s
look direction is one of the most important criteria for interpreting PSI-derived
deformations. Most satellites used for infrastructure monitoring, such as Cosmo-
SkyMed, TerraSAR-X, and Sentinel-1 operate with an east–west-looking direction.
Consequently, dams oriented north–south provide the highest sensitivity for
detecting deformations perpendicular to their crest.

1.3. Research Approach

This study evaluates the potential of BBD-provided PS time series for interpreting
radial deformations on a gravity dam and comparing them to traditional in situ pendulum
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data. We propose a two-stage assessment procedure: First, we analyze the selected dam
concerning key factors such as topography and land cover to determine its suitability for
PS analysis. Second, we assess the interpretability of radial PS time series for comparability
with pendulum data, highlighting the impact of dam orientation on PS time series accuracy.
By introducing a novel index applicable to various types of infrastructure, the sensitivity of
LOS measurements to radial deformations can be effectively assessed. To the best of our
knowledge, this study is the first to assess the feasibility of incorporating freely available,
analysis-ready PS data from the BBD into the monitoring program of gravity dams.

2. Study Site and Data
2.1. Study Site

This study was conducted on the Ennepe Dam, a 50 m high arched gravity dam with
a crest length of 320 m. It is located in the Sauerland region, North Rhine-Westphalia, Ger-
many. The middle of its downstream side is oriented towards the north (radial orientation:
10°). The Ennepe Dam serves the water supply of the Ruhr area and plays a vital role in
flood protection and low water elevation [23]. The dam is operated and monitored by the
Ruhrverband, a non-profit-oriented water management company. Its monitoring setup
consists of 40 trigonometric measurement points and two pendulum systems (PL1 and
PL2), located on the two towers in the middle of the dam crest (Figure 1).

2.2. Data

This study covered more than six years, spanning from April 2015 to December 2021.

2.2.1. Topography and Land Cover Information

To assess the topographic conditions and land cover of the dam, we utilized a high-
resolution digital elevation model (DEM) with a 1-m spatial resolution, provided by the
Geodata Infrastructure North Rhine-Westphalia (GDI-NRW) [24]. Additionally, freely
available land cover data from GDI-NRW were incorporated into the analysis [24].

2.2.2. German Ground Motion Service (BBD)

The BBD provides high-resolution, nationwide monitoring of ground movements
across Germany. Operated by the Federal Institute for Geosciences and Natural Resources
(BGR), it delivers PS-based deformation data derived from ESA’s Copernicus S-1 satellites.
The raw data are processed using a PSI processor specifically optimized for large-area
analysis by the German Aerospace Center (DLR), and made available as wide-area products
(WAPs) [25–27] on a WebGIS. Each dataset is filtered applying a temporal coherence
threshold for quality assurance. For calibration and validation, external GNSS data are
utilized [28]. The time series data are freely accessible from both ascending and descending
orbits in the sensor’s line of sight. In addition, the BBD provides products related to vertical
and east–west displacements, available on a 50 m² grid [3]. All datasets can be downloaded
in standard formats (.csv/.gdb) at no cost. The S-1 satellites offer a high temporal resolution,
with revisit times ranging between six and 12 days [28]. The deformation data are updated
annually by BGR, with each update extending the dataset by one year. Further details on
BBD’s WebGIS platform can be found in Kalia et al. [28].

In this study, all available PS LOS data from April 2015 to December 2021, acquired in
both ascending and descending orbits, were utilized. Table 2 summarizes the characteristics
of the datasets, which were provided with a temporal coherence threshold of >0.75.



Remote Sens. 2025, 17, 1202 5 of 20

Figure 1. Characteristics of the Ennepe Dam: (A) Cross section (adapted by [23]). (B) Downstream
side of the dam as viewed from the west section and (C) on a digital orthophoto. The location of the
pendulum systems is marked in orange. Orthophoto: GDI-NRW [24], EPSG: 25832.

Table 2. Characteristics of the S-1 data stacks utilized in the analysis [3].

Orbit/Stack-
ID No. Scenes Polarization Incidence

Angle (°)
Look Angle

(°)

Ascending 015-06 354 VV 36 84
Ascending 088-02 361 VV 45 84
Ascending 088-03 364 VV 45 84
Descending 037-04 363 VV 31 276
Descending 139-07 362 VV 40 276
Descending 139-08 352 VV 40 276

2.2.3. In Situ Data

In situ data recorded by two pendulum systems at the center of the dam were utilized.
These systems measure radial deformation data perpendicular to the dam crest, providing
a detailed representation of movement in these dam sections. The pendulum data were
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provided by the Ruhrverband in a daily resolution. Additionally, trigonometric data
spanning several decades were available. However, due to time-consuming field campaigns,
these data are acquired only biannually, limiting their temporal resolution to only 14
recordings within the study period. Therefore, they were not used for comparison with PS
data. To determine the radial angle of each PS point on the dam, the coordinates of the circle
center defining the dam’s alignment were obtained from the Ruhrverband using TIM-online,
a publicly accessible web application provided by the state of North Rhine-Westphalia for
geospatial data visualization [29].

3. Methods
The methodology is divided into two sections: First, we introduce an index for assess-

ing the general feasibility of a dam for PS-based monitoring with regard to topography and
land cover. Second, we describe the methodological procedure for converting LOS data
into radial deformation time series. In addition, we develop a metric for evaluating the
sensitivity of LOS measurements to radial deformations depending on dam orientation.

3.1. Evaluation of Topography and Land Cover: The CR-Index

To assess the feasibility of a PS-based monitoring strategy for individual dams, the
CR-Index was used, incorporating information on topography and land cover. The CR-
Index enables the pixel-wise identification of areas with good radar visibility by assigning
probabilistic values for detecting PS points [30,31]. It consists of two components, land
cover information and the R-Index. The R-Index is calculated as follows:

RIndex = − sin[S · sin(AS1)]− sin(θS1) (1)

where S represents the slope (i.e., the steepness of the land surface), θS1 denotes the S-1
incidence angle [32], and AS1 is the local aspect angle of the S-1 flight path in the ascending
(AAsc) or descending direction (ADesc), respectively. The complete derivation for both
trajectories is provided in Appendix A Equations (A1) and (A2). Table 3 presents the range
of index values along with the corresponding class descriptions [30].

Table 3. Range of R-Index values along with the corresponding class descriptions (adapted from [30]).

Value Description

−100–0 No PS: layover or shadowing effects
1–30 Few PS: foreshortening; strong pixel compression
31–50 Medium PS: medium slope
51–75 Many PS: good slope

76–100 Many PS: excellent slope

By combining the R-Index visibility map with additional land cover information,
the CR-Index is derived. In this study, we used the CR-Index to assess the likelihood of
detecting PS points on the Ennepe Dam using BBD S-1 data. Values greater than 75 indicate
excellent preconditions for PS analysis. We followed the same approach proposed by Notti
et al. [30], adapted from Jänichen et al. [32]: a land use index (LUI) specifically tailored
to Germany was developed, addressing the limitations of existing LUI values for Great
Britain, which cannot be directly applied due to differing land cover classifications. Detailed
information about this adaption can be found in Jänichen et al. [32]. The waterbody of the
reservoir was masked prior to analysis.

3.2. Converting PS LOS Data to Radial Deformation Time Series

MT-InSAR measures deformations in the LOS geometry of the satellite. This geometry
is defined as the projection of a 3D displacement vector d, with deformation components dn,
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de, and du in the north, east, and up directions, respectively, into the LOS direction [33]. The
complete relationship between these components is provided in Appendix A Equation (A3).
A conversion from a single LOS direction (dLOS) to a displacement d, corresponding to the
expected direction of the detected movement, is performed as follows [34,35]:

d[mm] =
dLOS

cos(αV) · cos(θS1) + sin(αV) · cos(∆RAD) · sin(θS1)
(2)

where αV represents the angle between the vertical direction and the true deformation
direction. The angular difference between the true north radial angle of a detected scatterer
(αRAD), and the S-1 look direction (φS1) is referred to as ∆RAD. Its values range between 0°
and 90° and are determined as follows:

∆RAD = |αRAD − φS1| (3)

On gravity dams, the highest proportion of movement is generally expected in the
horizontal plane compared to the vertical component [2,36]. For the Ennepe Dam, this
assumption was confirmed by trigonometric measurements, which indicated no significant
vertical deformation within the study period [37]. Consequently, the S-1 LOS data could be
converted to purely horizontal deformations (dHOR) by neglecting the vertical component
(i.e., αV = 90°). As a result, Equation (2) simplifies to Equations (4) and (5):

dHOR[mm] =
dLOS

sin(θS1)
(4)

We followed a similar approach proposed in Jänichen et al. [2]. However, we defined the
LOS displacement as a projection of the true radial deformation, rather than vice versa.
Importantly, this conversion is only valid if the displacements in one of the two dimensions
are sufficiently small to be neglected [38,39].

Since the Ennepe Dam was built as a gravity dam with an arched crest, the orientation
of the axes varies for each PS point, leading to variations in the angle between the true north
and the radial axis [2]. To derive the true radial deformation (dRAD) from the horizontal
deformation component, we applied the following conversion:

dRAD[mm] =
dHOR

cos(∆RAD)
(5)

Figure 2 illustrates all relevant conversions between LOS geometry and the true radial
deformation of a dam.

Descriptive statistics, including root mean square error (RMSE) and mean absolute
error (MAE), were used to compare radial PS data with pendulum measurements. All
PS points located near the two pendulum systems (i.e., <50 m) were analyzed. Outliers
in the time series of each PS point were filtered using the 1.5 interquartile range of the
dataset’s distribution. Since BBD data and pendulum measurements were not acquired on
the same dates and had different temporal resolutions, only pendulum data corresponding
to the acquisition dates of the PS time series were used. Finally, linear regression analysis
was performed.
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Figure 2. Relationship between true radial dam deformations and their projection onto the LOS
geometry of the sensor: (A) Variations in ∆RAD (blue) as a function of the true north radial angle of
the corresponding PS point (αRAD, green), and the S-1 look direction (φS1 = 84°, red dashed arrow).
The effect is illustrated for the ascending flight direction. (B) A 3D representation of the projection of
true radial deformations onto the sensor’s LOS geometry [35].

3.3. Evaluating the Sensitivity of PS Data to Radial Dam Deformations

We developed an index to assess the sensitivity of each PS point to radial deformations,
based on its location on the dam. This metric expresses the LOS deformation of a PS point
as a proportion of the true radial deformation (Figure 3). Importantly, LOS measurements
depend primarily on the sensor’s incidence angle and its azimuthal alignment with the true
deformation direction. Since MT-InSAR measures a combination of vertical and horizontal
components, the true deformation amplitude decreases when projected onto the sensor’s
LOS. The sensitivity to radial deformations, referred to as “LOS Sensitivity” in the following,
was derived from the measured LOS deformation.

Figure 3. LOS sensitivity (%) to radial deformations, expressed as a proportion of the true radial
deformation (mm). The sensitivity of deformations projected onto the LOS of the sensor is described
as a function of θS1 and ∆RAD. LOS sensitivity is presented for all datasets used in this study, along
with their corresponding θS1 values.
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As shown in Figure 3, the graphs follow a nonlinear cosine curve, revealing maxi-
mum LOS sensitivity for purely horizontal deformations at shallow incidence angles (i.e.,
θS1 = 45°) and ∆RAD = 0°. Dams oriented perpendicular to the sensor’s look direction
provide the most favorable conditions, resulting in the highest possible sensitivity to ra-
dial deformations. In practical terms, a PS point perfectly aligned with the azimuth look
direction of the sensor at θS1 = 45° exhibits an LOS sensitivity of 71% of the true radial
deformation amplitude. Figure 3 summarizes the LOS sensitivity for all datasets used in
this study, along with their corresponding incidence angles. As θS1 decreases (i.e., steeper
incidence angles), the LOS sensitivity to radial deformations declines to 64% for θS1 = 40°,
59% for θS1 = 36°, and 52% for θS1 = 31°. Notably, LOS sensitivity remains approximately
constant as long as ∆RAD ≤ 20°. The minimum sensitivity occurs at ∆RAD = 90° (i.e., αRAD

is perpendicular to φS1), where LOS sensitivity is 0%, regardless of the incidence angle.
Importantly, the index is not limited to dams but can be applied to other types of in-

frastructure, such as bridges, making it universally applicable for infrastructure monitoring.
Moreover, the index remains consistent for both ascending and descending flight directions
and is independent of the SAR wavelength, as it relies solely on the geometric relationship
between the satellite’s look direction and the orientation of the building.

4. Results
First, the results of the CR-Index are presented and compared to the distribution

of PS points on the dam. Second, the PS time series is analyzed and compared with
pendulum data.

4.1. Feasibility Assessment

A total of 30 PS points were detected on the Ennepe Dam, with 13 in the ascending
direction and 17 in the descending data stacks. Figure 4 shows their distribution on the
Ennepe Dam. With the exception of two PS points in the ascending direction (i.e., ASC
#088-02 & ASC #015-06), all points were located on the crest of the wall.

According to the CR-Index, 9 out of the 13 points in the ascending direction showed
values of 75 or higher. In the descending orbits, this accounted for 95% of all points (16/17).
As evident in Figure 4, notable differences in visibility occurred between the two side
segments of the dam. While the ascending direction performed better in the western
section, descending visibility increased towards the east. These variations can be attributed
to the differing azimuth look angles of the ascending and descending trajectories, which
result in layover or shadowing effects on the dam’s side sections. The western section of the
Ennepe Dam is better aligned with the ascending orbits, whereas the eastern part exhibits
higher visibility with the descending datasets. This pattern aligns with the distribution of
PS points along the crest, where 11 out of the 13 points in the ascending data stacks were
concentrated in the western section. In contrast, 14 out of 17 PS points in the descending
direction were located on the eastern side of the dam. The temporal coherence of the points
ranged from 0.76 to 0.92 in the ascending stacks and from 0.77 to 0.96 in the descending
direction, indicating generally high data quality. Based on these aspects, the dam was
considered suitable for further analysis.
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Figure 4. Feasibility analysis on the Ennepe Dam using the CR-Index: (A) Ascending direction.
(B) Descending direction. Values greater than 75 can be considered ideal for observation. (C) Dis-
tribution of PS points on the dam. Ascending points are shown in cyan, and descending points are
shown in red. The arrows indicate the look direction of the S-1 satellites. The shape of the points
corresponds to their affiliation with the respective data stack. The closest points to PL1 and PL2 are
illustrated with their corresponding ID. Orthophoto: GDI-NRW [24], EPSG: 25832.
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4.2. Sensitivity to Radial Deformations and Time Series Analysis

Figure 5 illustrates the LOS sensitivity to radial deformations for all PS points on the
Ennepe Dam, based on their location along the crest. The maximum LOS sensitivity could
theoretically be achieved in the ascending data stacks at αRAD1 = 84° and αRAD2 = 264°. In
the descending direction, the theoretical maxima occured at αRAD1 = 96° and αRAD2 = 276°.
The difference between the maxima in the ascending and descending datasets was only 12°.

Notably, due to the steeper incidence angles, the theoretical maxima for LOS sensitivity
were generally lower in the descending direction compared to the ascending direction.
As shown in Figure 5, none of the PS points on the Ennepe Dam were located near these
maxima, either in the ascending or descending direction. The maximum LOS sensitivity in
the ascending direction reached 51% of dRAD for two PS points in data stack #088, whereas
the descending values were considerably lower, peaking at 36% of dRAD for two PS points
in dataset #139. Overall, three out of 30 PS points exhibited LOS sensitivities of 40% or
higher. In the descending direction, none of the PS points exceeded 40% sensitivity, making
their interpretation and comparison with the pendulum data challenging. The limited
number of PS points suitable for comparison with radial pendulum data is primarily due
to the dam’s alignment with the satellite sensor, as its crest is oriented from west to east.

Figure 5. LOS sensitivities (%), expressed as the proportion of the true radial deformation (mm),
analyzed for all datasets and their corresponding PS points on the dam: (A) ASC #015. (B) ASC #088.
(C) DESC #037. (D) DESC #139. The theoretical maxima between ascending and descending datasets
differ by 12° in αRAD for congruence. Ascending points are shown in cyan, descending points in red.
The shape of each point indicates its affiliation with the respective data stack.
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Table 4 summarizes the statistics of the PS points analyzed near the two pendulum
systems. Most points exhibited a moderate correlation between the radial PS time series
and the pendulum data. Errors ranged from 6.2 to 43 mm in RMSE and from 5.1 to
34.8 mm in MAE. Notably, the differences between ascending and descending orbits were
remarkable. On PL1, the ascending direction achieved a high correlation of up to 0.7 in R2

and mean absolute errors as low as 5 mm for PS point #48623265. The other PS points in
the ascending direction showed moderate correlations (0.4 ≤ R2 ≤ 0.5) but considerably
higher errors, ranging from 11.6 to 19.4 mm in RMSE and from 9.2 to 15.7 mm in MAE.
This is due to the higher ∆RAD (see Table 4), as errors increase with increasing ∆RAD.
Other contributing factors may include a lower signal-to-noise ratio (SNR) for these points
compared to #48623265. The SNR values for all PS points are summarized in Appendix C
Tables A1 and A2.

Table 4. Descriptive statistics of all PS points close to PL1 (left) and PL2 (right), along with their
corresponding ID (#). The metrics refer to the radial PS time series, using the pendulum data as
a reference. ∆RAD is given in degrees. RMSE and MAE are given in mm. All points indicate a
significant correlation between PS data and pendulum measurements (p < 0.001).

PL1 ∆RAD RMSE MAE R2 PL2 ∆RAD RMSE MAE R2

ASC 015-06
# 10959346 59.6 11.6 9.2 0.4 - - - - -
# 9891920 63.1 13.0 10.2 0.4 - - - - -

# 10958927 73.7 18.2 14.6 0.5 - - - - -

ASC 088-02
# 48623265 53.5 6.2 5.1 0.7 - - - - -
# 48622500 73.1 16.3 13.2 0.5 - - - - -

ASC 088-03
# 53403989 72.4 15.1 12.3 0.5 - - - - -
# 53403990 74.4 19.4 15.7 0.5 - - - - -

DESC 037-04 DESC 037-04
# 7205013 77.1 9.3 7.6 0.4 # 7204749 80.6 43.0 34.8 0.4

DESC 139-08 DESC 139-08
# 63389920 75.7 8.8 7.0 0.2 # 63389743 75.0 20.5 16.7 0.4

- - - - - # 63389744 82.5 31.7 26.4 0.7

The descending data stacks demonstrated lower correlations on PL1 but also lower
errors compared to the ascending points (except #48623265). This is a result of the extremely
small LOS amplitude for these two descending PS points. Since the look direction of the
sensor is almost parallel to the dam crest, the SAR sensor is sensitive to measuring tangential
deformations, which make up only a fraction of the radial deformation. In contrast, the
descending orbits showed fair agreement with the pendulum data on PL2, reaching an
R2 of up to 0.7. However, RMSE and MAE were considerably higher compared to PL1.
Since no ascending points were available on PL2, no comparison could be made with the
descending datasets.

Figure 6 compares the deformation amplitudes of two PS points on PL1 and PL2
with respect to their radial position on the dam. As evident, both points exhibited the
same seasonal deformation pattern as the in situ pendulum measurements, which led to
correlations of up to 0.7 in R2. The deformation is primarily driven by seasonal fluctuations
in water level and temperature, with an upstream radial movement during the summer,
and a downstream movement in the winter [36]. However, considerable differences in
deformation amplitudes were observed, not only between the two points on PL1 and PL2
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but also across the different projections dLOS, dHOR, and dRAD. While the amplitudes for
dLOS and dHOR nearly matched the amplitude of the pendulum data, the dRAD amplitudes
were considerably higher.

Figure 6. Interpreting radial deformation time series: (A) Location of two PS points near to PL1 (left)
and PL2 (right), along with the look direction (φS1) of the S-1 satellites (solid line) and the radial
position (αRAD) of the PS points (dashed line) in cyan (ascending), and red (descending). (B) Defor-
mation time series of PS point #48623265 in the ascending direction, near PL1. (C) Deformation time
series of PS point #63389744 in the descending direction, near PL2. The values for dLOS are illustrated
in red, dHOR in green, and dRAD in blue. Black dots represent the pendulum time series. Notably,
for visualization, the scaling of the y-axis differs between (B,C). αRAD of the PS points and their
corresponding ∆RAD are provided in degrees. The amplitude of the radial time series is presented as
an interval in mm. RMSE and MAE values are also provided in mm. Orthophoto: GDI-NRW [24],
EPSG: 25832.



Remote Sens. 2025, 17, 1202 14 of 20

For the ascending PS point #48623265, the radial amplitude ranged between ±21 mm.
In contrast, the time series of the descending PS point #63389744 on PL2 showed sig-
nificantly higher amplitude differences compared to dLOS, dHOR, and pendulum data
(Figure 6C). Although this point exhibited the same R2, the radial time series showed a
considerable increase in deformation amplitude (−90 mm ≤ dRAD ≤ 70 mm), which led
to higher RMSE and MAE values. This could be attributed to the largest ∆RAD for all PS
points analyzed (82.5°). Since the descending look direction of the satellite is nearly parallel
to the dam crest (Figure 6A), the LOS sensitivity for this PS point was minimal (8.5%). As a
result, the derived radial deformation amplitude was an order of magnitude higher than
the in situ pendulum measurements (±7 mm). It can be concluded that deriving radial
deformations for this PS point is not plausible.

5. Discussion
This study examined the applicability of PS datasets for operational dam monitoring,

presenting a selection of key considerations for assessing the suitability of individual dams
for PS-based monitoring approaches. Importantly, these considerations represented only a
subset of relevant factors and can be supplemented by additional variables based on the
type of dam investigated or the specific requirements of dam operators.

As demonstrated, a priori analyses are beneficial in evaluating the general suitability
of individual dams for PS-based monitoring. Geometric distortions (i.e., layover, fore-
shortening, and shadow) could influence their monitoring capability due to challenging
topographic conditions. Therefore, a priori analyses are crucial in highlighting the limita-
tions of the PS technique, as not all dams are equally well-suited.

The dam type and its relative orientation to the sensor’s look direction were among
the most important criteria for interpreting PS data and ensuring comparability to in situ
geodetic methods. Variations in θS1 also contributed to minor variations in the deformation
amplitude of the time series. However, as can be seen in Figure 6, these variations ac-
counted for only a fraction of the total deviation between dLOS and dRAD (see dHOR graph).
Atmospheric effects can also impact radar signal quality, primarily due to variations in at-
mospheric pressure, temperature, and water vapor. Fluctuations in water vapor—especially
in the lower troposphere (i.e., up to 2 km above ground)—can introduce significant, local-
ized phase artifacts due to turbulent mixing [40]. These variations in water vapor content
differ between morning and evening, potentially affecting the quality of MT-InSAR mea-
surements and contributing to differences between ascending and descending acquisitions.
Integrating information on the signal-to-noise ratio of PS points can be useful for filtering
those with high noise. The BBD datasets used in this study provide the SNR of each PS
point (see Appendix C Tables A1 and A2), thereby facilitating decision-making.

As shown in Figure 5, the sensitivity to radial deformations between ascending and
descending S-1 tracks differed by only 12°. However, due to the arched shape of the Ennepe
Dam, the sensitivity to radial deformations varied considerably across different PS points
(see Figure 6). Notable differences in deformation amplitude can arise between PS points,
depending on the data stack and the projection used for analysis. The fact that the radial
time series exceeded the deformation amplitude of the pendulum data by a significant
margin limits their applicability for operational dam monitoring. Notably, the required
monitoring accuracy for each dam varies depending on factors such as its dimensions,
material composition, and interaction with the foundation bedrock [1,5,41]. According to
Corsetti et al., concrete dams, such as the Ennepe Dam, require measurement precision
approximately five times higher than that needed for embankment dams [5]. This may
necessitate filtering adequate points or deriving segments with high radial deformation
sensitivity to meet operational standards. Such a procedure could also be integrated into
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a priori assessments to support decision-making. On the Ennepe Dam, the specified ac-
curacy for concrete dams (i.e., 5 mm) [5] was only achieved by one PS point (#48623265:
MAE = 5.1 mm, RMSE = 6.2 mm), based on its radial time series. Importantly, this does
not necessarily imply that a PS point significantly overestimating the radial deformation
provides no valuable information regarding the LOS geometry. For dams without a vertical
monitoring system, the LOS time series—which combines vertical and horizontal defor-
mations—may serve as a crucial supplementary data source for dam operators assessing
structural stability. At this stage, we refrain from making recommendations regarding
which acquisition geometry to use for deformation assessment, noting that the decision
remains at the discretion of the dam operators, based on their individual needs.

For a comprehensive monitoring strategy, it is beneficial to incorporate both ascending
and descending orbits where available. Using data from both directions increases the PS
density and allows for a more comprehensive monitoring of a dam. As demonstrated
for the Ennepe Dam, BBD data provided sufficient PS points to monitor all dam sections.
However, this does not apply to all cases, as the number of detected PS points varies from
dam to dam. Appendix D Tables A3 and A4 give an overview of the dams operated by
the Ruhrverband, illustrating the approximate number of detected PS points based on
dam type and crest length. Importantly, the number of detected PS points depends not
only on the radar signal’s wavelength, but also on the dam’s material properties, size,
alignment with the satellite, and the sensor’s spatial resolution. Certain dam sections may
not be adequately monitored due to insufficient PS points, limiting the applicability of
BBD datasets on these dams. As for the Ruhrverband, this applies to four of the seven
dams illustrated in Appendix D Tables A3 and A4, detecting less than 10 PS points. This
highlights the importance of a priori assessments to support decision-making. Notably,
we used BBD data, providing filtered PS point datasets based on their temporal coherence
to meet the required quality standards. The dataset analyzed in this study (i.e., spanning
from 2015 to 2021) was provided with a temporal coherence threshold of >0.75. As an
alternative, data from the European ground motion service (EGMS), which now includes
LOS measurements in its latest update, can be considered. Unlike BBD data, EGMS employs
multi-temporal interferometric processing that integrates both persistent scatterers and
distributed scatterers (DSs) [20,42]. While the PS technique relies on single dominant
scatterers with a high-quality interferometric phase [43], the DS approach focuses on areas of
moderate coherence, where multiple neighboring pixels share similar reflectivity values as
they belong to the same object [44]. Unlike PS, DS lack a single dominant reflector, making
them particularly advantageous in rural areas with lower coherence. The combination of
both, as implemented in EGMS, increases the number of measurement points available
for deformation monitoring. However, filtering out points with low temporal coherence,
poor signal-to-noise ratio, or unfavorable sensor orientation remains essential for reliable
analysis. Otherwise, several dozen PS points on a dam may be far less effective for decision-
making than a smaller number of high-quality points. Finally, considering that many dams
have only a single pendulum system installed—if any—limiting deformation assessments
to one specific point on the dam, the PS technique remains valuable even when only a small
number of PS points are detected on the dam.

Further considerations imply that radial deformation analysis is only possible on
dams with no discernible vertical deformation [2]. Due to their foundation on solid rock
formations [45], gravity dams and arch dams are well-suited for this approach, as vertical
deformations are typically much smaller than horizontal deformations. Trigonometric
measurements on the Ennepe Dam confirmed that vertical deformation accounts for only a
fraction of the total movement [37]. This assumption does not hold for embankment dams
affected by the consolidation of fill material. In such cases, PS data in the sensor’s line
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of sight may not be directly comparable to in situ radial measurements but can be used
as a supplementary data source for deformation interpretation. Ultimately, the decision
regarding which geometry to use rests with the dam operators. Both LOS and radial
deformations can be implemented for operational use, regardless of dam type.

The ability to provide analysis-ready data in different geometries positions nationwide
ground motion services as reliable data providers for dam operators. With annual updates,
long-term deformations can yet be effectively monitored [15]. With freely available PS
data provided in common formats (.csv/.gdb), technical integration into existing moni-
toring programs could be possible at minimal cost. However, a key challenge lies in the
implementation of near-real-time data, as current BBD datasets only cover time series from
2015 to 2021 [3]. Dam operators often require near-real-time assessments to detect poten-
tially critical deformations on their infrastructure—particularly during extreme weather
events—which is not yet integrated. Implementing this functionality requires greater effort
for quicker decision-making and operational applicability of BBD datasets.

A dedicated API could facilitate the assessment of PSI applications for individual dams
by standardizing workflows and streamlining the data [11]. Integrating near-real-time
processing, optionally enhanced with complementary X-band data, could provide deeper
insights into deformation characteristics on a local scale. Additionally, the functionality of
this service could be tailored to meet the specific requirements of dam operators.

6. Conclusions
In this study, we assessed the feasibility of analysis-ready PS data provided by the

German ground motion service for operational dam monitoring. Two key aspects proved
crucial in evaluating the applicability of the PS technique on gravity dams: first, determin-
ing the dam’s general suitability for PS analysis using the CR-Index, which incorporates
topography and land cover information to identify areas with good radar visibility; and
second, assessing the interpretability of BBD data for radial deformations. For this purpose,
we introduced a novel index that quantifies the radial sensitivity of PS points on the dam.

Freely available BBD time series demonstrated fair agreement with in situ pendulum
data (up to R2 = 0.7) for many PS points, highlighting their potential for integration into
operational monitoring procedures. The capability to provide consistent deformation data
with frequent updates positions PSI as a valuable complement to time-consuming in situ
campaigns. Importantly, not all dams are equally suited for a PS-based monitoring strategy.
A priori analysis of the dam’s characteristics (i.e., topography, land cover, dam type, dam
orientation) is crucial to assess its general feasibility for PSI applications.

The sensitivity of PS data to deformations perpendicular to the dam wall emerged
as an essential criterion for interpretability. For ∆RAD up to 20°, the LOS sensitivity cap-
tures approximately 50 to 70% of the true radial deformation, depending on the satellite’s
incidence angle. This condition is best fulfilled by dam crests aligned in a north–south
direction. However, when ∆RAD exceeds 20°, the sensitivity to LOS deformations decreases
considerably. The Ennepe Dam investigated in this study exhibited generally low LOS sen-
sitivity to radial deformations due to its east–west orientation, with ∆RAD exceeding 20° for
all PS points. As a result, the estimated radial deformation amplitudes were up to an order
of magnitude greater (−90 mm≤ RMSE ≤ 70 mm) than those measured by pendulum
systems. For these points, errors ranged from 6 to 43 mm in RMSE and from 5 to 35 mm in
MAE. Eliminating points with low temporal coherence or an unfavorable alignment with
the sensor should be considered before interpreting their radial deformations. For dams
that are not optimally aligned with the sensor, LOS data can serve as a valuable supple-
mentary data source—combining both horizontal and vertical deformation components.
The final decision on which acquisition geometry to use remains at the discretion of the
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dam operators. For integration into operational monitoring programs, greater effort must
be spent on near-real-time updates of BBD datasets.

Future research could focus on developing a freely available API specifically designed
for dams, enabling the transfer of the proposed methodology to a nationwide dam moni-
toring service with standardized data products.
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Appendix A
The CR-Index is derived from three key variables: the slope S, the S-1 incidence angle

θS1, and the aspect angle between the target object and the S-1 flight path A. Depending
on the flight direction, AS1 from Equation (1) is replaced by AAsc for the ascending orbit
(Equation (A1)) and ADesc for the descending trajectory (Equation (A2)) [30]:

AAsc = A + αAsc + 180 (A1)

ADesc = A − αDesc (A2)

where A represents the aspect angle of the target object on the ground, and αAsc and αDesc

denote the angular difference between the true north and the S-1 flight direction in the
ascending and descending orbits, respectively.

Appendix B
The LOS deformation (dLOS) represents the projection of a 3D displacement vector d

with its components dn, de, and du, in North, East, and Up direction, into the line-of-sight
direction of the satellite sensor, as described by Equation (A3):

dLOS[mm] = du · cos(θS1)− (de · cos(∆RAD)− dn · sin(∆RAD)) · sin(θS1) (A3)

where θS1 represents the S-1 incidence angle, and ∆RAD denotes the angle difference be-
tween the true north radial angle and the S-1 look direction.
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Appendix C

Table A1. Signal-to-noise ratio (SNR) for the PS points located near PL1 [3].

Stack-ID Point-ID SNR

ASC 015-06 #10959346 3.7
ASC 015-06 #9891920 4.7
ASC 015-06 #10958927 3.6
ASC 088-02 #48623265 10.1
ASC 088-02 #48622500 4.6
ASC 088-03 #53403989 4.5
ASC 088-03 #53403990 6.5

DESC 037-04 #7205013 14.3
DESC 139-08 #63389920 7.3

Table A2. Signal-to-noise ratio (SNR) for the PS points located near PL2 [3].

Stack-ID Point-ID SNR

DESC 037-04 #7204749 5.2
DESC 139-08 #63389743 2.0
DESC 139-08 #63389744 8.0

Appendix D

Table A3. Approximate number of detected PS points (i.e., ascending and descending data stacks)
compared to the crest length (in m) of selected gravity dams operated by the Ruhrverband, based on
the BBD S-1 dataset used in this study (spanning from 2015 to 2021) [3,46].

Gravity Dam Crest Length (m) Approximate No. of PS Points Associated with
the Dam

Fürwigge Dam 166 <10
Lister Dam 264 <10

Ennepe Dam 320 >25
Möhne Dam 650 >50

Table A4. Approximate number of detected PS points (i.e., ascending and descending data stacks)
compared to the crest length (in m) of selected embankment dams operated by the Ruhrverband,
based on the BBD S-1 dataset used in this study (spanning from 2015 to 2021) [3,46].

Embankment Dam Crest Length (m) Approximate No. of PS Points Associated
with the Dam

Verse Dam 320 <10
Bigge Dam 640 <10
Sorpe Dam 700 >25
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