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Abstract: Dams have many important socio-economic functions, fulfilling roles ranging from storing
water to power generation, but also serving as leisure areas. Monitoring of their deformation is
usually performed using time-consuming traditional terr estrial techniques, leading to a yearly
monitoring cycle. To increase the monitoring cycle, new methods are needed. Persistent Scatterer
Interferometry (PSI) is a well-established technique for monitoring millimeter deformation of the
Earth’s surface. The availability of free and open SAR data with a repeat cycle of 6 to 12 days from
the Copernicus mission Sentinel-1, allows PSI to be used complementary to traditional surveying
techniques. This present study investigates deformation dynamics at the Moehne gravity dam
in North Rhine-Westphalia, Germany. The applicability of the PSI technique to the deformation
monitoring of dams is evaluated, in relation to the necessary accuracy requirements. For this purpose,
Sentinel-1 data from January 2015 to November 2020 are analyzed and the deformation estimates
are assessed with in situ information. Using a precise dam model, the radial deformation of the
dam could be extracted and compared to trigonometric and plumb measurements. The first results
show that the movements of the Moehne dam follow a seasonal pattern, reaching a maximum
radial deformation of up to 4 mm in Spring, following a decline to −4 mm in the late summer.
RMSE between 1.1 mm and 1.5 mm were observed between the PSI observations and the in situ
data, showing that the PSI technique achieves the necessary accuracy requirements for gravity dam
monitoring from space.

Keywords: InSAR; PSI; Sentinel-1; deformation monitoring; accuracy assessment

1. Introduction

Dams are defined as massive barrier structures made of masonry or concrete [1] and
are subdivided into different categories according to the type of load-bearing behavior.
Gravity dams, such as the Möhne dam [2], are the most used type of dam in Germany
and are characterized by having a triangular cross-section, thus transmitting the horizon-
tally acting water force into the subsoil through their own weight [1]. Gravity dams are
subjected to different kinds of deformation, including vertical settling, which can occur
after construction, and horizontal deformation in the radial direction to the dam crest
in a seasonal cycle, depending on temperatures and the water level of the reservoir [3].
Even if such deformations are permissible up to a certain amount defined by the structural
engineering calculation, they must be monitored regularly to ensure the long-term stability
of the dams. An extensive measuring program is usually set up, which records both the
short- and the long-term behavior of the deformation [4]. For absolute vertical displace-
ments measurements, geodetic methods such as tacheometry and leveling are used [4].

Remote Sens. 2022, 14, 1112. https://doi.org/10.3390/rs14051112 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs14051112
https://doi.org/10.3390/rs14051112
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0001-9878-7232
https://doi.org/10.3390/rs14051112
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14051112?type=check_update&version=1


Remote Sens. 2022, 14, 1112 2 of 19

In addition, relative horizontal displacements and deformations are determined by plumb
bob measurements. These terrestrial measurements facilitate the evaluation of the dam
deformation in accordance with German standards (DIN 19700-10 (2004)) [5]. In the partic-
ular case of gravity dams, the precision of the measurements should be at least +/−2 mm,
which is guaranteed by the terrestrial measurements [6]. However, such measurements are
highly time-consuming and the monitoring of dams by trigonometry occurs mostly once or
twice a year, which makes the observation of seasonal changes difficult.

Technical advances in differential synthetic aperture radar interferometry, or DIn-
SAR, allow for the identification and characterization of such deformations. Specifically,
the Persistent Scatterer Interferometry technique, or PSI [7,8], allows for the estimation
of the deformation of a particular scatterer with millimeter accuracy. The PSI technique
has already been used successfully for the monitoring of various embankment dams in
different studies [9–18]. For example, the Plover Cove Dam in Hong Kong was investigated
from 2008 to 2012 using TerraSAR-X data [13]. Other examples include the Charvak Dam
in Uzbekistan and the Three Gorges Dam in China [14,15]. Another study is monitoring
the deformations of the La Viñela dam in Málaga, southern Spain using Sentinel-1 data [16].
Furthermore, the Mosul Dam in Iraq, which is in danger of failure, is an intensively studied
object [11,17,18]. Water intrusion into the easily soluble evaporite layers beneath the dam
has been observed since its construction in 1984 and monitoring by on-site measurements
has not been possible [17]. Here, the application of PSI technology provided an alternative
that made it possible to observe the deformations [17]. The feasibility of PSI analysis using
embankment dams and gravity dams as an example was detailed in particular in [19].
These insights can be used as a guideline for analyses to be performed in the future. Similar
objects to dams being monitored with the PSI technique are locks, as in the example of the
lock located in Hessigheim am Neckar in Germany [20]. The X-band data in both recording
geometries (ascending and descending) were used. Due to the high geometrical resolution,
a very high number of PS points could be identified, whose movements could primarily
be traced back to a vertical deformation component [20]. Moreover, the results showed a
motion profile that could be traced back to an annual cycle of movements. Further examples
of PSI-based monitoring of dams are also shown in [21,22].

In comparison with embankment dams, the observation of gravity dams using the
PSI technique, or other multi-temporal synthetic aperture radar interferometry (MTInSAR)
techniques, has not yet been documented in the literature in detail. This is surprising
because gravity dams are heavily stressed due to various factors such as temperature or
water-level changes, which result in annual radial movements (transverse to the water load)
in the range of millimeters. Additional research needs concern a sufficient accuracy and
reliability analysis, which is often not possible due to missing in situ data [14,23]. However,
this is essential in order to evaluate the potential and possibility of an automatic use of
the PSI technique for dam monitoring. A first analysis regarding the accuracy of the PSI
technique for the monitoring of embankment dams has been performed by also including
data from the nationwide Ground Motion Service Germany (BBD) [24]. Further studies are
yet required to assess the sufficient accuracy of the PSI technique for gravity dams.

In this study, the use of spaceborne persistent scatterer interferometry (PSI) for tempo-
rally dense regular monitoring of the deformation of a gravity dam is investigated. Two
particular goals were set in this study. The first and most fundamental goal is to successfully
assess and validate the use of the PSI technique for gravity dams. In particular, an examina-
tion of whether accuracy requirements for gravity dam monitoring according to German
standards are fulfilled with spaceborne SAR data is performed, considering the precision
of radial deformations. The second goal is to investigate the impact of the observation
cycle on the position and number of detected PS points in order to iterate solutions for
an automatic monitoring of dams using PSI. Specifically, the preferable observation cycle
with respect to the accuracy requirements [5] for monitoring, number of observation points
and accuracy of the estimated deformation is investigated. As gravity dams have not been
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included in the monitoring of deformations with PSI, this study intends to set a basis for
the deformation of gravity dams.

2. Materials and Methods

In particular, in order to assess and validate the use of the PSI technique for gravity
dams, whether the accuracy requirements for gravity-dam monitoring can be fulfilled with
spaceborne SAR data was investigated according to the German Institute for Standardiza-
tion (DIN) [5]. To this end, the resulting satellites’ Line of Sight (LOS) deformations of the
computed PS points were converted into horizontal deformations using trigonometric prin-
ciples, to be comparable to the in situ measurements. Subsequently, the use of the precise
dam model of the Moehne gravity dam is used to estimate radial deformation information.
To investigate the impact of the observation cycle on the position and number of detected
PS points in order to iterate solutions for the automatic monitoring of dams using PSI, three
different data sets were created, considering a different number of acquisitions within the
same period of observation.

In this chapter, the study area, the data that were used, and the applied methods are
described, starting with the study area.

2.1. Study Area

In this study, the Moehne Dam, located in the east of the state North Rhine-Westphalia
in western Germany, was investigated. The location is shown in Figure 1a.
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Figure 1. Study area of this investigation: (a) Moehne Lake in Western Germany. The position of the 
Moehne Gravity Dam and the Sentinel-1 coverage are marked in red; (b) Photo of the Moehne 
Gravity Dam (Ruhrverband 2022) [25]. 

The Moehne Dam is a gravity dam made of quarry masonry, striking north-east to 
the south-west with its reservoir to the east [2]. The reservoir has a full supply capacity of 
134.5 million m³ of water and contributes significantly to securing the water supply of the 
Ruhr area [26]. Below the Moehne dam lies the so-called compensatory pond, which is 
visible in Figure 1b. It serves to equalize the release of water from the Moehne reservoir 
into the lower reaches, as the main power plant only uses the water from the Moehne 
reservoir for electricity generation on an hourly basis [26]. 

Figure 1. Study area of this investigation: (a) Moehne Lake in Western Germany. The position of
the Moehne Gravity Dam and the Sentinel-1 coverage are marked in red; (b) Photo of the Moehne
Gravity Dam (Ruhrverband 2022) [25].

The Moehne Dam is a gravity dam made of quarry masonry, striking north-east to
the south-west with its reservoir to the east [2]. The reservoir has a full supply capacity
of 134.5 million m3 of water and contributes significantly to securing the water supply of
the Ruhr area [26]. Below the Moehne dam lies the so-called compensatory pond, which is
visible in Figure 1b. It serves to equalize the release of water from the Moehne reservoir
into the lower reaches, as the main power plant only uses the water from the Moehne
reservoir for electricity generation on an hourly basis [26].

The dam includes two pre-dams [27] and an area of 43,637 km2 is covered by the
Moehne reservoir [26]. The annual mean long-term precipitation for the period between
1931 and 2012 was 857 mm [26]. The Moehne dam was built between 1908 and 1912 ([28],
severely damaged in an air raid in 1943 and rebuilt by October 1943 [26]. The 650 m long and
40 m high masonry dam [2] is shown in Figure 1b. Despite its arch shape, it gets its stability
as a gravity dam from the triangular cross-section and the weight of the masonry. Moreover,
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the surrounding topography and the fact that the dam is being regularly monitored with
terrestrial measurements (see Section 2.2), makes it an ideal monitoring object.

2.2. Data

For the analysis, both satellite data from the Copernicus Sentinel-1 mission and in
situ data were used. Table 1 lists the Sentinel-1 data used for the analysis. In the case of a
big object such as the dam of the Moehne reservoir, some areas may not be visible for the
radar antenna due to the incidence angle of the signal, which results in shadow areas (see
Figure 1b for an overview of the dam). Geometric distortions due to other geometric factors
such as slope and aspect can also occur and hamper the correct detection of PS points [29].
Regarding these geometric properties, the so-called R-index was developed [30]. It indexes
the identifiability of PS points purely on the geometric properties. A digital elevation model
(DEM) provides essential information, from which slope, aspect, and incidence angle are
calculated [30]. The aspect in the case of dams is mainly determined by their geographical
orientation. In the case of the Moehne dam, the northeast to southwest orientation defines
the aspect angle of the airside to the west and of the waterside to the east. With its location in
the geographical space and the resulting alignment angles, the Moehne dam provides good
geometric conditions for a PSI analysis based on Sentinel-1 acquisitions in the ascending
orbit. Due to the geographical orientation of the Moehne dam, an analysis utilizing data
from the descending orbit is not expected to deliver a sufficient number of PS points. This
relation is demonstrated in Figure 2, whereby a radar signal from the descending orbit
would reach the dam on the waterside, where the dam’s impact area is low and changes in
water level occur. The ascending orbit, on the other hand, provides much more beneficial
conditions, since the radar signal reaches the airside, and the impact area is much bigger
as well.
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The timeline of the study covers a period from March 2015 to March 2020. In ascending
configuration, three data stacks, each containing a different number of scenes, were created.
For this analysis, only data from Sentinal-1A were used. All data sets cover the same period,
with the first data stack containing 38 Sentinel-1 scenes (t1), the second data stack containing
67 scenes (t2), and the third data stack containing 164 scenes (t3). These correspond to a
quarter, half and the full temporal availability of the data, respectively. All three stacks
were used in separate PSI analyses in order to investigate the impact of the number of
scenes on the resulting PSI accuracy and number of PS points, as well as their position.
The data were acquired with an incidence angle of 39.4◦ at the dam position.
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Table 1. Sentinel-1 data that were used in this study and their attributes. All three datasets originate
from the same track and frame and use the same observation period, only the number of scenes differs.

Observation Period Track/Frame Data Stack Scenes θ (◦)

February 2015–November 2020 15/164 t1 38 39.4
February 2015–November 2020 15/164 t2 67 39.4
February 2015–November 2020 15/164 t3 164 39.4

In addition to the Sentinel-1 data, a digital terrain model is necessary for PSI processing.
For this analysis, a Lidar-DEM was obtained from the geodata infrastructure of the state of
North Rhine-Westphalia [32]. The data are freely available and have a resolution of 1 m.
The DEM was transformed into radar geometry and used for pre-processing, which aims
for the most precise coregistration of all Sentinel-1 data. These stacked data were subset
onto the study area and used for further processing.

For the analysis of the accuracy of the PS deformation estimates, available terrestrial
measurement data from the Moehne dam were used. They were recorded by the Ruhrver-
band and made available for this work [33]. Furthermore, Table 2 provides an overview of
the supplied data.

Table 2. In situ data that were used for the accuracy analysis.

Measurement Measuring Points Measuring Interval Accuracy

Plumb 1 daily +/−0.5 mm
Trigonometry 27 every 6 months +/−3 mm

Plumb measurements are provided on a daily basis in the dam’s tangential and radial
axis. This measurement has a measuring accuracy of +/−0.5 mm and is performed at one
single point in the middle of the dam. The location of the plumb measurement is given
in Figure 3. Since the dam crest is, to some extent, moving similarly in all places situated
at the same dam height, one plumb measurement is sufficient and representative for the
long-term motion of the points situated on this horizontal plane, here on the top of the
wall between the two towers (OP 44 to OP48 in Figure 3) [27]. A further study showed
differences in the movement patterns for points that are located on the dam crest on a short
time scale [34]. In this study, the plumb measurement is used for the comparison with all
detected PS points. As such, the vertical position and respective deformation of the detected
PSs on the dam wall can be better investigated. Furthermore, trigonometric measurements
taken at 27 measuring points were provided, with a temporal resolution of six months and
a measuring accuracy of +/−3 mm. This measurement’s accuracy is significantly lower
compared to the plumb measurement. They represent, however, the full three-dimensional
displacement of the Moehne dam wall. Figure 3 displays the spatial distribution of all
27 measuring points of the trigonometric measurements across the dam. For the accuracy
analysis, the trigonometric point with the shortest distance to the respective PS point was
chosen. The accuracy analysis is described in detail in the following chapter.

Additionally, water level and weather records containing information about precipita-
tion and air temperature were available for the whole study period. Details are listed in
Table 3.

Table 3. Water level and weather record details.

Measurement Measuring Points Measuring Interval Measuring Unit

Precipitation 1 daily mm
Air temperature 1 daily ◦C

Water level 1 daily m
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2.3. Methods

As mentioned in Section 1, this study aimed first at assessing the accuracy of Sentinel-
1 based PSI analysis on gravity dam monitoring and second at analyzing the impact
of the observation cycle on the number, position, and accuracy of the detected PS and
their displacements.

In particular, an examination of whether accuracy requirements for gravity dam
monitoring according to the German Institute for Standardization (DIN) [5] are fulfilled
with spaceborne SAR data was performed. Here, the resulting LOS deformations were
transformed into horizontal deformations using trigonometric principles for comparison
to the in situ measurements. Subsequently, a precise dam model of the Moehne gravity
dam, allowing for the estimation of precise angles at each observation point, was used to
estimate radial deformation information. PSI processing was performed with the GAMMA
v1.8 software of the Swiss software company GAMMA Remote Sensing [35]. The PSI
processing was performed for each ascending data stack presented in Section 2.1. separately,
using the same parameters for PS candidate selection and processing. In order to reduce
temporal decorrelation, a scene situated at the middle of the data stack and presenting
good atmospheric conditions was chosen as the master for coregistration and processing
(2 March 2017). This scene was available in all three data stacks. Additionally, a reference
point was chosen by taking the criteria of a high phase stability with no present deformation
into account. For the PSI analysis, a linear deformation model was used.

The determined deformation rates from the PSI analysis reflect the deformation in the
LOS direction of the satellite. The imaging geometry results from the viewing direction
and the incidence angle of the satellite. Therefore, the LOS displacement contains both
the vertical and horizontal components of the displacements [36]. However, the vertical
deformation at the Moehne gravity dam regularly measured by geometric leveling is
negligible [27]. Therefore, the observed deformations can be attributed entirely to horizontal
displacements. The horizontal motions can be extracted by projecting the LOS onto the
horizontal plane, applying a simple trigonometric equation. This relation is shown in
Figure 4.

The LOS deformation dLOS is the result of PSI processing, and since the incidence
angle is known, horizontal deformations can be extracted using

dhor = dLOS ∗ sin(θ), (1)

where dhor defines the horizontal deformations and θ is the satellite’s incidence angle.
To achieve further comparability of the calculated PSI deformations with the in situ data
recorded at the Moehne dam, additional trigonometric adjustments of the acquired hori-
zontal movements are necessary, in order to project the displacements into the radial and



Remote Sens. 2022, 14, 1112 7 of 19

tangential displacement component to the dam. As the tangential displacement is expected
to be zero [27], the whole horizontal component is projected onto the radial axis to the
specific dam position. This additional calculation is based on the difference of the heading
angles H and the radial measurement angles A that were supplied by the Ruhrverband
using the precise dam model. These adjustments are illustrated in Figure 5. The in situ
measurement data are recorded in two different axes (red axes), whereby one axis is the
movement of the tangential direction, which describes the movement along the dam’s main
axis at a particular point position (left-right movement). Furthermore, the radial axis is
defined through the movements between the waterside and the airside at this very same
point of the dam.
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Both axes’ orientations change for each location on the dam and, therefore, the angle
Arad between the absolute North and the radial axis changes as well. Furthermore, the hor-
izontally projected LOS displacement of Sentinel-1 can be described using the heading
angle of the satellite track, named here as Hasc for the ascending trajectory (simplified here
as the angle between the absolute North and the flight direction). Both angles can be used
to compute the angle αa using

αa = Arad − |Hasc|, (2)

while Arad represents the given radial angle from the Ruhrverband. Then, αa can be used
to transform the horizontal deformations (dhor) from the satellite’s ascending axis into the
radial movement axis (drad) by applying

drad = dhor ∗ cos(αa). (3)

By implementing these trigonometric adjustments to the original LOS displacements,
the resulting radial movements are comparable to the available in situ measurements.
Simple descriptive statistics were used to provide an assessment of the results and compare
the computed radial PSI movements with the in situ measurements. For this purpose,
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the root mean square error (RMSE) and the correlation coefficient r2; were used. RMSE was
computed by utilizing

RMSE =

√
∑T

t=1(drad − dx)
2

n
, (4)

whereas drad stands for the radial deformation of the detected PS, dx stands for the re-
spective radial component of the closest in situ measurement, and n for the number of
observations. In addition, the coefficient of determination

r2 =
cov(x, y)√

s2
x − s2

y

(5)

was computed, forming the covariance between the two coefficient estimates x and y and
the variances for the estimates, where x represents the PSI measurement and y the in situ
measurement. Both s2

x and s2
y represent the variances of both values, respectively. Both

statistic parameters were computed for each comparison of the PSI measurements with
(a) the plumb measurements and (b) the trigonometric measurements.
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3. Results

The presentation of the results is divided into three parts, starting with the influence
of the observation frequency on the point density and followed by the presentation of
estimation of radial deformation rates, and finally the accuracy assessment. This study
focuses on the seasonal displacement of a gravity dam. Therefore, no velocity maps are
shown, which is the case for most other PSI analyses.

3.1. Frequency of Observation

A total number of 29 PS points was identified along the Moehne gravity dam, utilizing
all three Sentinel-1 data stacks mentioned in Table 1. Furthermore, Figure 6 displays the
location of all 29 PS points and their respective Sentinel-1 data stack. The positions of the
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PS points presented in the following subsections (a3, a17, a18) are marked as well. Within
these three stacks, the highest number of PS points was identified using the stack with
the lowest number of scenes and vice versa. Hence, 5 out of 29 PS points were detected
using the data stack t3, which contains 164 Sentinel-1 scenes, 11 points were detected using
t2, which contains 67 Sentinel-1 scenes, and 13 PS points were detected for the data stack
containing 38 Sentinel-1 scenes. The PS points show different locations depending on the
data stack, although most detected PS points are located on the dam crest with a significant
accumulation near the towers, for all stacks. A small number of PS points are located at the
lower parts of the dam and a few points lie further away from the dam.
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Figure 6. Overview of identified PS points. Shown are the points from all three data stacks of the as-
cending orbit (t1, t2, t3) combined as well as the locations of the relevant trigonometric measurements
(OP47, OP49) and the plumb measurement. Sensor direction and beam direction of the ascending
orbit are represented by two arrows in the lower left corner. Background image: ESRI Satellite.

Accuracies among the three data stacks do not differ significantly. Table 4 lists the
RMSE and r2 for a selection of PS points that are located on the dam crest compared to the
plumb measurements. RMSE values move between 1.09 mm and 1.38 mm and are slightly
lower for PS points from t1. The r2 values tend to be slightly higher for PS points from data
stack t1 as well. However, differences are small enough to be negligible.

3.2. Deformation Patterns and Estimation of Radial Deformations

Deformations were estimated for all 29 identified PS points, and LOS deformation was
converted into horizontal and radial displacements according to Section 2.3. Furthermore,
Figure 7 demonstrates the impact of the use of the precise dam model in order to compute
the radial deformations. Maximum values, as well as minimum values, turn out to be
less robust, whereas the seasonal pattern remains. In particular, the transition from LOS
deformations into horizontal deformations causes the maximum and minimum values
to reduce by up to 2 mm. The same effect can be observed for the computation of radial
deformations. Here, maximum values and minimum values reduced by up to another
0.5 mm. The deformations regularly follow a seasonal pattern for all points. This pattern
is shown in Figure 7 by the example of one PS point. In spring, the radial deformations
generally reach a maximum of up to 3 mm, whereas a decline in the following months
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can be observed, reaching a minimum during late summer of up to −3.5 mm. Solely in
2017, the maximum values of radial deformation reached only about 1.2 mm in April. This
seasonal cycle could be observed for all points that are located on the dam crest. The PS
points that are located on the lower parts of the dam or near the outer parts and near
the slopes contain the same seasonal pattern, but with significantly lower maximum and
minimum displacement values.

Table 4. List of PS points that are located on the dam crest. Additionally provided is their respective
data stack and statistical values. RMSE and r2 were computed using the PSI measurements and
plumb measurements.

PS Point Data Stack RMSE [mm] r2

a2 t1 1.16 0.89
a3 t1 1.09 0.91
a4 t1 1.20 0.88
a5 t1 1.14 0.91
a6 t1 1.32 0.89
a8 t1 1.38 0.92

a15 t2 1.25 0.88
a21 t3 1.44 0.86
a24 t2 1.32 0.88
a25 t2 1.38 0.87
a27 t2 1.25 0.88
a29 t3 1.19 0.90
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Figure 7. The seasonal pattern of the PSI measurement, as well as the water level, are similar to each
other. This connection is confirmed by an r2 of 0.56. Therefore, it is evident that the water level and
subsequently the water pressure is the driving force of the deformation, although other factors may
also have a more limited impact on the final deformation.

Additionally, the seasonal pattern could be correlated with the seasonal changes in
the water level of the reservoir, as shown in Figure 8. The seasonal pattern of the PSI
measurement, as well as the water level, are similar to each other. This connection is
confirmed by an r2 of 0.56. Therefore, it is evident that the water level and subsequently
the water pressure is the driving force of the deformation, although other factors may also
have a more limited impact on the final deformation.
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Figure 8. Comparison between PSI measurements and the water level of the Moehne lake. Seasonal
patterns are similar to each other, and the connection between the two measurements is visible.

In the following section, results of the accuracy analyses using the radial deformations
are presented.

3.3. Accuracy Analysis

The radial deformations were visually and statistically compared with the in situ mea-
surements. Figure 9 illustrates the annual deformation rates for three single PS points, one
out of each data stack, respectively. Additionally, plumb measurements and trigonometric
measurements of the nearest measuring point are included. Since plumb measurements
resolution is on a daily basis, the seasonal cycle can be tracked very simply.

Figure 9a shows the PS point a3 from data stack t1, which contains 38 measurements.
Despite the point density in the deformation profile being low, the seasonal cycle can be
recognized and is comparable to the plumb measurements. Figure 9b shows PS point
a17, from the data stack containing 67 Sentinel-1 scenes (t2). Similar to the previous
example, the displacements follow a seasonal cycle, while PSI and plumb measurements
show large visual similarities. Since this PS point was calculated from the data stack t2,
the point density is correspondingly higher than in Figure 9a. PS point a18 (Figure 9c),
with its 164 measurements (t3), visually follows the profile of the plumb measurements
in a seasonal cycle. The observation point density is the highest. Therefore, the seasonal
cycle can be viewed in the most detail here and short-term deviations from the sinusoidal
seasonal behavior can be better captured. However, as of April 2017, the values of the
PSI measurements show a slight offset in time from the radial plumb measurements. This
is manifested by the fact that the radial movements measured by the plumb reach their
minimum points somewhat earlier, whereas the PS values lag behind and reach this point
later. Since the other two data stacks contain a significantly lower number of observations,
this effect cannot be traced so clearly.

In summary, the magnitude of the annual variation is clearly recognizable and in
accordance with both the plumb measurements and the PS calculations of all three data
stacks, where the seasonal cycles are similar and move between -4 mm and 4 mm in their
minima and maxima.
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The trigonometric measurements also show the seasonal cycle, which can be rec-
ognized by visual observation. It should be noted, however, that the values fluctuate
significantly more in their minima and maxima. Since trigonometric measurements are
only acquired twice a year at the Moehne dam, the significance of the visual comparison is
also lower. The trigonometric measurements show very large deviations in all three cases,
compared to the plumb and PSI measurements.

For a more detailed statistical analysis, Table 5 lists the basic statistical comparisons
between PSI measurements and in situ measurements.
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Table 5. Accuracy measures for the three presented PS points in Figure 5. PSI measurements are
compared to in situ measurements utilizing the RMSE and r2, respectively.

Point RMSE
(PSI–Plumb)

RMSE
(PSI–Trig.)

r2

(PSI–Plumb)
r2

(PSI–Trig.)

a3 (t1) 1.21 mm 2.70 mm 0.88 0.58
a17 (t2) 1.20 mm 2.93 mm 0.91 0.77
a18 (t3) 1.09 mm 2.76 mm 0.91 0.62

The very low RMSE values (1.1–1.2 mm) and high r2 values for the comparison of
PSI measurements and plumb measurements confirm the good conformity of those two
measurements. Regarding the trigonometric measurements, consistencies with the PSI
measurements are significantly lower, but still present. This is expressed through RMSE
values that lie between 2.7 mm and 2.93 mm and r2 values that do not exceed a value of
0.77. Only the results of three different points have been shown so far, however, a similar
seasonal cycle, as well as the good matches with the plumb measurements, applies for
all computed PS points that are located on top of the Moehne dam. This correlation is
confirmed by Table 4 in Section 3.1, in which the statistical analysis is summarized for all
relevant PS points.

As a further measure to evaluate the intrinsic accuracy of the technique, the statistical
parameters of PS points that are clearly located far away from the dam, and for which no
deformation is expected, can be considered. An example of PS 22 was provided in Figure 10.
Additionally, the location of this point is given in Figure 6. It should be noted that these are
the LOS values. Since their conversion to radial values is not useful due to their location
outside the dam wall, the radial values are not shown. The points’ deformations have
maximum ranges of 2.25 mm, compared to the range of 8 mm of the points situated on
the dam. If no deformation exists at these points, these values can be used as another
measure of the accuracy of the PSI technique. Thus, they indicate the basic uncertainty of
the technique, which ranges around +/−1.2 mm. For this purpose, however, it should be
ensured that no displacements or movements are actually present at these points, which
could not be fully verified in this study.
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4. Discussion

In the following part, the results presented in the last chapter are discussed with
respect to the goals defined at the beginning of this study.

To ensure the monitoring of the stability of the whole dam at as many points as
possible, identification of a sufficient number of PS points is necessary. The higher the
density and quality of the points, the more detailed the results. The physical properties of
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the objects located in the respective pixels form the most fundamental criteria for successful
identification. Thus, high backscatter intensity and high phase stability are necessary for
the identification of PS points. This is mostly true for certain land-cover classes, such as
urban areas. Dams with their thickness and construction type also meet the requirements.
In this study, the successful PSI-processing resulted in a total number of 29 PS points for all
three stacks combined, which can be considered sufficient for dam monitoring of a gravity
dam with a length of 650 m and height of 40 m using the PSI technique. As a comparison,
27 trigonometric observation points are used for monitoring this dam. The PS scores
resulting from these three data stacks differ greatly. For the analysis, a total of 164 available
scenes were used in one analysis, and in two other data stacks, this number was reduced to
67 and 38 scenes, respectively. Only five PS points were identified for the data stack with the
highest data density (t3), while 11 and 13 PS points were identified for the two data stacks
with lower data densities (t2 and t1). Therefore, a connection between the observation
frequency and the number of resulting PS points could be made. Although no major
differences are apparent between the location of the points from each data stack, the fact
that the most points were identified with the use of the least amount of data is noteworthy.
No definitive explanations for this phenomenon can be given at this point, only some
thoughts based on the nature of the technique. A reduction in PS points when using a lot of
data could be due to momentary perturbations that occurred while one of the scenes was
being recorded, yielding an unstable signal at specific point positions, thereby hampering
the PS detection. Satellite missions, such as Sentinel-1 or NISAR, have led to the availability
of huge amounts of data, which brings new challenges at the same time. The impact
of big data volumes on the quality of multitemporal InSAR methods has already been
highlighted in various studies [37,38]. The developed technique of the so-called sequential
estimator [37] provides an approach to divide and compress a large amount of available
data into smaller sections. From here, the multitemporal interferograms are then formed
and used for further analysis. On the one hand, scenes, which would carry disturbing
influences into an analysis, can be eliminated and on the other hand, the analysis is more
effective in terms of time, since fewer scenes are used [37]. Because of the division of the
entire period, it is also not necessary to reprocess the entire data set for a new SAR scene [37].
First results from [37] show a compromise of a slightly lower accuracy and significantly
reduced the computational time or effort in the application for this methodology. Due
to the phenomena occurring during the observation of the Moehne dam, the Sequential
Estimator can be used as an alternative technique and could be investigated with regard to
whether it fulfills the necessary accuracy requirements whilst keeping more PSs.

Additionally, the detected points are situated around prominent features such as
the towers, providing fewer observations for the monitoring of other parts of the dam.
However, since the scale of the deformations is equal for all parts of the upper dam [27],
PSI deformations measured at the towers can be transferred to areas with a lesser PS point
density. In particular, points located on the large towers of the Möhne dam show the
same dynamics as those points that are located, e.g., in the middle of the dam. There is,
however, a variability of the PS measurements that relates to the altitude of the PS points
on the dam. Lower points on the airside show significantly lower minima and maxima.
Figure 11 shows an example of a PS point from the lower parts of the dam, compared to
the plumb measurement situated on the top of the wall. This point has a height of 190 m
and is therefore, located about 20 m lower than the points on the dam crest.

The PS point a26 is located far below the dam crest (see Figure 6). This indicates that
the movements of the dam in the lower part are significantly smaller. This correlation is
confirmed by other studies [3,39], which describe the deformation of a dam as a function
of water pressure and the dams’ design. Though the water pressure is the driving factor
for displacement, the dams’ design is not to be neglected. Although the water pressure for
the dam crest is lower compared to the dam foot, deformations are higher, whereas the
deformation decreases towards the foundation of the dam. This connection is confirmed by
points located on the lower parts of the dam. They show significantly smaller movement
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rates. Additional points that show significantly lower movement rates are those PS points,
which are located on the outer parts of the wall. Even though a majority of these points
appear to be located on the upper part of the wall, they show low values in their seasonal
patterns that are comparable to those in Figure 11. Therefore, by utilizing the PSI technique
at the Moehne gravity dam, varieties in deformation rates due to the walls’ design, structure
and response to water pressure were visible.
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with in situ measurements.

To evaluate the applicability of the PSI technique on gravity dams following the
example of the Moehne dam, a variety of points can be discussed in this paper. Firstly,
a direct comparison with the in situ measurements is discussed. The results of the accuracy
analysis have shown that especially the plumb measurements are very well related to the
obtained PSI results. All PS points, which are assumed to be located on top of the wall,
show very similar courses to the plumb measurements over the whole observation period.
This is also confirmed by the statistical analysis, which provides r2 values in the range
of 0.88 to 0.95 for all PS points. The RMSEs are also very small, with values in the range
between 1.1 mm and 1.2 mm. Thus, the results of the validation of the PSI analysis with
the plumb measurements, which are the most accurate terrestrial measurements, can be
described as very good and PSI could be used to monitor gravity dams according to DIN
requirements on a more regular basis than current terrestrial measurements.

The results of the comparisons with the trigonometric data generally give significantly
worse results than the comparisons with the plumb measurements. While the visual com-
parison shows many measurement points that agree well with the PSI measurements, there
are also a large number of deviations of up to several millimeters. This is mainly due to
the inaccurate measuring method compared to the plumb measurements (see Table 2). Its
uncertainty is obtained with a confidence range of +/−3 mm, whereas the measuring accu-
racy of the plumb measurement is noted with +/−0.5 mm [27]. Because of this, the RMSE
values are also significantly increased and the r2 values are generally significantly smaller.
However, it must also be considered that only 12 or fewer trigonometric measurements
were available for the observation period, since this measurement was taken only twice
a year. In summary, it can be noted that a comparison of the PSI measurements with the
trigonometric points is limited due to the low temporal coverage and the low accuracy, pro-
viding, however, a good spatial representation of the dam wall. The plumb measurement,
on the other hand, only takes place at one point on the wall. The results of the accuracy
analysis provided plausible results showing that the PSI technique is a powerful tool for
calculating displacements and monitoring gravity dams with sufficient accuracy.

The successful accuracy analysis was made possible with the use of a precise dam
model to calculate the radial deformation rates. PSI deformation measurements refer to the
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LOS alignment of the SAR sensor [40,41]. Since deformations are generally 3D phenomena, it
is essential to note that the PSI technique only reflects a combination of those dimensions into
one dimension (LOS) [42]. One of the crucial points in the application of the PSI technique
is the extraction of the vertical and horizontal movements, respectively [43,44]. A large
number of studies from different application areas use ascending and descending data in
combination to achieve this goal and extend the LOS values to a 2D context [36,45–48].
Moreover, it is also clear from all these studies that this kind of extraction is only possible
when data from both flight directions are available [49] at similar point locations. However,
this limitation refers only to situations in which both directions of motion, vertical and
horizontal, are significantly present. Since in the case of the Moehne dam the vertical
movements can be neglected [26], an extraction of the horizontal movements, as described
in the methods chapter is possible, assuming that all the measured deformation in LOS
corresponds to a radial displacement. It is worth mentioning that only a radial deformation
occurring in East/West direction can be retrieved precisely with spaceborne PSI technique.

For future analyses, however, it is necessary to distinguish the goal in terms of the
amount of used data. Since the accuracy for all data stacks remains nearly the same, it is
also valuable to use fewer data. In this case, the number of resulting PS points is higher,
however, seasonal changes cannot be captured that well. Using all available data, as was
done in t3, only a few PS points were identified. Therefore, the dam was not fully spatially
covered. If a temporal resolution such as that of the t1 or t2 data stack is sufficient, this
resolution should be preferred since accuracies are similar. It is also indicated that with
less Sentinel-1 data, more PS-points could be identified and therefore, a higher spatial
coverage of the Moehne dam could be achieved. The accuracies of the movements of the
three data stacks are similar, but it should be noted that the temporal offset in data stack t3
of up to a few weeks, which is particularly evident from the visual comparison with the
plumb measurements, is not to be neglected. This can also explain the higher RMSE and
the slightly lower r2; values in comparison to the values of the PS points from the other
data stacks. In summary, all three data stacks delivered good results. The accuracies of all
three data stacks are good enough for a PSI analysis.

Finally, comparing the water level in the reservoir with the deformation, a good
correlation is recognizable. However, it seems from Figure 8 that the PSI deformation
systematically begins before the water level of the dam arises on all occasions. This observed
phenomenon will be object of future investigation.

5. Conclusions

In this work, the PSI technique was successfully and cost-effectively applied to the
Moehne dam. Data of the ascending orbit were analyzed and validated with the in situ
terrestrial measurements of the Ruhrverband. Seasonal radial deformations of up to
+/−4 mm could be detected over the observation period. Validation of the displacements
calculated by the PSI analysis with the in situ data of the Moehne gravity dam yielded
high-quality results and showed the high accuracy of the technique for regular monitoring
of gravity dams, with the accuracies being in accordance with DIN. These results show
that the PSI technique is suitable for the monitoring of the gravity dam and fulfill the first
goal of this study. Furthermore, many PS points could be identified, with the number
of PS points varying with the number of scenes considered. In particular, the number of
detected PSs decreased with an increasing observation frequency. As the measurement
accuracy between all datasets does not vary by much, one could decide either to monitor
dam deformations with a higher spatial density of observation points using less scenes,
or with a higher temporal density using all scenes. The first option comes at the expense
of the temporal density of the displacement information, the second at the expense of the
spatial distribution of the PS observations.

Through a visual comparison of the PSI measurements with the in situ measurements
of the Ruhrverband, a seasonal cycle was visible, which was characterized by high cor-
relations and low RMSE in the statistical evaluation The movements of dams are highly
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complex and influenced by various factors, such as the mean air temperature of the past
days, as well as the water level in the reservoir, which itself is influenced by precipitation
and the water management of the reservoir. The correlation and interaction of those factors
will be the object of further studies. By including experts in the field of dam design and
operation, in future research, highly complex interactions which influence the movements
of gravity dams will be analyzed.
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