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Abstract

Dams play a vital role in securing water and electricity supplies for households and in-
dustry, and they contribute significantly to flood protection. Regular monitoring of dam
deformations holds fundamental socio-economic and ecological importance. Tradition-
ally, this has relied on time-consuming in situ techniques that offer either high spatial or
temporal resolution. Persistent Scatterer Interferometry (PSI) addresses these limitations,
enabling high-resolution monitoring in both domains. Sensors such as TerraSAR-X (TSX)
and Sentinel-1 (S-1) have proven effective for deformation analysis with millimeter accu-
racy. Combining TSX and S-1 datasets enhances monitoring capabilities by leveraging the
high spatial resolution of TSX with the broad coverage of S-1. This improves monitoring
by increasing PS point density, reducing revisit intervals, and facilitating the detection of
environmental deformation drivers. This study aims to investigate two objectives: first, we
evaluate the benefits of a spatially and temporally densified PS time series derived from
TSX and S-1 data for detecting radial deformations in individual dam segments. To support
this, we developed the TSX25taMPS toolbox, integrated into the updated snap2stamps
workflow for generating single-master interferogram stacks using TSX data. Second, we
identify deformation drivers using water level and temperature as exogenous variables.
The five-year study period (2017-2022) was conducted on a gravity dam in North Rhine-
Westphalia, Germany, which was divided into logically connected segments. The results
were compared to in situ data obtained from pendulum measurements. Linear models
demonstrated a fair agreement between the combined time series and the pendulum data
(R? = 0.5; MAE = 2.3 mm). Temperature was identified as the primary long-term driver of
periodic deformations of the gravity dam. Following the filling of the reservoir, the variance
in the PS data increased from 0.9 mm to 3.9 mm in RMSE, suggesting that water level
changes are more responsible for short-term variations in the SAR signal. Upon full im-
poundment, the mean deformation amplitude decreased by approximately 1.7 mm toward
the downstream side of the dam, which was attributed to the higher water pressure. The
last five meters of water level rise resulted in higher feature importance due to interaction
effects with temperature. The study concludes that integrating multiple PS datasets for
dam monitoring is beneficial particularly for dams where few PS points can be identified
using one sensor or where pendulum systems are not installed. Identifying the drivers of
deformation is feasible and can be incorporated into existing monitoring frameworks.
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1. Introduction

Dams fulfill various functions, including water supply, flood prevention, and energy
generation. Furthermore, they play a crucial role in maintaining consistent water runoff
throughout the year as well as offering recreational activities [1]. However, as civil struc-
tures, they have a potential risk of failure that, if poorly managed or neglected, can lead
to severe societal, environmental, and economic damage. This underlines the importance
of their continuous monitoring [2]. In Germany, the standards for dam monitoring are
comparatively high [3,4]. Depending on the size of the dam, a comprehensive measuring
setup is installed to monitor the deformation patterns over short and long-term periods.
For concrete dams, the accuracy requirement for these in situ systems is reported with
5 mm [5]. The measurements are typically conducted with a pendulum system, enabling
continuous monitoring, usually with one or more measurements per week. However,
pendulum systems are not installed on every dam and only represent the deformations of a
specific spot (e.g., the center of a dam), which may not coincide with other sections.

Technical advances in multi-temporal synthetic aperture radar interferometry (MT-
InSAR) address these challenges by combining temporally dense time series with
many observation points. MT-InSAR detects deformations by analyzing the phase
differences of radar signals acquired over time. It relies on identifying Persistent
Scatterers (PSs)—typically man-made structures or stable natural objects—that maintain a
consistent backscatter across multiple SAR acquisitions. Using interferometric methods
such as Persistent Scatterer Interferometry (PSI), deformations can be detected with millime-
ter precision. The technique assumes that deformation at each PS is temporally coherent,
making it especially effective in urban areas. The number of Persistent Scatterers on a
building is, apart from the material properties of the building, essentially dependent on
the wavelength of the radar signal and the spatial resolution of the sensor. High-resolution
X-band data, such as that from TerraSAR-X (TSX) (pixel footprint: 0.9 x 2.1 m), provide a
high number of PS points on a local scale, making them ideal for dam monitoring. How-
ever, TSX data are not freely available and often lack consistent availability due to their
high resolution. Additionally, the 11-day revisit cycle may be insufficient to meet the
critical requirements for concrete dams with one or more deformation measurements per
week. Freely available Sentinel-1 C-band data (S-1) provide sufficient PS measurements for
most buildings and have been widely used for numerous analyses on a large scale [6-8].
Although a lower number of PS points is expected due to their lower spatial resolution
compared to TSX (pixel footprint: 2.3 x 13.9 m) [9-11], the integration of S-1 data can
greatly enhance monitoring capabilities by increasing both the spatial and temporal density
of the time series when in combination with TSX data. This is particularly beneficial for
monitoring not just the entire dam but also specific sections where anomalous deformation
patterns could appear, underscoring the advantages of using different sensors [9]. This
study uses data from TSX and S-1, to address two research objectives: first, to investigate
the benefits of a combined PS time series instead of a single-sensor dataset for monitoring
radial deformations in individual dam sections; and second, to leverage the increased den-
sity of the combined PS time series to analyze the influence of water level and temperature
on the behavior of the SAR signal (i.e., the deformation of the dam).

1.1. Combining Different SAR Sensors for Dam Monitoring in Scientific Studies

MT-InSAR has been commonly used to monitor deformations of various types of
dams, including earthfill dams [5,12-15], rockfill dams [16], and gravity dams [17-19].
A few studies have also focused on predicting the deformations of tailings dams using
MT-InSAR to prevent failures [20,21]. Although X-band data, with their high resolution,
suggest promising results for dam monitoring, numerous studies relied on C-band data
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due to their free availability and extensive coverage [14-16,19,22]. Several studies have
utilized MT-InSAR data from multiple sensors, as summarized in Table 1.

Milillo et al. [13] presented a multi-sensor cumulative deformation map for the Mosul
earthfill dam in Iraq, incorporating 62 Cosmo SkyMed (CSK) X-band scenes and 32 S-1
scenes. Milillo et al. [18] fused 112 X-band acquisitions of different sensors (60 TSX, 52
CSK) in ascending mode to infer the deformation characteristics of an arch-gravity dam in
Italy in spatial and temporal detail. However, the combination of datasets with different
wavelengths for monitoring individual dam sections and evaluating the resulting time
series with respect to their deformation drivers has not yet been thoroughly assessed. Since
deformation patterns can vary across different parts of a dam, separating the object into
logically defined segments allows for a more detailed analysis. This procedure has been
successfully applied to other buildings, such as train stations [23].

1.2. Principles of Dam Deformation

Most dam wall reservoirs in Germany are impounded by a gravity dam (95%) [24]. Its
cross-section is almost triangular, allowing the horizontal force of the water to be efficiently
transferred into the bedrock through the self-weight of the dam [24]. Its deformation
behavior is widely known and is illustrated in Figure 1. The water pressure, along with
seasonal temperature effects, is primarily counteracted by the self-weight of the dam [25].
While the self-weight causes a deformation toward the upstream side, the water pressure
leads to a tilt toward the downstream side with smaller deformations in the lateral areas
compared to the middle [25]. Seasonal changes in temperature and water level result in
periodic deformations on the crest that gradually decrease in the lower sections [25].

Figure 1. Deformations (in mm) calculated exemplary for two points in the middle of the Diemel
gravity dam in Germany (height: 42 m; crest length: 194 m; reservoir capacity: 20 million m?3).
Predicted deformations are shown in horizontal (y) and vertical (z) direction, caused by the dam’s
self-weight (A), the water pressure at full impoundment (B), and temperature-induced displacements
during summer (red) and winter (blue) (C). Negative horizontal values indicate a deformation to the
upstream side, positive values a deformation to the downstream side (Adapted by Fleischer [25]).

Table 1. Selection of studies for monitoring dam deformations using multiple sensors for MT-InSAR.

Dam Type Data Study

Earthfill Dam TerraSAR-X, TanDEM-X Lazecky et al., 2013 [12]

Earthfill Dam Sentinel-1, Cosmo SkyMed Milillo et al., 2017 [13]

Earthfill Dam ERS-1/2, ENVISAT Corsetti et al., 2018 [5]

Earthfill Dam ERS-1/2, ENVISAT, Sentinel-1 Ruiz-Armenteros et al., 2018 [14]

Earthfill Dam ERS-1/2, ENVISAT, Sentinel-1 Marchamalo-Sacristdn et al., 2023 [15]

Rockfill Dam ERS-1/2, ENVISAT, Sentinel-1 Bayik et al., 2021 [22]
Arch-Gravity Dam TerraSAR-X, Cosmo-SkyMed Milillo et al., 2016 [18]
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2. Study Site and Data
2.1. Study Site

The Glor Dam investigated in this study is located near Liidenscheid in North Rhine-
Westphalia, Germany, and is monitored by the Ruhrverband, a non-profit water manage-
ment organization. The dam was built between 1903 and 1904 and serves to ensure the
water release into the Glor River as well as for recreational purposes [26]. The arched
gravity dam is 32 m high and 168 m long (Figure 2). Its downstream side is oriented toward
the northeast (43°). The Glor Dam collects water from a catchment area of 7.2 km?, creating
a reservoir with a capacity of 1.95 million m? [26]. It is equipped with several measurement
techniques, such as pendulum and seepage water systems [26,27]. For extensive renovation,
it was completely drained between November 2017 and January 2019, making it an ideal
research object to investigate the effects on its deformation behavior during that time.

395350

5677900

c

DOWNSTREAM

UPSTREAM

Figure 2. Characteristics of the Glor Dam: (A) Gravity dam with its location in Germany on a digital
orthophoto. (B) Side view of the dam’s downstream side. (C) Cross-section of the gravity dam [26,27].
The location of the pendulum system is marked in orange. Orthophoto: GDI-NRW [28], EPSG: 25832.

2.2. Data

This study covered a period of almost five years, spanning from November 2017 to
August 2022. MT-InSAR time series from Sentinel-1 and TerraSAR-X were used in addition
to in situ pendulum measurements, temperature, and water-level data.
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2.2.1. Satellite Data and Digital Terrain Model

A total of 151 high-resolution TSX Stripmap (SM) scenes were utilized as the primary
dataset. The time series was complemented by 145 Sentinel-1A C-band single-look com-
plex (SLC) radar scenes acquired in Interferometric Wide Swath mode (IW) for the same
observation period. Due to the dam’s unfavorable alignment for radial deformations in the
descending direction and the lack of TSX descending data, we only considered the ascend-
ing direction in this study. Table 2 lists the characteristics of the SAR data. Additionally,
a digital terrain model (DTM) was utilized for PS processing. The DTM is freely provided in
1 m spatial resolution by the geodata infrastructure of the state of North Rhine-Westphalia
(GDI-NRW) [28]. For DTM processing, the same methodology was applied as described in
Janichen et al. [19]: first, the DTM underwent a conversion to radar geometry, and second,
it was employed in the preprocessing to achieve optimal coregistration of all SAR scenes.
Due to computational load, the DTM was resampled to a spatial resolution of 5 m.

Table 2. Attributes of the SAR data used in this study [9].

TerraSAR-X Sentinel-1A
Number of Scenes 151 145
Pixel Footprint 09 x 2.1 m (ra x az) 2.3 X 139 m (ra x az)
Temporal Resolution 11 days 12 days
Acquisition Mode Stripmap (SM) Interferometric Wide Swath (IW)
Polarization HH \AY%
Wavelength X-band (~3 cm) C-band (~5 cm)
Relative Orbit Number 40 15
Flight Direction Ascending (351°) Ascending (350°)
Look Direction 81° 80°
Incidence Angle 31.2° 38.9°
Time Series Start Date 17 November 2017 19 November 2017
Time Series End Date 21 August 2022 25 August 2022
Reference Scene 7 May 2020 7 May 2020

2.2.2. In Situ Data

To evaluate the validity of the PS deformation estimates, weekly pendulum data
were provided by the Ruhrverband. Their precision is reported with 0.5 millimeters [29].
To identify the drivers of dam deformation, water level and temperature values were also
provided by the Ruhrverband. The measurement sensors are directly located on the dam.
A list of all available in situ data is shown in Table 3.

Table 3. In situ data used for the analysis with their corresponding measuring intervals [26,27].

Data Temporal Resolution
Pendulum Data (mm) weekly
Water Level (m) daily
Temperature (°C) daily

3. Methods

The methods applied in this study can be divided into four sections: (1) the PS
analysis, (2) the segmentation of the dam, (3) the comparison of the combined PS time
series with in situ pendulum data, and finally, (4) the identification of its deformation
drivers. The general workflow is shown in Figure 3.
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TerraSAR-X Sentinel-1
(Ascending) DTM (5m) (Ascending)
52 k2
PS Processing: PS Processing:
TSX LOS Time $-1L0S Time
Series Series
Conversion to Projecting TSX/S- Conversion to
Radial 1 Time Series on Radial
Deformations Pendulum Data Deformations
I
Dii Afslgnlng PS e . ) .
3 Points to Dam Filtering Outliers Mean
Segmentation
Segments
Analysis of Deformation Drivers: Regression Mean Radial
4 Descriptive Statistics & Analysis with Deformation
Feature Importance Pendulum Data per Dam Segment

Figure 3. Workflow applied in this study: (1) PS analysis (red box). (2) Dam segmentation (orange
box). (3) Comparison to pendulum data (green box). (4) Analysis of deformation drivers (cyan box).

3.1. Preprocessing and PS Analysis

Preprocessing was performed utilizing the open-source software package snap2stamps,
which was specifically designed for the semi-automatic preprocessing of SAR SLC scenes.
This includes subsetting, coregistration, interferogram generation, and the export of prepro-
cessed data [30]. Since snap2stamps is only compatible with S-1 data, a new package called
TSX2StaMPS was developed and implemented into a new version of snap2stamps [30,31].
It allows for the semi-automatic generation of single-master interferogram stacks using
high-resolution TSX Stripmap data. A more detailed description of the workflow can be
found on GitHub [30,31]. For PS analysis, StaMPS (Stanford Method for Persistent Scatterers)
was utilized. We followed the same methodology as described in Grassi and Mancini [32].
Stable pixels were selected using the amplitude dispersion index [33] with a selection
threshold of 0.4. The processing of TSX data was performed separately from the processing
of 5-1 data (see Figure 3).

The same date (7 May 2020) was selected as the reference scene in both stacks using
SNAP’s InSAR Stack Overview function. This also minimized errors caused by differing
atmospheric conditions that could arise from using distinct reference scenes. The same
set of reference points with high phase stability and no discernible deformation was
selected. As no external leveling data were available, reference points were chosen using
displacement data acquired by the German Ground Motion Service (BBD) [34], which was
located close to the dams (<1.5 km). This approach aimed to ensure a high signal-to-noise
ratio in the PS time series [35]. For coregistration and interferogram generation, a high-
resolution external DTM (5 m) was utilized for both datasets to minimize DTM-induced
errors within the processing chain.

The LOS time series of both sensors were converted into radial deformation values by
considering the incidence angle and look direction of TSX and S-1 (see Table 2). Since defor-
mations in LOS contain both vertical and horizontal displacement components, this metric
could not be easily compared to pendulum data measured in the horizontal plane. The com-
plete relationship between these components is illustrated in Equation (Al). The LOS
values were converted to horizontal displacements, as the higher portion of motion on
gravity dams is generally expected in the horizontal plane compared to the vertical compo-
nent [25,36]. In this study, this assumption was confirmed by trigonometric measurements,
which showed no significant vertical deformations over time [27]. The horizontal defor-
mations (dy,,) were extracted by projecting the LOS deformations of both sensors onto
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the horizontal plane. As a result, Equation (A1) simplifies to Equation (1) for TSX and
Equation (2) for 5-1:

d
dhorTSX [mm] - ﬁ (1)
dpors1[mm] = e ?
or sin(fs1)

where drsx and dg; indicate the LOS deformation of TSX and S-1, and 61sy, 6s; represent
the incidence angle of the satellites. It is worth mentioning that this conversion is only
possible if the displacements in one of the two dimensions are sufficiently small to be
neglected. This procedure has been applied in several studies [8,18,36,37].

Due to the arched shape of the Glér Dam, both axes” orientations change for each
PS point, and thus, the angle between the absolute north and the radial axis changes
as well [19]. To convert the horizontal to radial deformations, we followed the same
methodology as applied in Ziemer et al. [36]. These displacements can be directly compared
to the pendulum measurements in the horizontal plane and are referred to as d,,; in the
following. Equations (3) and (4) represent the conversion for TSX and S-1, respectively:

. dhorTSX
dragrsx [mm] = c0s(&rad — PTSX) v
. dhorSl
drags1[mm] = @

Cos(arad - q)Sl)

where w,,; is the radial angle of the corresponding PS point on the dam, and ¢tsx and
@s1 denote the look directions of TSX and S-1. Figure 4 illustrates all adaptations and the
converted geometries of the PS datasets.

SAR flight
B direction

Downstream side

SAR look
direction

drad

N downstream (-)

rad
upstream (+)

Upstream side

Figure 4. Illustration of the applied projections for TerraSAR-X (drsx, blue) and Sentinel-1 LOS
geometry (dgq, red) into radial deformation estimates: (A) Projection of the TSX and S-1 incidence
angle (ftsx, 0s1) onto the horizontal plane, applying Equations (1) and (2). (B) Projection of the
TSX and S-1 look direction (¢Tsx, ¢s1) to convert horizontal deformations into radial values (d,,;),
applying Equations (3) and (4). The difference between the sensors’ look directions differs by only 1°.
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3.2. Segmentation of the Dam

Due to the complex geometry of gravity dams, the precise location of PS points is gen-
erally difficult to determine—particularly when sensors with different spatial resolutions
are used (see Table 2). To account for these potential variations due to inaccurate topo-
graphic height estimations, the Glor Dam was divided into segments by the Ruhrverband
(Figure 5). Each segment was expected to exhibit distinct deformation behavior.

3953500 3954000

5677950N

=
2
8

5677900
5677900N

[ Segments
Flight direction
Look direction

S677850N

Figure 5. Segmentation (in orange) of the Glor Dam as viewed from the downstream side (A) and on
a digital orthophoto (B). Segments 1-3 cover both sides of the dam. The ascending flight direction
heads toward 350° and is shown in bold green. The dashed green lines indicate the look direction of
the sensors (80°). Orthophoto: GDI-NRW [28], EPSG: 25832.

The segmentation allows assigning spatially close observation points with the same
deformation profile to a segment and recognizing typical deformation patterns of the dam.
The deformation of individual segments can be compared to other segments. A similar
approach was tested by Schneider and Soergel [23] for buildings.

The Glor Dam was divided into three segments with similar widths (56 m)—one
in the middle and two on the sides. Given the relatively small size of the dam, using
three segments was sufficient, as a greater number would have resulted in an insufficient
number of PS points per segment. For this reason, no subdivision into vertical segments
was conducted. However, for larger dams (i.e., height > 50 m; crest length > 200 m),
a more comprehensive segmentation into crest and toe segments may be appropriate.
The segment boundaries on the upstream side of the crest were slightly shifted toward the
water to account for sensor-specific differences in SAR geometry, which can approximately
correspond to the size of the sensor’s pixel footprint (see Table 2). Due to geometric
distortions (i.e., layover and foreshortening) interacting with the water level of the reservoir
and the dam wall (i.e., double-bounce effects) [18], maximum shifts of 10 m were expected.

3.3. Comparison of PS Deformation Time Series with In Situ Data

To compare the LOS deformations with the pendulum measurements, each PS point
was assigned to a dam segment based on its 3D location. To generate a combined time
series, the separately processed TSX and S-1 time series were calibrated against the pen-
dulum data using linear regression. Specifically, individual regression models were fitted
for both the TSX and S-1 time series with the pendulum data serving as the reference
(Figure 6A). This approach aligned the respective slopes (i.e., representing the deformation
trend) and intercepts of each satellite dataset with those of the pendulum measurements.
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The calibration allowed both satellite time series—despite differing in acquisition dates
and start times—to be projected onto the pendulum dataset, resulting in a harmonized,
temporally densified TSX/S-1 time series (Figure 6B). Outlier values were excluded prior
to fusion using a 1.5 interquartile range (IQR) filter applied to each dataset’s distribution.
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& ° 2 Pendulum Data
2018 2019 2020 2021 2018 2019 2020 2021
Date Date
Defios (MM) =mx+n My # Mg # Mpeypuium Mrsx # Nsa # Npenputum Defoenpurum (MM) = MpenpurumX + Mpenpuum Mrsx = Ms; = Mpenpuium— Prsx = Ns1 = Mpenputum

Figure 6. Calibrating the PS time series against the pendulum dataset: The TSX time series (blue) and
the S-1 dataset (red) were calibrated against the pendulum dataset (orange) using linear regression
models by aligning the slope (m) and intercept (n) of their respective regression models. (A) Time
series before calibration with different regression slopes and intercepts. (B) Datasets after calibration
with the same slope and intercept value as for the pendulum dataset.

To derive a spatially aggregated representation of dam deformation, we adopted a
similar procedure to that applied by Schneider and Soergel [23], extending it to include
two sensors. For a given segment S, the weighted mean deformation was calculated based
on the number of available PS points from each sensor, as defined in Equation (5):

(dyaarsx - PStsx) 4 (draast - PSs1)

®)
Pstotal

A mean [mm] =

where d,,47sx and d,,451 denote the mean radial deformation for TSX and S-1 in segment S,
PStsx and PSg; are the corresponding number of PS points in this segment, and PS;,,; is
the sum of all PS points in segment S. The same procedure was applied to the single-sensor
datasets of TSX and 5-1.

Correlation analysis between PS and pendulum data was conducted utilizing descrip-
tive statistics (R2, root mean square error (RMSE), mean absolute error (MAE)). To evaluate
the dispersion of the PS data, we fitted a LOESS (LOcally Estimated Scatterplot Smoothing) re-
gression [38] to determine the residual standard deviation. All linear models were checked
for statistical significance (p < 0.01). Only acquisition dates available in both datasets,
pendulum and PS data, were used. To assess the quality of the detected PS points, we
calculated the temporal coherence of each PS point.

3.4. Water Level and Temperature-Induced Effects on the SAR Signal

To evaluate the effects of water level and temperature on the SAR signal, we divided
the PS time series into three splits: drainage, reservoir filling, and full impoundment.
First, we fitted a LOESS regression to each split and calculated the residual standard
deviation of the deformation values around the LOESS curve. Second, we assessed the
actual deviation of the PS deformation values from the pendulum data for each split using
descriptive statistics (RMSE, MAE). Third, we analyzed the amplitude of deformation
to identify potential long-term trends in the dam’s behavior. Finally, we conducted a
feature importance analysis on the PS data to gain deeper insights into which exogenous
variables have the strongest effect on the behavior of the SAR signal. For this, we fitted
individual linear regression models to the reservoir filling and full impoundment periods,
and compared the feature usage via Shapley values [39]. To gain the most insightful results,



Remote Sens. 2025, 17, 2629 10 of 22

we not only tested the water level and the temperature of the current day as regressors
but also considered lagged terms, interaction effects, and changes in water level and
temperature from day to day. This relationship is described in Equation (6):

Ye = Bo+ B1Tt + BaWr + B3 Ti—1 + PaWi 1
+ Bs(Tr - Wi) + Be(Ti—1- Wi—1)
+B7(Tt — Ty—1) + Bs (Wt — W;_1)
+ BoTrt + ;.

T} refers to temperature and W; refers to the water level of the current day. T;_; and
W;_1 denote the lagged terms, representing past values of temperature and water level.
The terms Wy — W;_1, Ty — T;_1 capture daily changes in water level and temperature, while
T; - Wy and T;_1 - W;_1 represent interaction effects between both variables, respectively. By
represents model parameters, Tr denotes a linear trend, and ¢; indicates independent noise.
All terms were individually normalized before model fitting. Importantly, the total model
impact sums to one across all investigated variables. The model error is given as MAE.

4. Results

This section presents the results based on the two objectives outlined in Section 1: first,
assessing the benefits of a combined TSX/S-1 time series, as compared to using data from
a single sensor, for its suitability in dam monitoring by comparing it to pendulum data,
and second, analyzing the drivers for dam deformation.

4.1. Suitability of Multi-Sensor PS Data for Gravity Dam Monitoring

A total of 28 PS points were detected on the Glor Dam: 19 by TSX and 9 by S-1. Two
of the three segments benefited from the combination of both sensors. No S-1 PS points
were found in Segment 3. Figure 7 illustrates the spatial distribution of PS points along the
dam crest with many appearing shifted toward the upstream side and often located over
water. This phenomenon will be discussed in Section 5. The coherence of each PS point
ranged from 0.74 to 0.96, indicating generally high data quality. The temporal resolution
for Segments 1 and 2 increased from 151 TSX scenes to 283 (+87%) utilizing the combined
PS time series. This corresponds to an average temporal resolution of six days with a
minimum time interval of one day and a maximum of 11 days.

Table 4 presents the statistics for the regression models between the PS time series and
the pendulum data for each segment. The linear models between d.4, and the pendulum
data exhibited significant p-values for all segments. Importantly, the mean amplitude in
Segments 1 and 2 was higher for TSX than for S-1. In Segment 2, the differences between
both sensors ranged between 3 and 4 mm. Accordingly, the standard deviation from the
LOESS line was also greater for TSX.

Interestingly, the mean absolute error of the TSX data to the pendulum measurements
was almost 1 mm larger than that of S-1. Given the high capabilities of TSX for infrastructure
monitoring, this is an observation we would not necessarily have anticipated. Although a
definitive explanation for this phenomenon is lacking, it appears that higher extreme values
in the TSX deformation time series may be responsible for this observation. The time series
of the single-sensor datasets are provided in Figure Al.

Figure 8 illustrates the mean radial deformation for the combined time series in all
segments along with the pendulum data. During winter, characterized by low temper-
atures and higher water levels, the dam crest moved toward the downstream side (—).
Conversely, in the summer months, with increasing temperatures and lower water levels,
the deformations shifted toward the upstream side (+) [26,27].
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Figure 7. Distribution of detected PS points on the Gl6r Dam (TSX in blue; S-1 in red). The segments

are shown in orange. The dashed green lines indicate the look direction of the sensors. Orthophoto:
GDI-NRW [28], EPSG: 25832.

Table 4. Statistics for the regression models of d,;;¢4n and the pendulum data for each segment. Since no

S-1 PS points were found in Segment 3, no models could be fitted. Amplitudes are shown as intervals

in millimeters, ranging from minus (deformation to the downstream side) to plus (deformation to the

upstream side). Due to the location of the pendulum system in the middle of the dam, a correlation

analysis between PS time series and pendulum data was only conducted in Segment 2.

Sensor Metric Segment 1 Segment 2 Segment 3
Mean Amplitude (mm) —7.8; +8.0 —13.2; +13.8 -
R2 - 0.5 -
TSX + S-1 Pendulum
MAEPendulum (mm) - 23 -
S DLOESS (mm) 2.2 3.1 -
Mean Amplitude (mm) —7.8; +8.0 —13.2; +14.7 —13.1; +13.5
R3 - 0.5 -
TerraSAR-X Pendulum
MAEPendulum (mm) - 27 -
SDLOESS (rnrn) 1.7 2.9 34
Mean Amplitude (mm) —6.9; +7.1 —10.5; +10.0 -
. RZ - 0.6 -
Sentinel-1 Pendulum
MAEpendulum (mm) - 1.9 -
SDLOESS (mm) 2.2 2.6 -

In the middle segment of the Glor Dam, d;eqn amplitudes ranged from —13.2 mm

to +13.8 mm for the combined PS time series, demonstrating a mean absolute error of
2.3 mm to the pendulum data (see Table 4). The standard deviation to the LOESS line
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ranged between 2.6 mm and 3.1 mm in the middle segment. Linear models fitted with the
pendulum data revealed moderate R? for both sensors 05< RZ< 0.6). The fact that the
S-1 time series indicated a higher correlation and lower errors with the pendulum data
than that from TSX is noteworthy, since TSX data are known for their capability to precisely
monitor the deformations of individual infrastructures.
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Figure 8. Mean radial deformation (dyeqn) for all segments of the Glér Dam divided by SAR
sensor (left) and fitted with a LOESS regression (right). (A,B) Western Segment 1. (C,D) Middle
Segment 2. (E,F) Eastern Segment 3, which only consists of TSX PS points. Due to the location of the
pendulum system at the center of the dam, PS time series were compared to pendulum data only in
Segment 2 (orange). The radial deformation amplitude is given as an interval in millimeters.

The mean deformation signals of Segments 1 and 3 exhibited the same seasonal pattern
as in Segment 2 but with lower deformation amplitudes. In the combined time series of
Segment 1, amplitudes ranged between —7.8 mm and +8 mm. On the one hand, the lower
amplitude compared to Segment 2 is induced by the dam’s design, since the highest amount
of deformation typically occurs in the center of a gravity dam [18,25]. However, as can
be seen in Figure 8, considerable differences occurred between the two side segments,
where Segment 3 almost reached the same deformation amplitude as evident in Segment 2.
Compared to the LOS deformations in Figure A2, this difference can be attributed to the
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lower sensitivity to radial deformations of Segment 3 [36]. This phenomenon will be
explicitly discussed in Section 5.

4.2. Assessing the Influence of Water Level and Temperature on the SAR Signal

The dam exhibits seasonal deformation patterns primarily induced by water level
fluctuations and seasonal temperature changes (i.e., thermal expansion) [25]. As shown
in Figure 9, a similar seasonal pattern was evident between the temperature data and the
SAR signal. Notably, the Glor Dam was fully drained from November 2017 to January 2019,
eliminating water pressure as a contributing factor to deformation during that period.
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Figure 9. dy;eqn (in mm) in Segment 2 of the Glér Dam, shown alongside the corresponding water
levels (in m) and temperatures (in °C) during the three phases drainage (purple), reservoir filling
(yellow), and full impoundment (green). Due to the renovation of the Glor Dam, the measuring setup
was also updated, resulting in data gaps in both water level and temperature records.

However, the drainage did not appear to significantly impact the periodic deformation
pattern observed in the PS time series, suggesting that temperature was the sole driver of
deformation during this time.

Interesting patterns in the behavior of the SAR signal were observed during the
reservoir filling and the first full impoundment following the renovation of the dam
(Figure 10). While the RMSE and MAE for the pendulum data remained below 1 mm
during the drainage phase, these errors increased during reservoir filling to 2.9 mm (RMSE)
and 2.4 mm (MAE), reaching their maximum during full impoundment with 3.9 mm (RMSE)
and 2.7 mm (MAE) (Figure 10A). The standard deviation from the LOESS regression was
also minimal during drainage (1.8 mm), rose to 2.9 mm during reservoir filling, and peaked
during full impoundment, exceeding 3 mm. This trend is also evident in the residuals of
the LOESS regression (Figure 10C), which show increasing variance around the LOESS line
from drainage to full impoundment.

Regarding the amplitude of the SAR signal, considerable differences were observed
among the three splits (Figure 10B). While the drainage phase was characterized by a rela-
tively small amplitude range (—5.9 mm < 1.5IQR < +6.9 mm), it increased during reservoir
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filling, reaching a range of nearly 20 mm, and peaked during full impoundment with values
ranging from —12.6 mm to +11.1 mm. Interestingly, the mean deformation values remained
consistent during the transition from drainage to reservoir filling (d,ean = 0.7 mm), but they
decreased to —1 mm during full impoundment. This suggests that the final five meters of
water level rise had a notable impact on deformation, displacing the dam crest approxi-
mately 1.7 mm toward the downstream side due to increased water pressure.
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Figure 10. Evaluating the effect of water level and temperature on the PS time series in the three
phases: drainage (purple), reservoir filling (yellow), and full impoundment (green). (A) Mean radial
deformation (in mm) in the middle Segment 2 of the Glér Dam shown with the pendulum data
(orange) and the fitted LOESS line (green). The RMSE and MAE between the PS time series and the
pendulum data are given in mm for each split. The standard deviation of the LOESS regression is
also given in mm. (B) Distribution of PS deformation amplitudes displayed as a boxplot with the
minimum, maximum, and mean value per split. (C) Distribution of PS time series residuals to
the fitted LOESS regression (in mm). The index value corresponds to the number of samples (i.e.,
acquisition dates) per split.

The analysis of the feature importance confirmed the temperature as the variable with
the highest impact on the model output. As shown in Figure 11, the summed model impact
for the two temperature values (T}, T;_1) was 0.71 during reservoir filling and 0.73 during
full impoundment. While general dynamics changed between reservoir filling and full
impoundment, the feature importance of the water level increased for full impoundment.
Notably, however, this effect seems to primarily come in an indirect form through the
interaction with the temperature values (interaction terms), suggesting multiplicative
effects. This is consistent with the intuition that the signal variance was highest for the
full impoundment, as it is more driven by the water level. We assume that the increased
importance of the trend parameter can be attributed to the fact that the seasonal coverage
changed between the two splits. Finally, it is worth mentioning that the predictive power
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of the regression model during full impoundment was higher (measured by lower mean
absolute residuals: 0.128 during full impoundment and 0.132 during reservoir filling).
This again suggests that the effects of lower water levels were either diminished or highly
nonlinear, and that the final meters of reservoir filling had the greatest direct impact on

dam deformation, as measured by the PS time series.

A Reservoir Filling B Full Impoundment
Te 0.462 Ty 0.438
Ta 0.251 Te 0.287
TeTa 0.181 TexWe 0.215
o Ter*We 0.174 o Tea*Wea 0.186
3 Tow 0.082 3 TeTa 0.150
4] Wa{ 0.027 o Tre{ 7 0.041
- Wel 0.022 - Wl 10.030
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Mean Absolute SHAP Value Mean Absolute SHAP Value

Figure 11. Mean absolute Shap values during reservoir filling (A) and full impoundment (B). The sum
of all variables on the model impact is 1. Notably, the importance of W increases through interaction
effects during full impoundment.

5. Discussion

This study examined the benefits of combining PS datasets from different wavelengths
for dam monitoring and investigating the impact of exogenous variables on the behavior
of the SAR signal. In this section, the results are discussed with respect to the objectives
presented in Section 1.

5.1. Combining PS Datasets for Dam Monitoring: A Benefit for Dam Operators?

This study investigated the potential of combining PS datasets of multiple SAR sensors
for dam monitoring. Major advantages were observed compared to using single-sensor
datasets, which was consistent with findings from other studies [9-11]. These benefits
include the spatial and temporal densification of the time series and the aggregation of
individual PS points into segments with varying deformation profiles, underscoring their
utility in dam monitoring. Integrating freely available S-1 data with high-resolution TSX
data could enhance spatial and temporal coverage in individual dam segments. TSX proved
particularly valuable in segments where S-1 failed to detect PS points, thereby enhancing
deformation monitoring.

Utilizing both sensors reduced the observation interval from 11 to 6 days in two of the
three segments. Although TSX is widely known for its huge capabilities in infrastructure
monitoring [12,18], the fact that the PS time series acquired by S-1 indicated a lower signal
variance and slightly higher correlations with the pendulum data positions Sentinel-1
as a powerful alternative for PS-based dam monitoring. This is even more evident in
the fact that TSX data are not freely available and often lack availability for many sites.
Existing ground motion services (e.g., BBD, European Ground Motion Service) also provide
analysis-ready S-1 PS time series for comparison. If individual dams or segments are not
adequately covered by S-1, or if critical deformation patterns are detected that require
further investigation, S-1 data could be supplemented locally with high-resolution X-band
data or in situ campaigns.
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The study revealed very similar deformation patterns between the PS time series
and the pendulum measurements. The dam exhibited seasonal deformations linked to
changes in water level and temperature, which were visible in both PS datasets. The MAE
of the combined PS time series to the pendulum data (2.3 mm) indicated that the PSI
technique may not be precise enough to replace pendulum measurements, whose precision
is reported with 0.5 mm [29]. However, the error is far below the accuracy requirement
of 5 mm proposed by Corsetti et al. [5] for concrete dams. Compared to trigonometric
measurements, reported with 3 mm precision [29], the PSI technique also yields lower
uncertainties and considerably reduced revisit times, making it a valuable tool for dam
monitoring when pendulum data are unavailable. On the Glor Dam, this is particularly
relevant for the side segments, which lack dedicated pendulum systems. As a result,
PS-based deformations in these segments could not be compared to in situ data.

5.2. Water Level and Temperature—The Main Drivers for Deformation?

The temperature was confirmed as the main driver for seasonal deformations of the
dam wall. This aligns with the widely known thermal expansion patterns of buildings
observed in other studies [10]. However, the fact that the periodic deformation seems
completely independent of the water level in the reservoir is noteworthy. The analysis
demonstrated an increase in signal variance with reservoir filling, suggesting that the water
level affects the short-term variance, while temperature seems more responsible for the
long-term trend deformation. Notably, this interpretation is also consistent with the feature
importance that was performed. During full impoundment, despite the signal having a
higher variance, the predictability of the signal (measured here by model MAE) was not
reduced. Further, as the effect of water level in the model generally increased during this
period, the additional variance in the signal is likely explainable by an increased impact of
water level on dam deformation.

Future observations of full or partial drainage events present a valuable opportunity
to further substantiate this hypothesis. Such data will be instrumental in developing more
sophisticated statistical models beyond linear regression, thereby enabling a precise charac-
terization of the functional relationships between dam deformation and exogenous drivers.
A deeper understanding of the underlying mechanisms, in combination with more sophis-
ticated models, could, for instance, be leveraged to accurately predict dam deformations,
as was shown in recent studies [36]. Incorporating more exogenous variables, such as frost
and groundwater levels, could additionally contribute to a more comprehensive analysis
of deformation drivers.

5.3. Challenges of the Proposed Methodology

The PSI technique has proven to be an effective tool for observing dam deformations
provided that certain requirements are met. These include the availability of data within
the study area as well as favorable topographic conditions. For deformation interpretation,
the alignment of the dam to the look direction of the satellite sensor emerges as one of the
most essential criteria for comparability to in situ measurements [36]. Due to the satellites’
flight direction, the PSI technique accurately retrieves radial deformations occurring in the
east/west direction. The flight paths of both sensors are oriented to the northwest, but the
look direction heads toward east-northeast (80°), since it is perpendicular to the flight
direction (see Figure 5B). Consequently, the optimal orientation with the highest sensitivity
to radial deformations is parallel to the flight track [10]. Particularly in Segment 3, radial
deformations appear almost perpendicular to the look direction of the sensors. The fact
that radial deformations in Segment 3 are significantly larger than those in Segment 1 is
not evident in the LOS data (see Figure A2). Consequently, projecting the LOS signal into
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the radial axis would result in substantial errors when compared to the pendulum data
and may not accurately reflect the true amplitude of deformation in these segments. It can
be generally assumed that the greater the angle between ¢r1sx or ¢s; and «,,4, the smaller
the PS sensitivity to radial deformations [36]. Therefore, not all PS points or dam segments
may be equally suited for a PS-based monitoring strategy with multiple SAR sensors. This
may require filtering adequate PS points during post-processing to avoid misinterpreting
deformation estimates.

It is important to mention that converting LOS to radial PS deformations can only
be carried out on dams that demonstrably do not experience significant vertical move-
ments [36]. Unlike embankment dams, vertical deformations on gravity dams are generally
lower as they are founded on solid rock formations [40]. Consequently, the LOS signal
could be converted to horizontal (i.e., radial) deformations by neglecting the vertical compo-
nent [18,36]. This approach may not apply to other types of dams and is highly case-specific.

Both PS datasets exhibit comparable seasonal amplitudes of approximately +13 mm in
the middle segment (see Figure 8), indicating consistency between TSX and S-1 data. Dif-
ferences in signal variance could be caused by variations in time series length, the number
of processed images, the quality of reference scenes, the PS network quality in individual
stacks, and the position of the AOI in the range direction. However, the fact that the S-1
time series showed lower variances and higher correlation with the pendulum data in the
middle segment compared to TSX is remarkable. Importantly, the disparity in pixel size
between TSX and S-1 does not translate into a substantial difference in the number of PS
points on the dam. The comparison between both sensors revealed that TSX detected ap-
proximately twice as many PS points as S-1. Given that TSX has a pixel size 17 times smaller
than S-1 (see Table 1), one may expect a proportional increase in PS points. However, this
does not hold true for the Glor Dam. TSX detects relatively fewer stable scatterers than S-1,
indicating that pixel size alone cannot account for the variation in PS points on the dam.
Differences in wavelength also influence how stable scatterers interact with each sensor.
This phenomenon relates to the radar backscattering intensity, which depends on the ratio
of scatterer size to radar wavelength [41]. The dam crest, along with its railing and water
outlets, may predominantly feature larger scatterers, resulting in TSX detecting only twice
as many PS points as S-1. Importantly, this ratio varies from dam to dam and essentially
depends on the material properties and the number of detected PS features.

A major challenge of this study was handling the PS analysis of two sensors with
differing spatial resolutions. While one possible approach would have been to downsample
the TSX data to match the resolution of 5-1 for direct comparability, we chose instead to
retain the full resolution of TSX to maximize the number and spatial density of PS points.
Due to the complex geometry of the Glor Dam, many of these points tend to shift toward
the upstream side. It is important to note that accurately determining the precise locations
of PS points is often challenging. To minimize errors induced during coregistration, a high-
resolution DTM was utilized. In this case, inaccuracies in position are not primarily caused
by errors in geocoding. The vertical walls of gravity dams result in foreshortening and
layover at the top of the crest. Interactions with the water surface lead to double-bounce
effects on the dam crest [18]. As a result, the position of the scatterer is referenced to
the image pixel corresponding to its runtime. As both sensors are right-looking systems
operated in ascending mode, some points are slightly shifted toward the sensor [42]. Due
to the spatial resolution of the sensors, the pixel position also varies by this order of
magnitude, leading to PS points located several meters away from the dam. To overcome
this limitation, segments were defined with a tolerance of 10 m to the upstream side to
account for double-bounce effects caused by seasonal fluctuations in water level. The size
of the segments was chosen to minimize uncertainty during topographic phase removal
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due to the dam’s complex geometry and the different spatial resolutions of the sensors.
Since the number of PS points detected on the Gl6r Dam was relatively low, the points were
aggregated into a mean deformation profile, which was calculated as the weighted mean of
all points within each segment. This approach not only enabled conclusions to be drawn
about deformation behavior in different areas of the dam but also minimized the influence
of lower-quality PS points, such as those with low signal-to-noise ratios or outliers in the
deformation time series.

6. Conclusions

This study introduced a spaceborne multi-sensor approach for monitoring a gravity
dam in Germany using PS datasets from different wavelengths. Applying TSX2StaMPS as
part of the updated snap2stamps package, the S-1 data were integrated with high-resolution
TSX data to enhance the spatial and temporal resolution of the time series. The study yielded
promising results for monitoring individual dam segments, revealing fair agreement with
the pendulum data in the center of the investigated dam (R? = 0.5; MAE popguium = 2.3 mm).
By incorporating S-1 data with high-resolution TSX data, spatial and temporal monitoring
could be enhanced in two of three segments, doubling the number of analyzed SAR scenes
and increasing the number of PS points on the dam. The proposed approach proved partic-
ularly valuable in segments where one of the sensors failed to detect PS points, enabling
a comprehensive observation of all dam sections. The sensitivity of PS points to radial
deformations evolved as one of the most essential criteria for deformation interpretation.
An optimal alignment of the dam crest to the look direction of the satellite sensor is crucial
to ensure comparability to in situ radial measurements acquired by pendulum systems.
Therefore, not all dams or dam sections may be equally suited for a PS-based monitoring
strategy with multiple SAR sensors.

The temperature was identified as the long-term component for periodic deformations
of the gravity dam. The drainage of the Glor Dam indicated that these deformation patterns
are completely independent of water level, and thus, the thermal expansion of the dam
could be made responsible for the total deformation during this period. With the reservoir
filling after renovation, the variance in the PS time series increased from 0.9 to 3.9 mm
in RMSE, indicating that the water level is more responsible for short-term variations
in the SAR signal. With the full impoundment of the reservoir, the mean amplitude of
deformation decreased about 1.7 mm toward the downstream side of the dam as a result of
the higher water pressure. The last five meters of water level rise resulted in higher feature
importance due to interaction effects with temperature.

Future research could concentrate on causal analyses between the deformation of the
dam and its influencing factors to obtain a deeper insight into the physical understanding
and mechanisms of dam movement. As temperature was identified as the primary long-
term driver of deformation, structural trends and changes to the dam could also be analyzed
with regard to climate change.
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Figure A1. Single-sensor time series of TSX (A,C,E, blue) and S-1 (B,D, red) shown as d e, for all
segments of the Gloér Dam. The trend curves of Segment 2 were fitted using a LOESS regression
(green). Due to the location of the pendulum system at the center of the dam, PS time series were
compared to pendulum data only in Segment 2 (orange). The radial deformation amplitude is given
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Figure A2. Mean LOS deformation for all segments of the Glér Dam divided by the SAR sensor (left)
and fitted with a LOESS regression (right). (A,B) Western Segment 1. (C,D) Middle Segment 2.
(EF) Eastern Segment 3, which only consists of TSX PS points. Due to the different acquisition
geometries between SAR data and pendulum data, the LOS time series could not be compared to
radial pendulum data. The LOS deformation amplitude is given as an interval in millimeters.

Appendix B

A conversion from a single LOS direction (d1pg) to a displacement d, corresponding to
the expected direction of the detected movement, is performed as follows [43,44]:

B dLos
d|mm] = cos(ay) - cos(fs) + sin(ay ) - cos(araq — @s) - sin(6s) (A

where 6g represents the incidence angle of the sensor, and ay denotes the angle between
the vertical direction and the true deformation direction. The angular difference between
the true north radial angle of a detected scatterer («,,q) and the sensor’s look direction (¢s)
ranges between 0° and 90°.
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